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NOMENCLATURE OF HUMAN 
LEUKOCYTE ANTIGENS

Tülay KILICASLAN AYNA1,2,3

1Medical Biology Department, 
İzmir Katip Çelebi University Faculty of Medicine, Izmir, Turkey

2Cell, Tissue, Organ Transplantation Application and Research 
Center, University of İzmir Katip Çelebi, Izmir, Turkey

3Izmir Tepecik Training and Research Hospital Tissue Typing 
Laboratory, Izmir, Turkey

1.1 INTRODUCTION

The major histocompatibility complex (MHC) is essential in 
the organism’s defense against foreign antigens. Human leu-
kocyte antigens (HLAs) are MHC molecules that were initially 
discovered in leukocytes in humans. These molecules, which 
have garnered growing attention since their identification, are 
among the most genetically diverse genes in humans. The 
HLA complex, situated on the p-arm of chromosome 6, en-
compasses areas for class I, II, and III. The HLA-A, -B, and -C 
genes located in the class I region, as well as the HLA-DR, 
-DQ, and -DP genes located in the class II region, are the 
most genetically diverse genes within the complex. In January 
2016, a grand total of 14,232 HLA alleles were officially re-
ported, consisting of 10,574 alleles belonging to the HLA class 
I category and 3,658 alleles belonging to the HLA class II 
category. Given the polymorphic nature of HLA, a systematic 
nomenclature was required. With an increase in the num-
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ber of alleles, the comprehension and utilization of the HLA 
naming system undergo some modifications. The correlation 
between patient and donor HLA type compatibility in solid 
organ transplants and bone marrow stem cell transplants 
significantly impacts the success of the graft and the survival 
of the patient. Furthermore, research has demonstrated a 
correlation between certain HLA alleles and several disea-
ses. Furthermore, the nomenclature of an HLA allele conveys 
specific details like the methodology employed to study the 
allele, its expression properties, and the specific area within 
the gene where the polymorphism occurs. Consequently, it is 
believed that the historical progression of HLA and HLA allele 
data will be valuable to professionals in areas such as organ 
transplantation, infection, and auto-immune illnesses.

1.2 HUMAN LEUKOCYTE ANTIGENS

The human major histocompatibility complex (MHC) resi-
des in a specific area of around 4 megabases on the short 
arm of chromosome 6, known as 6p21.3 (Figure 1). The MHC 
region, which contains the human leukocyte antigen [HLA] 
genes, has been the subject of extensive research for the 
past four decades due to its significant involvement in disease 
susceptibility and transplant compatibility [1,2].
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Figure 1: Gene map of the HLA region

The identification of HLA genes was achieved by expe-
riments conducted on domestic mouse and rabbit strains. 
In 1916, Little and Tyzzer conducted tumor transplantation 
experiments among different mouse breeds and observed 
that tumors may be successfully transplanted between certain 
strains, while being rejected in others. In 1927, Bover noted 
that tissue transplantation carried out on identical twins did 
not result in rejection. These observations suggest that the ge-
netic makeup of individuals plays a crucial role in determining 
tissue compatibility between donors and recipients[1,2]. In 1933, 
Haldane contended that the immune response responsible for 
rejecting the transplanted tumor is initiated by regular cellular 
antigens rather than antigens peculiar to the tumor. In the 
late 1930s, Gorer identified four blood group antigens, refer-
red to as “antigens I, II, III, and IV.” He observed a correlation 
between the presence or absence of these antigens and the 
development or rejection of tumors.
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In the 1940s, Medavar et al. showed that rabbits rejected 
grafts because their immune systems attacked foreign tissue. 
Subsequently, Snell and his colleagues selectively developed 
many strains of laboratory mice (known as congenic lines) 
that were almost genetically identical, with the exception of a 
specific genetic region responsible for the rejection of foreign 
tissues. Snell designated these genes responsible for regulating 
tissue rejection as histocompatibility (H) genes[4]. Subsequent 
research has demonstrated that several genes responsible for 
tissue rejection are situated on the same chromosome. The 
current designation for this area is MHC. It is also known as 
HLA since 1975, was initially identified in leukocytes in humans. 
The HLA complex consists of HLA class I regions close to the 
telomere, Class III located in the middle, and class II regions 
located close to the centromere. This region contains a total 
of 220 genes, 21 of which are immune system-related genes[4]. 

The significance of class I genes HLA-A, B, C and class II 
genes HLA-DR, DQ and DP is well-established in the context 
of solid organ and bone marrow transplantations. The signi-
ficance of these genes arises from the proteins they encode. 
Cell surface-expressed Class I HLA molecules impede the 
activity of exogenous peptides, such as viral proteins, that 
originate from within the organism. Class II HLA molecules are 
significant in presenting extrinsic peptides, which are acqui-
red through endocytosis, to helper T-cells. Although they also 
have a role in the presentation to cytotoxic T-cells. B2 mic-
roglobulin, derived from a gene located on chromosome 15, 
plays a crucial role in the presentation of antigens by Class I 
HLA molecules. The DNA area encoding HLA-A and C class I 
genes comprises 8 exons, while the HLA-B region comprises 7 
exons. The initial exon is responsible for encoding the leader 
peptide, whereas exons 2 and 3 encode the α1 and α2 doma-
ins, which constitute the antigen-binding portion of the class I 
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molecule. This section is the most genetically diverse region in 
the class molecules. Consequently, it serves as the foundation 
for typing class I molecules. Class II molecules, in contrast 
to class I HLA molecules, are formed by the combination 
of two distinct genes situated on chromosome 6. The genes 
are referred to as alpha (A) and beta (B) genes. Gene A is 
composed of 5 exons, while gene B is composed of 6 exons. 
The A1 and A2 domains are produced from the A gene, while 
the B1 and B2 domains are produced from the B gene. The 
a1 and b1 domains in class II molecules function as locations 
for binding antigens. The second exon of the genes encodes 
these domains, which form the most polymorphic portion of 
class II molecules. Thus, exon 2 is regarded as the fundamen-
tal exon in the typing of class II molecules[5,6].

1.3 NAMING HUMAN LEUKOCYTE ANTIGENS

A systematic nomenclature is required for the polymorp-
hism in the genes that encode HLA molecules. The regulations 
pertaining to this classification system are commonly referred 
to as HLA nomenclature[7]. The initial investigation into the 
historical progression and terminology of HLA commenced in 
the latter part of the 1950s. In 1958, Dausset, Payne, and Van 
Rood published three investigations on the HLA complex. All 
three papers shared the characteristic of identifying antigens 
in human leukocytes by utilizing serum acquired from wo-
men who had received blood transfusions or had given birth 
multiple times. Among these three researchers, Dausset was 
the one who initially discovered an antigen and subsequently 
termed it MAC. The term was formed by combining the ini-
tials of three individuals who willingly took part in Dausset’s 
research[8]. The antigen was detected in 60% of the French 
population. In the conclusion of the research, Dausset stated 
that the examination of leukocyte antigens could have signi-
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ficant implications in tissue transplantation, particularly in the 
context of bone marrow transplantation. Dausset was awar-
ded the Nobel Prize in Physiology and Medicine in 1980 for 
this discovery, which he shared with Snell and Benacarraf. In 
1962, Van Rodd and Payne conducted a serological test on 
leukocytes obtained from 100 individuals using the serum of 
60 women who had given birth multiple times. The public an-
tigens, currently referred to as Bw4 and Bw6, were identified 
and designated as 4a and 4b [8]. Currently, it is understood 
that these formations are situated inside sections 79-83 of 
HLA molecules that are encoded by the B locus, as well as 
some A locus products such as A*23 and A*24. There exist 
distinct amino acid sequences located at locations [9]. In 1964, 
Payne identified three antigens which are today referred to 
as HLA-A1, HLA-A2, and HLA-A3. These antigens were origi-
nally designated as leukocyte antigen (LA)-1, LA-2, and LA-3. 
Furthermore, the inaugural discussions on HLA commenced 
in 1964, alongside these aforementioned breakthroughs. The 
inaugural workshop was hosted at Duke University, marking 
the commencement of the HLA meetings. The event brought 
together 16 laboratories and 23 individuals. During the dis-
cussion, it was determined that HLA typing of 8 distinct cells 
would be conducted using seven distinct approaches. There 
was a total of 16 workshops. In 1964, Bach, Bian, and Vas et 
al. conducted a study to investigate alterations in cell proli-
feration by combining leukocytes from two distinct persons. 
The HLA nomenclature discussion began to form during the 
second workshop [7,10]. The rationale behind this decision is 
the inconsistency in the nomenclature of the same antigen 
across various researchers. For instance, the antigen currently 
referred to as HLA-A2 was designated as LA-2 by Dausset 
MAC, Payne, and Bodmers, as 8a by Van Rood, and as Te2 
by Terasaki [8].
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1967 Workshop The term “HLA haplotype” refers to com-
binations of HLA antigens that are encoded by genes located 
on the same chromosome. This expression was initially intro-
duced by Cepellini. The gene region was initially designated 
as HL-A. The nomenclatures of H Dausset’s Hu-1 and Payne’s 
LA were merged, ensuring recognition to the pioneering re-
searchers in this field. The “World Health Organization (WHO) 
Nomenclature Committee for the “Factors of the HLA System” 
committee was founded in 1968 [3]. To date, the committee 
has released a total of 19 main reports. Initially, these publi-
cations documented HLA alleles that were identified by sero-
logical methods. However, more recently, they have started 
reporting genes and alleles that were identified through nuc-
leotide sequences. The initial identification of the HL-A anti-
gens by serological methods in 1968 resulted in the naming of 
the first 8 antigens. The following are the HL-A types: HL-A1, 
HL-A2, HL-A3, HL-A4, HL-A5, HL-A6, HL-A7, HL-A8. In 1969, 
Dausset, Terasaki, and Walford made the initial discovery of 
the first antigens that are currently encoded from the C lo-
cus. Simultaneously, the Scandinavian antigen detection group 
also discovered analogous antigens. Given that this particular 
antigen was the initial antigen identified, it was designated as 
AJ. During the 4th workshop convened in 1970, an additional 
four antigens were designated. The following are the HL-A 
types: HL-A10, HL-A11, HL-A12, and HL-A13. The HL-A9 was 
absent from the list throughout this time frame. There has 
been an observed occurrence of cross-reactivity between 
the two constituent antigens of HL-A9. However, during the 
5th meeting, the committee presented the notion of extensive 
specificity for A9. Wide range of applicability. The individual 
elements are referred to as splits. Consequently, the HLA no-
menclature incorporated the terms “public antigen” and “split 
antigen”.
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Four phases have been recognized in the process of de-
signating histocompatibility antigens during this workshop[1]. A 
laboratory provides a report on the specificity[2]. If multiple 
reference laboratories confirm this specificity, a provisional 
number with the prefix “w” is assigned[3]. The HL-A number 
is assigned if all reference laboratories unanimously agree 
on this new specificity[4]. The specificity is determined through 
chemical and molecular analyses[8].

In 1975, it was discovered that the specific characteristics 
of the histocompatibility system, as assessed by serological 
methods, were dictated by two distinct genes. Furthermore, 
each gene was shown to have several variations, known 
as alleles. Consequently, two genes were assigned distinct 
names. The decision has been made to eliminate HL-A. The 
two genetic areas are designated as HLA-A and HLA-B. The 
nomenclature of the antigens identified thus far has been 
updated based on their respective gene regions. The anti-
gens HL-A1, HL-A2, HL-A3, HL-A9, HLA10, and HL-A11 are 
referred to as HLA-A1, HLA-A2, HLA-A3, HLA-A9, HLA-A10, 
and HLA-A11, respectively. Similarly, the antigens HL-A7, HL-
A7, HL-A8, HL-A12, and HL-A13 are designated as HLA-B5, 
HLA-B7, HLA-B12, and HLA-B13.

The technique of mixed lymphocyte culture (MLC) has 
shown to be highly influential. Amos developed cell proliferati-
on research in 1964. In this study, we assessed the varying ra-
tes of cell proliferation when class I HLA antigens were mixed 
with suitable cells and allowed to grow. It was believed that 
there was an additional genetic location, apart from HLA-A 
and B, which had HLA markers that triggered the response 
to MLC, and it was designated as Dw. In 1977, the public was 
introduced to Bw4 and Bw6. The term used to refer to it is 
“epitope”. These epitopes are found on many HLA-B antigens, 
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as previously stated. In the early 1980s, it was discovered that 
the HLA region had six distinct polymorphic sequences (Table 
1). In 1984, Ekkehard Albert and Wolfgang Mayr made the 
discovery of DP, also known as HLADQ. The serological te-
chniques identified the presence of DQw1, DQw2, and DQw3. 
Two novel DR antigens, DR52 and DR53, were designated in 
the same year [7]. DR52 and DR53, which are produced by 
secondary DR genes, are alternatively referred to as pubic 
antigens. These compounds are co-expressed with specific 
DR antigens. The correlation between secondary DR antigens 
and class I pubic antigens remained unclear for an extended 
period of time. Nevertheless, contemporary knowledge confir-
ms that DR molecules consist solely of a solitary α chain gene, 
and all DR molecules possess an identical α chain. There exists 
a total of nine DRB1 genes. Out of these genes, DRA1, DRB1, 
DRB3, DRB4, and DRB5 produce proteins that are expressed 
in the membrane, but DRB2, DRB6, DRB7, DRB8, and DRB9 
genes are not expressed. Genes are thought to be created 
by the process of gene duplication, when a single ancestral 
gene is duplicated, and new mutations arise as a result of 
this duplication. Regarding the expression of a DRB1 molecule, 
there are four distinct DR heterodimers that can be present 
on the surface of a cell. The four types are DRA/DRB1, DRA/
DRB3, DRA/DRB4, and DRA/DRB5. The numbers 11 and 12.
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Table 1: Polymorphisms in HLA class I molecules triplets
Position HLA-A HLA-B HLA-C
9 FSTY DHY DFSY
12 sV sV aM Av sV hunting
14 R. R. R.W.
17 gr gS Gr gr sR
41 A. HORSE A.
45 Me Kme Ee Te Ge Ke Ma GeV Ge
56 GRE g g
62 Rn Qe Well Lq Ge Rn Re Ge Re Re

66 rKv rNm gKv rNm
qKy qlc qls qly qlf 
rNm

qKy qNy

70 aqs aHs
aQa tNt aKA baton 
rQa

rQa 

74 DNH iD DY D aD
76 An Vd En Es Es En Ed Etc Vg Vs VN
80 GTI rla rla rNI RTI rTa rNI rKI
82 aLr 1 Rg aLr irg Ilr irg
90 IN A. NAME
105 P.S. P. P.
107 G.W. g g
127 NC N N
131 R. RS R.
138 T T KT
142 IT I I
144 tKr tKh tQr tQr tQI sQr tQr
147 W W.L. W.L.
149 aVh aah aAr tah aAr aAr

151
vHa aHv aHAe aRv 
aRw arrr aHa

aRv aRe
plus aRe 
Search

156 LWRQ WLDR LRW
158 HUNTING HORSE A.
163 RT Dt E LET PHONE
166 Dg Ew Ew Es Dg ew
171 YH YH Y
177 Meat Dt Et Dk Kt Meat
180 Q QE Q
184 dp In dp eP eH
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186 KR K K
193 Av Pi PiPv _ PvPI _
199 A. HUNTING A.
207 GS g g
246 AS Va A. A.
248 V V VM
253 Ee Ke Qe Well Well Eq.

The expression of DRA/DRB3, DRA/DRB4, or DRA/DRB5 
heterodimers in all DR haplotypes relies on the presence of 
the DRA/DRB1 heterodimer. The DRB haplotypes that were 
expressed are displayed in Table 2 (Table 2). Pseudogenes in 
the HLA area were additionally identified in 1987. These genes 
are non-coding. Currently, numerous pseudogenes have been 
identified, such as HLA-H, I, K, L, P, T, U, V, W, X, and Y. The 
initial sequencing investigations of HLA genes commenced 
in the current year[13]. The HLA class I allele that was initially 
sequenced is HLA-B7.2 (as per the 2010 HLA nomenclature: 
HLA-B*07:01:02), while the HLA class II allele is HLADRA0101 
(as per the 2010 HLA nomenclature: HLADRB1*01:01). Four dis-
tinct HLA-A2 alleles (A*0201, A*0202, A*0203 and A*0204) 
were discovered throughout this era. Each allele differs by at 
least one amino acid. During this time, a total of 12 class I HLA 
alleles and nine class II HLA alleles were designated. As the 
number of alleles grew, HLA typing started being referred to 
as four digits[14]. A three-person preliminary evaluation team 
of HLA alleles, comprising Bodmer, Marsh, and Parham, was 
established in 1989 to assess the growing number of alleles 
resulting from the broad adoption of molecular techniques. 
Significant HLA sequences have begun to be reported to the 
nomenclature committee[15]. In 1990, the HLA allele labels were 
extended to five digits in order to facilitate the differentiation 
of alleles with distinct synonymous alterations in coding DNA 
sequences (exons). While synonymous substitutions typically 
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entail alterations in nucleotides, they are considered silent 
mutations as they do not result in any changes to the amino 
acid sequence. Nevertheless, there are instances where these 
mutations that have the same meaning can impact the pro-
cesses of transcription, splicing, mRNA transport, and trans-
lation, ultimately altering the observable characteristics of an 
organism. In this scenario, these are not silent mutations[7].

Table 2. DRB genes expressed in the cell membrane.

DRB1* DRB3* DRB4* DRB5*
DRB1*01 X
DRB1*15/16 X X
DRB1*03 X X
DRB1*04 X X
DRB1*11/12 X X
DRB1*13/14 X X
DRB1*07 X X
DRB1*08 X
DRB1*09 X X
DRB1*10 X

In 1995, the HLA nomenclature committee extended the 
nomenclature to include seven digits, enabling the identifica-
tion of alleles based on variations in introns or 3’-5’UTR. In 
this era, the internet network started to gain popularity and 
the information included in the HLA sequence database was 
made available to the public in 1995 through the website of 
the tissue typing laboratory of the Imperial Cancer Research 
Fund (ICRF). Additionally, in 1996, the Anthony Nolan Research 
Institute (ANRI) also published this information on their website. 
The “International ImMuno GeneTics (IMGT)/HLA” database, 
established in 1998, offers valuable data for the examination 
of nucleotide and protein sequences of HLA molecules. The 
database can be accessed at www.ebi.ac.uk/imgt/hla. The 
provided information is revised every three months[16,17]. 
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The IMGT/HLA data bank receives help from tissue typing 
laboratories, corporations specializing in this domain, orga-
nizations like ASHI and EFI, as well as bone marrow donor 
banks. Starting in the early 2000s, the asterisk symbol was 
employed to differentiate tissue typing tests conducted by 
molecular techniques from those performed using serological 
methods. In 2002, the A*02, B*15 allele family was introduced. 
For cases involving more than ninety-nine allele numbers, the 
second number series was utilized to extend the first number 
series. The B*95 allele series was employed for the B *15 allele 
family, while the A*92 allele series subsequent to A*0299 was 
utilized for the A*02 allele family. The HLADP allele family of 
Class II molecules was also introduced in this period [18]. The 
HLA nomenclature system had enhancements in 2010. One 
method is to insert the colon (:) symbol between two digits 
in the alleles. This facilitates the assessment of alleles that 
have a length of up to eight digits. For instance, the allele 
denoted as HLA-A*01010101 prior to 2010 was modified to 
HLA-A*01:01:01:01 after 2010. Furthermore, the suffix appended 
to the allele conveys insights regarding protein expression. 
Examining this letter system, we see that 

•	The N allele represents a null allele, which is an allele that 
is not expressed.

•	L (Low allele): This allele has a reduced amount of cell 
surface expression.

•	S (Soluble allele): This term refers to a specific allele of a 
protein that is capable of being secreted but does not have 
any expression on the cell surface.

•	The C allele, also known as the cytoplasmic allele, refers 
to the allele found in the cytoplasm that does not manifest 
itself on the cell surface.
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•	An aberrant allele is an allele that raises uncertainty re-
garding its expression in the protein.

•	Q (Expression problematic allele): The mutation seen in 
this allele is the one that has been demonstrated to impact 
the regular level of expression [13].

The HLA-A*30:14L variant exhibits a mutation at codon 
164, which codes for cysteine. This mutation is crucial for the 
formation of the disulfide link in a2 and results in reduced exp-
ression levels relative to the normal allele. Hence, the suffix L 
is appended. Some alleles have been found to lack cysteine 
amino acids at positions 101 and 164, as stated. The suffix Q 
was appended to establish a bracket for the expression levels 
of these alleles. Through more investigations of these alleles, 
the inserts have the potential to undergo alterations. Further-
more, alleles that possess identical peptide binding domains 
are denoted with the P suffix, while HLA alleles that exhibit 
identical nucleotide sequences for exons encoding peptide 
binding domains are denoted with the G suffix. Since 2010, the 
molecular technique has led to the removal of the w suffix in 
the study of HLA-C, and it is now represented as C* [14,19]. In 
January 2016, the IMGT/HLA data indicated that there was 
a total of 14,232 HLA alleles, with 10,574 belonging to class 
I and 3,658 belonging to class II. The information regarding 
these data is presented in Table 3 (Table 3).
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Table 3. International imMunoGeneTics/Human leukocyte antigens 
data.
a) Class I HLA data
Genes A. B. C. TO F g
alleles 3,356 4,179 2,902 21 22 51
proteins 2,372 3,095 2,067 8 4 17
null alleles 155 131 101 one 0 2
b) Class II HLA data
Genes DRA DRB DQA1 DQB1 DPA1 DPB1 DMA DMB DOA DOB
alleles 7 1,976 55 900 43 630 7 13 12 13
proteins 2 1,442 33 615 21 518 4 7 3 5
null alleles 0 50 one 23 0 16 0 0 one 0
c) Data for the DRB gene family
Genes DRB1 DRB2 DRB3 DRB4 DRB5 DRB6 DRB7 DRB8 DRB9
alleles 1,860 one 69 17 24 3 2 one one
proteins 1,357 0 55 10 20 0 0 0 0
null alleles 44 0 one 3 2 0 0 0 0

1.4 CONCLUSION

Currently, molecular techniques are widely utilized in HLA 
typing facilities for tissue type. The DNA sequence analysis 
approach yields typing data consisting of six to eight digits. 
The HLA compatibility between the patient and the donor is 
a crucial element that significantly impacts the success rate, 
particularly in bone marrow stem cell transplantation from un-
related donors. HLA compatibility is crucial in organ transplan-
tation, particularly in kidney, lung, and heart transplantation, 
and has been recognized for a significant duration. Recogni-
zing the significance of HLA typing in the healthcare sector, 
HLA meetings, first attended by 23 individuals, have evolved 
into expansive gatherings involving numerous prominent com-
panies and thousands of participants.
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2.1 INTRODUCTION

Human leukocyte antigen (HLA) compatibility molecules 
are molecules that are encoded by genes located on the 
short arm of chromosome 6 in humans and are expressed 
on the cell surface [1]. These molecules are important in pre-
senting protein antigens to immune system cells. HLA Class 
I molecules are involved in antigen presentation to CD8+ T 
cytotoxic cells; Class II molecules are responsible for antigen 
presentation to CD4+T helper cells. In solid organ and bone 
marrow transplantations, HLA compatibility between the pa-
tient and the donor is also important for the success of the 
transplant. Kidney transplantation is the most common solid 
organ transplantation in our country. Before kidney transplan-
tation, HLA antibodies specific to the donor’s HLAs should be 
carefully investigated in the patient [2,3]. Because the presence 
of these antibodies causes hyperacute and acute rejections. 
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At the same time, HLA antibodies may develop against do-
nor HLAs in the post-transplant period [4]. This study aimed to 
shed light on the understanding of HLA antibody reactions. 
First of all, the two basic molecules that play the leading role 
in these reactions are antibodies and antigens.

2.1.1 Antibody (Immunoglobulin, IgG)

HLA antibodies are of the IgG isotype, which makes up 
80% of the immunoglobulins (Ig) in the blood. These molecules 
consist of two heavy and two light polypeptides. The heavy 
chain in the Ig isotype gives the molecule its name. 60% of the 
light chains are in the k form and 40% are in the l form. The 
molecule binds to the antigen molecule with the region refer-
red to as Fab. The first 100-110 amino acids in both the heavy 
and light chains constitute the variable region and play an 
important role in binding to antigen. In addition, amino acid 
residues called the complementary determining region (CDR) 
in the heavy and light chains are important in binding with 
antigen. Heavy and light Ig molecules contain three CDRs 
(CDRH1, CDRH2, CDRH3 and CDRL1, CDRL2 and CDRL3) in 
their variable regions. Especially CDRH3 plays a decisive role 
in binding with the antigenic molecule. Other CDR residues 
provide binding support (Figure 1) [5,6]. 
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Figure 1: Antibody structure

2.1.2 Antigen

Molecules that are foreign to an organism are generally 
referred to as antigens. Parts of an antigen that show more 
than one antigenic feature are called epitopes (antigenic de-
terminants). HLA molecules are one of the most polymorphic 
molecules known in humans. Therefore, it has more than one 
epitope. Generally, three types of epitope terms are used. 
While the structural epitope covers 15-22 residues in the bin-
ding region of the antigen and antibody, the functional epi-
tope covers 2-5 residues that make direct contact with the 
CDR regions in the antibody. Cryptic epitopes are known as 
hidden epitopes. While these epitopes do not normally ca-
use an antigenic stimulus, they are epitopes that emerge as 
a result of the breakdown of antigens taken into the cell by 
phagocytosis in lysosomes (Figure 2) [5,6].
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Figure 2: Antigen and epitope

2.2 ANTIBODY-ANTIGEN BINDING

Interactions between antigen and antibody molecules 
are important in binding. These interactions are established 
between amino acids that form polypeptide chains. Noncova-
lent bindings are important in reactions against antigen. It is 
known that 70-120 H bonds play a role in average antibod-
y-antigen binding. In addition to H bonds, ionic bonds, “van 
der Waals” bonds and hydrophobic interactions, the structural 
harmony of the antigen and antibody is also important. As 
a result of the research, it was determined that the entire 
contact area on the antigen in humoral immune reactions 
was 690-900 angrom (Å). The binding groove of the HLA 
molecule, seen from above, also has a binding area of 750 
Å. As a result of binding with antigen, changes occur in the 
three-dimensional structure of the antibody molecule, which 
plays an important role in the progression of the reaction [5,7,8].
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In kidney transplantation, the similarity of graft survival 
rates between transplants from HLA fully compatible donors 
and transplants from low HLA compatible donors has led 
researchers to focus on the regions where HLA epitopes 
interact with antibodies [9]. In this context, the HLA “matchma-
ker” program started to be used by Duquesnoy in the early 
2000s. 9-11HLA “matchmaker” is a computer program based 
on polymorphisms in the amino acid sequence of immunoge-
nic epitopes that can elicit alloantibodies. There are basically 
two different versions of this program. The first version of the 
program was called triplet mismatch (tmm) and focused on 
HLA Class I molecules [12,13]. This is due to the fact that the 
immune reactions of T-cytotoxic cells stimulated by HLA Class 
I molecules cannot be controlled by immunosuppressive drug 
treatments. To determine the role of HLA Class I molecules in 
the immune reaction, the residues of the molecule that intera-
ct with the antibody were detected by X-ray crystallography 
studies. The polymorphisms of these residues are determined 
separately for the HLA-A, HLA-B and HLA-C loci. According-
ly, 30 polymorphic residues were detected in the HLA-A locus, 
24 in the B locus and 19 in the C locus [11].

In the publication reported by Duquesnoy, polymorphic 
residues in the HLA Class I molecule are seen in Table 1 (Table 
1) [11]. Amino acids that are in a position to reach the antibody 
are in the alpha-helix and beta loop parts of the protein [13,14]. 
The HLA “matchmaker” program is based on the triple ami-
noocide sequence of the tmm (incompatible) version and the 
antibody-interacting residues of the Class I antigen (residues 
refer to amino acids at certain positions). It determines how 
many TMMs there are between the recipient-donor pair by 
comparing the triplets of the patient and the donor[11,15].
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Table 1. Polymorphic triplets in HLA Class I molecules.

Position HLA-A HLA-B HLA-C
9 FSTY DHY DFSY
12 sV sV aM Av sV hunting
14 R. R. R.W.
17 gr gS Gr gr sR
41 A. HORSE A.
45 Me Kme Ee Te Ge Ke Ma GeV Ge
56 GRE g g
62 Rn Qe Well Lq Ge Rn Re Ge Re Re
66 rKv rNm gKv rNm qKy qlc qls qly qlf rNm qKy qNy

70 aqs aHs aQa tNt aKA baton 
rQa rQa 

74 DNH iD DY D aD
76 An Vd En Es Es En Ed Etc Vg Vs VN
80 GTI rla rla rNI RTI rTa rNI rKI
82 aLr 1 Rg aLr irg Ilr irg
90 IN A. NAME
105 P.S. P. P.
107 G.W. g g
127 NC N N
131 R. RS R.
138 T T KT
142 IT I I
144 tKr tKh tQr tQr tQI sQr tQr
147 W W.L. W.L.
149 aVh aah aAr tah aAr aAr

151 vHa aHv aHAe 
aRv aRw arrr aHa aRv aRe plus aRe 

Search
156 LWRQ WLDR LRW
158 HUNTING HORSE A.
163 RT Dt E LET PHONE
166 Dg Ew Ew Es Dg ew
171 YH YH Y
177 Meat Dt Et Dk Kt Meat
180 Q QE Q
184 dp In dp eP eH
186 KR K K
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193 Av Pi PiPv _ PvPI _
199 A. HUNTING A.
207 GS g g
246 AS Va A. A.
248 V V VM
253 Ee Ke Qe Well Well Eq.

Triplet amino acid residues are named as shown in the 
figure (Figure 3). Monomorphic residues may not be specified 
in these triplets. This program has two basic principles. The first 
of these is that each HLA antigen has different polymorphic 
triplets; The second is the view that patients may not produce 
antibodies against epitopes carrying triplets of their own HLA 
antigens. Due to this feature, it is stated that it will increase 
the chance of transplantation in highly sensitive patients.

HL A-A chain

a65rNm

b12aM

b41T

position 66 of methionine

position 65 of asparagine

a)

b)

c)

HL A-B chain

position 12 of methionine
Since the residue at position 13 is monomorphic, it is not descr ibed

HL A-B chain

Threonine at position 41 (since residues at locations 40 and 42 are monomorphic, they are not given)

position 11 of alanine

Figure 3: Nomenclature of polymorphic triplets in HLA molecule

The example from Duquesnoy’s study in 2001 is shown in 
Table 2 (Table 2) [11]. Accordingly, HLA tissue type; Conside-
ring that the highly sensitive kidney patient with HLA-A2, A31, 
B42, B53, Cw2 and Cw7 has 2 donors; HLA tissue type of the 
first donor; The tissue type of the second donor is A2, A30, 
B51, B60, Cw4, Cw7, and the tissue type of the second donor 
is A2, A32, B8, B55, Cw3, Cw6. When the HLA compatibility 
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between the patient and his two donors is evaluated, it is 
seen that both donors have similar Class I HLA compatibility 
with the patient. Table 2 compares the triplets in the antibody 
binding region of one B antigen of the patient and two donor 
candidates (Table 2).

Table 2. Investigation of triplet mismatches for HLA-60 and B-8 in a 
patient with tissue type HLA-A2,-A31,-B42,-B53,-Cw2,-Cw7

Patient A2 A31 B42 B53 Cw2 Cw7
Donor 1 
HLA B60 B8

Donor 2 
HLA B60 B8

H
LA

 A
lle

le

A*
02

01

A*
31

01

B*
42

01

B*
53

01

C
w
2*

02
02

C
w
7*

07
01

B*
40

01

B*
08

01

B*
40

01

B*
08

01

Polymorphismler
9 F T Y Y Y D H D NA NA
12 sV sV sV aM aV aV aM aM NA NA
14 R R R R R R R R NA NA
17 gR gR gR gR gR gR gR gR NA NA
41 A A A A A A T A NA NA
45 Me Me Ee Te Ge Ge Ke Ee NA NA
56 G R G G G G G G NA NA
62 Ge Qe Rn Rn Re Re Re Rn NA NA
66 rKv rNv qly qlf qKy qKy qls qlf NA NA
70 aHs aHs aQa tNt rQa rQa tNt tNt NA NA
74 H İD D Y D aD Y D NA NA
76 Vd Vd Es En Vn Vs Es Es NA NA
80 gTI gTI rNI rIa rKI rNI rNI rNI NA NA
82 Irg Irg Irg aLr IRg Irg IRg IRg NA NA
90 A A A A D A A A NA NA
105 A S P P P P P P NA NA
107 W G G G G G G G NA NA
127 K N N N N N N N NA NA
131 R R R S R R R R NA NA
138 T T M M T T M M NA NA
142 T I I I I I I I
144 tKh tQr tQr tQr tQr tQr NA NA sQr tQr
147 W W W W W L NA NA L W
149 aAh aAr aAr aAr aAr aAr NA NA aAr aAr
151 aHv aRv aRv aRv aRe aRa NA NA aRv aRv
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156 L L D L W L NA NA L W
158 A A A A A A NA NA A A
163 T T T T E T NA NA E T
166 Ew Ew Ew Ew Ew Ew NA NA Ew Ew
171 Y Y Y Y Y Y NA NA Y Y
177 Et Et DT Et Et Et NA NA Dk Dt
180 Q Q E Q Q Q NA NA E E
184 A P P P Eh Ep NA NA P P
186 K K K K K K NA NA K K
193 Av Av Pl Pv Pv Pl NA NA Pl Pl
199 A A A A A A NA NA A A
207 S S G G G G NA NA G G
246 A s A A A A NA NA A A
248 V V V V V V NA NA V V
253 Q Q E E E Eq NA NA E E
NA: Not applicable Uncommon triplets are shown in bold and 
underlined

As a result of the intra-locus and inter-locus comparison 
of the B60 antigen of the first donor, there were 6 tmm; It 
appears that the second donor is not complete with the B8 
antigen. Apart from the mentioned antigens, it is also 0 tmm 
with A32, A74, B35, B56 and B59 antigens [11]. Additionally, 
when all HLA antigens of the donors and the patient’s HLA 
antigens were compared in terms of tmm, a total of 14 [A2 
(0 tmm), A30 (4 tmm), B51 (1 tmm), B60 (6 tmm), Cw4 (3 tmm) 
were detected between the first donor and the patient), while 
Cw7 (0 tmm)] tmm is present, the number of tmm between 
the second donor and the patient is 0 [A2 (0 tmm), A32 (0 
tmm), B8 (0 tmm), Cw3 (0 tmm) and Cw6 (0 tmm)] is. In this 
case, the suitable donor is donor 2. Once the HLA tissue type 
that the patient can accept is determined by panel reactive 
antibody (PRA) tests, the HLA “matchmaker” program also 
determines the additional tissue type that can be accepted. 
The HLA tissue type of a highly sensitive patient and the HLA 
antigens with a negative PRA result are shown in Table 3 (A1, 
A33, B8, Cw8) (Table 3) [11]. 
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Table 3. Acceptable HLA antigens (negative reactions) detected as 
a result of testing with a cell panel of highly sensitive patients, and 
triplets of these antigens incompatible with the HLA “matchmaker”.
Patient A2 A11 B7 B36 Cw2 Cw7 A11 A33 Negative 

reactions B8
Cw8

Position
9 Y Y Y Y Y D F T Y Y
12 sV sV sV aV aV sV sV aM aV
14 R R R R R R R R R R
17 Gr Gr Gr Gr Gr Gr Gr Gr Gr Gr
41 A A A A A A A A A A
45 Me Me Ee Ee Ge Ge Me Me Te Ge
56 G G G G G G G G G G
62 Qe Qe Rn Rn Re Re Qe Rn Rn Re
66 rNv rNv qly qlc qKy qNy rNv rNv qlf qKy
70 aQs aQs aQa tNt rQa rQa aQs aHs tNt rQa
74 D D D Y D AD D ID D D
76 Vd Vd Es En Vn Vs Vd Vd Es Vs
80 gTL gTL rNI rIa rKI rNI rNI gTL rNI rNI
82 IRg IRg IRg aLr IRg IRg IRg IRg IRg IRg
90 D D A A A D A A A A
105 P P P P P P S S P P
107 G G G G G G G G G G
127 N N N N N N N N N N
131 R R S S R R R R S R
138 T T M M T T T T M T
142 I I I I I I I I I I
144 tKr tKr tQr tQr tQr tQr tKr tQr tQr tQr
147 W W W W W L W W W W
149 aAh aAh aAr aAr aAr aAr aAh aAr aAr aAr
151 aHa aHa aRv aRv aRe aRa aHe aRv aRe aRt
156 Q Q L L W L L L L L
158 A A T T A A A A A A
163 R R T T E T dT T L T
166 Ew Ew Ew Ew Ew Ew Ew Ew Ew Ew
171 Y Y Y Y Y Y Y H H Y
177 Et Et Et Et Et Et Et Et Et Kt
180 Q Q Q Q Q Q Q Q Q Q
184 Dp Dp Dp Dp eH eP dP dP dP eH
186 K K K K K K K R K K
193 Pİ Pİ Pİ Pİ Pv Pl Pİ Av Pv Pv
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199 A A A A A A A A A A
207 G G G G G G G S G G
246 A A A A A A A S A A
248 V V V V V V V V V V
253 E E E E E E E Q E E

Uncommon triplets are shown in bold and underlined

Here, firstly, according to the PRA result, the triplets of 
antigens that the patient can accept are determined. As seen 
above, although there was tmm [A1 (2 tmm), A33 (10 tmm), 
B8 (4 tmm), Cw8 (1 tmm)], the PRA result was determined to 
be negative. According to the HLA “matchmaker” program, 
the patient’s HLA type is 0 tmm with HLA-A69, B39, B67. By 
determining the tmm level of the HLA antigens that cause a 
negative PRA result, other HLA antigens with similar tmm are 
determined. This patient also has low TMM with HLA-A32, 
A36, A74, B42, B54, B55, B59, B64, B65. Thus, the number of 
HLA antigens that the patient can accept increases. This me-
ans that patients with high PRA have an increased chance of 
transplantation [11]. Recognition of several different HLA anti-
gens by a single antibody is known as cross-reactivity betwe-
en HLAs. Cross-reactions arise from common regions in the 
amino acid sequences between cross-reactive group (CREG) 
antigens. To put it another way, HLAs have an epitope set 
consisting of more than one epitope. Some of these epito-
pes are specific to that HLA molecule, while others may be 
shared by other HLA molecules[6,16]. As a result, an antibody 
specific to an A epitope will create an immune reaction with 
other HLA molecules carrying the A epitope. By comparing 
these epitopes, the HLA “matchmaker” program also contri-
butes to the determination of the donor with less TMM. The 
HLA “matchmaker” program results of two different patients 
(patient X and Y) with the same CREG in Duquesnoy’s study 
are shown in Table 4 (Table 4)[11].
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Table 4. Tmm results of two different patients (patient X and patient 
Y) in the same CREG with HLA “matchmaker” program

Patient X 
HLA type

Incompatible tmms 
despite not having the 
same CREG

Patient Y 
HLA type

Incompatible tmms 
despite being the 
same CREG

A2 A68 (2) A69 (1) A2 
A68 (2) A69 (1)
A29 (4) A30 (5) A31 (3) 
A33 (4) A74 (0)

A31

A29 (3) A30 (4) A32 (0) 
A33 (2) A74 (0)
B7 (2) B8 (0) B27 (6) 
B54 (1) B55 (0)

A32 B7 (4) B8 (3) B27 (7) 
B42 (3) B54 (1)

B42 B56 (0) B60 (6) B61 (4) B55 B56 (0) B60 (9) B61 (5) 

B53 B35 (0) B49 (4) B50 (4) 
B51 (1) B52 (2) B57 (3) 
B58 (2) B70 (1)

B35
B49 (5) B50 (4) B51 (2) 
B52 (3) B53 (1) B57 (4) 
B58 (3) B70 (1)

HLA: Human leukocyte antigens; CREG: Cross-reactive group; 
tmm: triplet mismatch.

In recent years, the second version of the HLA “match-
maker” program, eplet, has started to be used. A comparison 
of Class I and Class II HLAs is made with the Eplet version. 
In addition to TMM where structural epitopes are evaluated, 
the eplet program focuses on functional epitopes. Here, poly-
morphic residues and other residues in the immediate vicinity 
are evaluated. There are two different epitope structures in 
structural epitopes. The first of these is known as one patch. 
Here, for the epitope to be antigenic, there must be at least 
one nonself residue and this part must come into contact with 
the CDR regions of the antibody. The second one is called 
two patches. There may be two different situations in the 
two-patch epitope model. Both patches may contain at least 
one nonself residue, or one patch may have one or more 
nonself residues while the other has self-residues [7,9].
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Although the humoral mechanisms are not fully understo-
od, it is known that each individual has a B cell repertoire with 
low avidity for epitopes of receptors expressed on their own 
cells. These epitopes do not cause activation of B cells and 
antibody production. However, when nonself residues occur, 
self-residues contribute to B cell activation [10]. In the immune 
reaction, the distance between neighboring residues in patch 
patterns is important. This distance is 3- 3.5 Å. Additionally, in 
the two-patch model, the distance between patches should 
be around 7.5-14 Å. According to Eplet version, Class I mo-
lecules (HLA-A, B, C) have a total of 530 patches. Most of 
these patches are in the α1 and α2 regions of the molecule. 
There are 192 patches between residues 62-73, 91 patches 
between residues 76-83, and 122 patches between residues 
142-152. Patches of some residues also include pockets whe-
re the HLA molecule presents antigen. The residues in the 3 
and 3.5 Å patches given by Duquesnoy in his study in 2006 
and those that are polymorphic are shown in Table 5 (Table 
5). When Class II molecules were evaluated in terms of their 
patches, 74 patches were identified in DR, 103 in DQ and 64 
in DP. The patches of both Class I and Class II molecules are 
mostly on the top and side surfaces of the molecule, although 
a small number of patches are on the bottom or bottom of 
the HLAs [7,17,18].
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Table 5. Polymorphic and monomorphic residues of HLA Class I 
antigens at position 3.0-3.5. Å

Sequence 
position

Class I 
locus

Molecular 
location

Surface 
exposure

Positions in the 
3 Å patch

Positions in 
the 3,5 Å 
patch

1 C On the side + 1 2 1 2 3
6 C On the side + 5 6 27 5 6 27
9 ABC On the side ± 8 9 10 8 9 10 23

12 BC On the 
lower side + 11 12 13 21 11 12 13 21 

92 94

14 C On the side + 14 15 16 19 39 14 15 16 17 
18 19 39

17 A On the side ++ 14 16 17 18 14 15 16 17 
18

21 C On the 
lower side ± 20 21 22 39 14 19 20 21 

22 23 39

30 B On the 
lower side + 29 30 31 21 1 29 30 31 210 

211

32 B On the 
lower side ± 31 32 33 27 31 32 33 

48

35 C On the side ± 35 36 48 85 3 35 36 46 48 
853

41 B On the side ++ 40 41 42 40 41 42 43

44 A On the side ++ 43 44 45 36 42 43 44 
45 61

45 B On the side + 44 45 46 35 44 45 
46 64

46 B On the side + 35 45 46 47 35 44 45 46 
47 48

56 A On the side + 55 56 57 59 54 55 56 57 
58 59

62 A At the top ++ 61 62 63 59 61 62 63 
64 65 66

63 ABC At the top ± 59 62 63 64 
P2

59 61 62 63 
64 65 66 P2

65 ABC At the top ++ 61 64 65 66 
69

61 62 64 65 
66 68 69

66 ABC At the top ++ 65 66 70 P2
62 64 65 66 
68 69 70 
P1 P2

69 B At the top ++ 65 68 69 70 
73

65 66 68 69 
70 72 73
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70 ABC At the top + 66 69 70 66 68 69 70 
72 73

71 B On the side + 70 71 72 68 69 70 71 
72 73 75

73 AC At the top + 72 73 77 69 70 72 73 
77

76 A At the top ++ 75 76 77 80 72 73 75 76 
77 79 80 P9

77 ABC At the top ± 73 76 77 78 
P8 P9

73 75 76 77 
78 79 80 P8 
P9

79 ABC At the top ++ 78 79 80 76 78 79 80 
82

80 ABC At the top ++ 76 79 80 84 76 78 79 80 
82 83 84

82 AB On the side + 80 82 86 87 79 80 82 83 
86 87 88 89

83 AB At the top ++ 82 83 84 86 79 80 82 83 
84 85 86

90 ABC On the side ++ 89 90 91 88 89 90 91

94 BC On the 
lower side ± 93 94 95 119 93 94 95 118 

119

103 BC On the side ± 2 103 104 2 103 104 
108 110

105 A On the side ++ 104 105 106 1 104 105 106 
107

107 A On the side ++ 160 107 108 169
105 106 107 
108 169 173 
180

109 A On the side + 108 109 110 108 109 110 
111 112

113 BC On the 
lower side + 102 112 113 114 98 102 112 

113 114

114 ABC On the 
lower side ± 113 114 115 126 98 113 114 

115 125 126

116 ABC On the 
lower side ± 115 116 123 124 115 116 123 

124

127 A On the side ++ 127 128 132 127 128 129 
132 133 134

131 B On the side ++ 129 130 131 132 129 130 131 
132

138 C On the side ++ 137 138 139 141 137 138 139 
140 141
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142 A At the top ++ 138 141 142
138 139 141 
142 144 145 
146

143 B At the top ± 142 143 144 
P9

141 142 143 
144 145 146 
P9

144 A On the side + 144 145 148 141 
144 145 146

133 141 142 
144 145 146 
148

147 BC At the top ± 146 147 148 151 P8

149 A At the top ++ 145 148 149 
150

145 146 148 
149 150 151

150 A At the top + 149 150 151 146 148 149 
150 151

151 A At the top ++ 150 151 152 148 149 150 
151 154 155

152 ABC At the top ± 151 152 155 150 151 152 
154 155 P7

158 AB At the top ++ 157 158 159 154 155 157 
158 159

161 A At the top ++ 157 161 162 157 159 161 
162

163 A At the top + 162 163 167 159 162 163 
166 167 P1

166 A At the top ++ 162 165 166 167
162 163 165 
166 167 169 
170

167 AB At the top ++ 163 166 167 163 165 166 
167 169 170

173 C On the side ++ 169 172 173 174 169 170 172 
173 174 176

177 ABC On the side ++ 176 177 178 176 177 178

178 B On the side + 177 178 181 176 177 178 
180 181

Polymorphic positions are shown in bold and underlined.

HLA-A25 and HLA-A26; It is one of the subgroups of the 
HLA-A10 antigen (split). They are molecules that are very si-
milar to each other in terms of molecular structure. Both have 
the 150TAH patch. 79-83 in the HLA-A25 molecule. The amino 
acids are arginine, isoleucine, alanine, leucine and arginine, 
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respectively. IgG antibody to this antigen is at 150 TAH patch 
with VH CDR3 and at 79-83 TAH patch with VL CDR3. is 
bound to residues. The distance between the two patches is 
14 Å. In the HLA-A26 molecule, 79-83 as well as the 150TAH 
patch. The amino acids are glycine, threonine, leucine, argi-
nine and glycine. The distance between the two patches is 
more than 14 Å.  In this case, even if the HLA-A25-specific 
antibody (monoclonal antibody) binds to the HLA-A26 anti-
gen, the immune reaction does not occur. This is due to the 
inability to achieve the necessary structural change for the 
antibody to bind to the C1q molecule (which activates the 
antibody-dependent complement pathway). This feature is 
called cytotoxicity-negative absorption-positive (CYNAP) [7,18].

In another publication, it was determined that the 
HLA-A3-specific antibody formed as a result of pregnancy 
binds to the 62QE patch of HLA-A3. It has been determined 
that this antibody gives an immune reaction with all antigens 
containing the 62QE patch except A30 and A31. When the 
epitope properties of the HLAs tested with anti-HLA A3 mo-
noclonal antibody with the HLA “matchmaker” program were 
had alanine amino acid in the 56th position (second patch), 
while there was arginine amino acid in A30 and A31. These 
two examples demonstrate the effectiveness of the second 
patch in immune reactions. This similar patch feature in CREGs 
is important in humoral reactions [7,14].

The Eplet program evaluates “overlapping” groups of pol-
ymorphic patches shared by HLAs. While the results are eva-
luated in the Eplet program, HLA typing, which is studied with 
high resolution, is also important in understanding these patch 
properties and antibody reactions. For example, HLA-A23 
and HLA-A24 are subgroups of HLA-A9. If an antibody spe-
cific to the 63 EEK and 65 GK patches in the A*2301, A*2402, 
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A*2403 and A*2407 alleles develops, an immune reaction oc-
curs with all four alleles. While the 66 EGKQ patch in A*2407 
has glutamine (Q) at position 70; A*2301, A*2402, A*2403 
contain histidine (H) at position 70 of the same patch. In this 
case, the monoclonal antibody against A*2407 is specific for 
70Q and reacts only with A*2407 [19,20].

In many countries, as in our country, only DRB1 genes from 
HLA Class II molecules are typed before kidney transplantati-
on. In addition, when DRB1, DRB3, DRB4, DRB5 molecules are 
compared between the recipient and donor with the eplet 
program, DRB3, DRB4, DRB5 molecules significantly affect the 
number of incompatible eplets (representing single or double 
patches) in the recipient-donor pair. HLA-DQ typing, one of 
the Class II molecules, is also gaining importance. As a matter 
of fact, in recent years, many publications have reported that 
anti-HLA-DQ antibodies are formed after kidney transplan-
tation [21,23]. In his study in 2008, Duquesnoy showed that DQ 
eplets, as well as DR genes, contribute to incompatibility in the 
eplet program (Table 6) [24]. In recent years, the importance 
of HLA typing at the allele level with high-resolution typing 
methods, rather than at the antigen level, and the contribution 
of allele-level results 

to the understanding of HLA epitopes has been emphasi-
zed. HLA-A, B, C, DR, DQ genes are highly polymorphic. As 
seen in Table 6, high-resolution tissue typing tests will provide 
more information about the eplet structures in HLA epitopes 
(Table 6) [25,26].
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Table 6. Comparison of incompatible eplets of the patient with 
Class II typing with different donors
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DR 15 DRB1*1501 DRB5*0101 DQB1*0502 DQA1*0102
DR18 DRB1*0302 DRB3*0101 DQB1*0402 DRB1*0401
Donor
DR1 DRB1*0101 NONE DQB1*0501 DQA1*0101 9 5 0 2 2
DR4 DRB1*0401 DRB4*0101 DQB1*0301 DQA1*0302 42 8 14 9 11
DR7 DRB1*0701 DRB4*0101 DQB1*0202 DQA1*0202 41 10 14 10 7
DR8 DRB1*0801 NONE DQB1*0402 DQA1*0401 4 4 0 0 0
DR9 DRB1*0901 DRB4*0101 DQB1*0303 DQA1*0302 36 6 14 5 11
DR10 DRB1*1001 NONE DQB1*0501 DQA1*0101 12 8 0 0 2
DR11 DRB1*1101 DRB3*0202 DQB1*0301 DQA1*0501 22 3 2 9 8
DR12 DRB1*1201 DRB3*0202 DQB1*0301 DQA1*0501 26 7 2 9 8
DR13 DRB1*1301 DRB3*0101 DQB1*0603 DQA1*0103 12 2 0 7 3
DR14 DRB1*1401 DRB3*0202 DQB1*0503 DQA1*0104 11 4 2 2 3
DR15 
(self)

DRB1*1501 DRB5*0101 DQB1*0602 DQA1*0102 6 0 0 6 0

DR16 DRB1*1601 DRB5*0202 DQB1*0502 DQA1*0102 2 0 2 0 0
DR17 DRB1*0301 DRB3*0101 DQB1*0201 DQA1*0501 17 0 0 9 8
DR18 
(self)

DRB1*0302 DRB3*0101 DQB1*0402 DQA1*0401 0 0 0 0 0

In addition, in recent years, especially for patients with 
high levels of HLA antibodies, tissues that they can accept 
have been determined by using single HLA antigen-coated 
beads [single antigen beads (SAB)]. The HLA alleles covering 
these beads were tested with high-resolution methods. Obta-
ining more specific results with this feature will contribute to 
the recognition of antibodies and graft survival [27,29]. Recog-
nition of epitopes by HLA-antibodies with the SAB technique 
plays a key role in determining acceptable HLA mismatches. 
It is also important in determining the importance of the HLA 
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“matchmaker” program in terms of transplantation. Resse et 
al. In a study published by, HLA “matchmaker” eplets and 
the results of the SAB study were evaluated. In this study, 
the immunization of a patient registered on the waiting list 
for heart transplantation with HLAs passed from her hus-
band to her child during pregnancy is discussed. The patient’s 
HLA-A*02:01, A*24:02, B*35:01, B*51:01, C*04:01, her husband’s 
HLA-A*02:01, A*26:01, B* 18:01, B*58:01, C*06:02. In SAB analy-
ses, mean fluorescence intensity (MFI) values were found to 
be high in beads covered with B*58:01, C*06:02, B*57:01 and 
B57:03 alleles.

These results were compared with the HLA “matchmaker” 
program. A double patch feature consisting of 65 RNA and 
82 ALR eplets was detected in all alleles that developed 
antibodies. Apart from these alleles, there are many alleles 
that are available in the SAB technique and have the 65RNA 
eplete. However, these do not have the 82ALR eplete. Additi-
onally, the 82ALR eplet is also present in the patient’s A*24:02 
and B*51:01 alleles. Another issue in the study is that A*25:01, 
A*32:01 and B*15:16 alleles carrying 65RNA and 82ALR were 
evaluated as negative with SAB. When the amino acid residu-
es of these alleles were compared with B*58:01 using the HLA 
“matchmaker” program, it was determined that isoleucine had 
changed to threonine amino acid at the 94th residue. It is 
thought that this change may have an effect on antibody 
binding by affecting the epitope structure [10]. 

Lomago et al. In a study published by et al., it was de-
termined that eplete-specific antibodies reacted with different 
alleles in a patient who received a kidney transplant from his 
cousin. In the patient who was lymphocytotoxic “cross mat-
ch” negative before the transplant, anti-HLA antibody, which 
reacted with B*44:02 but did not react with B*44:03, was de-
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tected by the SAB technique approximately one month after 
the transplant. When the patient’s tissue typing was studied 
with high resolution, B*44:03 antigen was determined. With 
the HLA “matchmaker” program, it was determined that there 
was a 156DA eplet in B*44:02 and that this eplet was also 
found in the C*07:04 allele in the donor. The 156 DA eplet 
is also shared by a group of HLA-B alleles (B*08:01, B*37:01, 
B*41:01, B*42:01, B*44:02). The antibody in the recipient’s serum 
was found to react with all these alleles [30].

Pregnancy is an attractive model for investigating de 
novo anti-HLAs. It has been determined using SAB that Class 
I HLA antibodies develop in 30% of first pregnancies. Until Ja-
nuary 2016, 81 HLA-ABC epitopes confirmed by antibody stu-
dies were listed on the international epitope registry website 
(www.epregistry.com.br). Of these, 62 are specific to a single 
eplet (single patch), and 19 are specific to pairs of eplets (two 
patches). It was determined that the A*01:01 allele, which was 
homozygous A*02:01 typing and passed from the father to 
the child during pregnancy, reacted with all HLA-A alleles 
carrying 166DG and 90D, except for A2, A68 and A69. It has 
been determined that A2, A68 and A69 alleles share 138 MI 
eplets and this eplet plays an important role in antibody anti-
gen binding. In another HLA antibody study; A*23:01, A*24:03, 
A*25:01 and self-alleles in the SAB panel of antibodies immuni-
zed with A*02:01, which were passed from father to child du-
ring the pregnancy period when A*24:02, A*32:01 typing was 
done. It was found to react with all A alleles except A*24:02 
and A*32:01. When the results were evaluated with the HLA 
“matchmaker” program, it was seen that all alleles carried 144 
TKH and 62GE epitopes, but a reaction was detected with 
alleles carrying 79GT epitopes as well as these epitopes. That 
is, the 79GT eplet is essential for the immune reaction [31]. 
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In a study investigating Class II antibodies after pregnan-
cy, antibodies induced by the DRB1*01:01 allele, which were 
typed as DRB1*08:01 and DRB1*15:01 and passed from father 
to child during pregnancy, were evaluated with the SAB and 
HLA “matchmaker” program. Here, it has been determined 
that the epitope structure showing two patches is important in 
the formation of immune reactions. Strong immune reactions 
were detected in two patches with alleles carrying 67LQ and 
self-residue 60Y [26].

2.3 CONCLUSION

As a result, it has been known for many years that HLA 
compatibility between the patient and the donor affects the 
success of bone marrow and solid organ transplants. For this 
reason, studies in the field of HLA, which started in the 1960s, 
continue increasingly. In addition to high-resolution HLA ty-
ping, the determination of allele-specific antibodies and the 
development of HLA analysis programs will also contribute 
to this field.
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3.1 INTRODUCTION

Organ transplantation is an important option in the treat-
ment of organ failure. Transferring healthy tissues and organs 
instead of tissues or organs that cannot perform their normal 
function is called transplantation. Allogeneic transplantation, 
which refers to transplantation between genetically different 
individuals of the same species, is a treatment option that is 
increasingly used in organ failures [1]. Kidney transplantation is 
the most performed solid organ transplantation in our country 
and in the world [2,3]. The use of both cadaveric donors and 
living donors as organ sources enables many patients with 
end-stage renal failure to undergo transplantation. The ability 
of the transplanted organ to perform its normal functions 
not only improves the patient’s quality of life, but also cont-
ributes to the country’s economy. A good understanding of 
transplantation immunology is important for long-lasting kid-
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ney survival. In this context, tissue compatibility between the 
patient and donor, the mechanisms of immune system cells 
to recognize the foreign organ, and the cells and molecules 
involved in this process should be taken into consideration. 
Detection of anti-human leukocyte antigen antibodies by the 
combined use of cellular and solid phase techniques deve-
loped in recent years is an important innovation that pre-
vents hyperacute rejections. However, long-term rejections 
and graft failures still remain a problem for organ transplant 
centers. Scientists continue to attempt to find new biomarkers 
to understand the immunological relationship between the 
graft and the patient. In this context, the expression levels 
of some genes in the patient, gene polymorphism differences 
between the patient and the donor, and changes in protein 
expression levels are evaluated in blood and urine samples. 
In addition, for the last few years, free donor DNAs that pass 
into the blood and urine due to damage to the graft tissue 
have been investigated for this purpose. This study aimed to 
provide information about the types of immune responses in 
which T and B-cells play a fundamental role, renal rejection 
mechanisms and new biomarkers. 

3.2 HUMAN LEUCOCYTE ANTIGENS (HLA)

AB blood group, HLA compatibility, and HLA-specific 
antibody profile of the recipient significantly affect kidney 
transplant success[4,5]. To accomplish kidney transplantation, 
the recipient and donor pair must be compatible in A, B, and 
O blood groups[6]. Another parameter that affects the suc-
cess of transplantation is HLA compatibility between couples. 
The HLA region is located on chromosome 6 and is 4 Mb 
in size (Figure 1). This area includes 0.1% of the human geno-
me’s genes, with over 20 of them connected to the immune 
system. HLA is the area of the human genome with the most 
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disease-related genes. In terms of transplantation, the rele-
vant genes in HLA are in the class I (HLA-A, B, and C) and II 
(HLA-DR, DQ, and DP) sites[7]. The relevance of these areas 
stems from their great polymorphism. According to 2018 sta-
tistics, the total number of HLA alleles is 18,181. There are 4,857 
class II alleles and 13,324 class I alleles. The relevance of the-
se areas stems from their great polymorphism. According to 
2018 statistics, the total number of HLA alleles is 18,181. There 
are 4,857 class II alleles and 13,324 class I alleles. In such a 
diverse HLA allele pool, organ recipients’ chances of finding a 
fully compatible donor are quite low[8]. The proteins encoded 
from the HLA region mentioned above are transmembrane 
proteins. Of these, class I HLA proteins encode a large alpha 
(α) chain. The alpha chain forms three alpha domains by ami-
no acid folding. The peptide attachment gap is formed by α1 
and α2. Class I molecules function in the presentation of 8-10 
amino acid intrinsic peptides to CD8+ T-cells. The other alpha 
domain in the Class I molecule, α3, interacts with the CD8 
molecule in cytotoxic T-cells[4]. This interaction strengthens the 
relationship between the class I molecule and the T-cell. In 
addition, it is responsible for the stabilization of the β2 microg-
lobulin α chain in the cell membrane, encoded from a gene 
on chromosome 15 in the class I molecule[4]. Since this feature 
of β2 microglobulin is known, some recent studies have aimed 
to silence the β2 microglobulin gene in the allograft in order 
to increase the survival of the transplanted organ (allograft) 
after transplantation. The short-term results of allogeneic lung 
transplantations in pigs are promising[9]. There are two genes 
(α and β genes) that encode class II HLA molecules. The α 
and β chains synthesized separately come together to form a 
class II molecule. Both chains contain two domains. The pep-
tide attachment gap is formed by α1 and β1 domains. By bin-
ding 10-20 amino acid peptides here, antigenic determinants 
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are presented to CD4+ T helper cells. Extracellular (external) 
peptides bind here, and it has been determined that they are 
associated with the class II β2 domain of CD4, one of the 
surface molecules of helper T-cells. Another difference betwe-
en the two classes is related to the cell group in which they 
are expressed. Solely antigen-presenting cells (APCs) produce 
class II molecules, whereas class I molecules are present on 
the surface of every cell with a nucleus. There are pockets at 
the base of the peptide attachment gap of HLA molecules. 
The side chains of the amino acids of the peptide antigens 
enter these pockets and enable the peptides to adhere to 
the groove of the HLA molecule. There are amino acids that 
antigenic peptides contact with the T-cell receptor (THR). In 
this way, the peptide in the antigen binding region of HLA 
comes into contact with THR. The way by which HLA class 
I and II molecules attach antigens is different from each ot-
her. Proteosomes degrade Class I molecules in the cytoplasm 
and bind short peptides arriving at the endoplasmic reticulum 
(ER) via TAP (transporter associated with antigen processing) 
pores. The peptide–HLA complex is transported to the cell 
surface by vesicles. The ER is the site of class II molecule 
production. It encounters external peptides taken into endo-
somes in late endosomes. After the peptide fragments bind 
to the antigen-binding groove of Class II molecules, they are 
carried to the surface of the cell with vesicles[4]. Dendritic cells 
(DH), B-cells, and macrophages, also known as APC function 
for the antigen presentation to recipient T-cells in allogene-
ic transplantation. Among these cells, some features of DCs 
make them the most efficient DCs initiating T-cell responses. 
DCs are strategically located in places where microorganisms 
and foreign antigens commonly enter and in tissues where 
microorganisms can colonize. They express receptors [toll-like 
receptors (TLR), mannose-binding lectin receptors, etc.] that 
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enable them to capture microorganisms. These cells migrate 
from the epithelium and tissues via the lymphatics to the T-cell 
areas of the lymph nodes. DCs express high levels of pepti-
de-HLA complexes, costimulators and cytokines necessary to 
activate naïve T lymphocytes. Due to this feature, they cause 
100-1,000 times more T-cell activation than other APCs [4,10]. 
One DC can activate 100-3,000 T-cells [11].

Figure 1: HLA Gene Map

3.3 ALLORECOGNITION

Allorecognition begins with the sensitization phase. At this 
stage, the antigenic peptide is introduced to T-cells in secon-
dary lymphoid organs by PHCs. The effector cells formed 
by this recognition reach the graft through blood and lymph 
channels and initiate rejection, which is the second stage of 
allorecognition. Studies in this field have shown that allograft 
rejection usually occurs by humoral (or antibody-based), cel-
lular (or lymphocyte-based), or both mechanisms. Recognition 
of the allograft in transplantation occurs in three different 
ways. These are direct recognition, indirect recognition and 
semi-direct recognition [12,13].
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3.3.1 Direct recognition 

This is a transplant-specific immune recognition. It is the 
process by which recipient T-cells recognize intact HLA mo-
lecules donor cell surface, such as endothelial cells, and do-
nor-derived PHCs. It is known that the mixed lymphocyte 
culture test is a test that can show the clinical results of direct 
diagnosis. When recipient cells recognize donor cells as fore-
ign, they proliferate, and the cytokine pool in the environment 
is associated with the immune reaction. It is stated that this 
test can be used as an indicator of acute rejection. Approxi-
mately 1-10% of the total T lymphocytes in the bloodstre-
am are expected to be involved in immediate identification. 
Two different models are proposed for direct recognition that 
peptide dependent and independent [12,13]. For example, it has 
been proposed that alloreactive T-cells may identify variation 
sites in the donor’s HLA molecule its own, irrespective of the 
allopeptide, when donor and recipient HLA vary physically [13]. 
In the other model, it is suggested that there must be a clas-
sical presentation for effective allorecognition. In other words, 
when the recipient and donor HLAs are different, allo-HLA is 
directly recognized independently of the allopeptide, whereas 
when the recipient and donor HLAs are similar, it is thought 
that the donor HLA-allopeptide structure directly causes T cell 
alloreaction. In direct recognition, the maturation of immatu-
re DCs and their transfer to secondary lymphoid organs is 
important. Inflammatory signals and signals resulting from isc-
hemia and reperfusion injury are important in the maturation 
of these cells, also called passenger leukocytes. This process 
causes chemokine and cytokine expression and the producti-
on of reactive oxygen species within the allograft; Stimuli to 
DCs activate MyD88 and TRIF signaling pathways, especially 
through the activation of TLRs. This enables the migration of 
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DCs to secondary lymphoid organs [13]. The degree of ische-
mia-reperfusion injury was decreased by the knockout of TLRs 
in the allograft [14]. Mature DCs migrate to lymph nodes via the 
lymphatic system and stimulate T-cells in the paracortex with 
peptide-independent and peptide-dependent patterns. When 
CD4+ T-cells are activated through Class II HLA molecules, 
they enable the activation of many cells such as B-cells, cyto-
toxic T-cells, and phagocytic cells. Activated cells and immune 
molecules such as antibodies and cytokines are transferred 
to the allograft. Since DCs also express class I HLA antigens, 
they can activate CD8+ cytotoxic T-cells independently of the 
peptide, or alloreactive T cells are activated by presenting 
the peptides escaping from the endosome to the cytoplasm 
to CD8+ T-cells in a peptide-responsive way by class I mole-
cules. CD8+ T-cells were demonstrated to influence destructi-
on of endothelial cells and ultimately acute rejection through 
direct interaction with the allograft. Synthesis of donor-speci-
fic antibodies from plasma cells formed by activating B-cells 
in allorecognition is important in allograft pathology. Because 
these antibodies bind to the graft’s endothelial and other 
cells, causing cell damage through the stimulation of comp-
lement proteins and, eventually, the formation of membrane 
attack complexes in the allograft, or even if the antibody 
does not cause complement activation, the graft is attacked 
by cells with antibody receptors such as natural killer (NK) 
cells and macrophages. Cells may be destroyed. There are 
also some factors that affect direct recognition in allograft 
rejection. The first of these is negative selection in the thymus. 
T-cells recognize their own HLAs and self-peptides during 
maturation and interact weakly with these molecules. Strongly 
interacting T-cells are eliminated by negative selection. This 
makes it easier for T-cells to distinguish allo-HLAs from reci-
pient HLAs. The second is viral infections. Activation of T-cells 
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by viral infections causes changes in cell surface molecules 
and the pool of cytokines and chemokines, which can ultima-
tely induce the activation of alloreactive T lymphocytes. This 
is called a heterologous immune response. It was showed by 
several researchers that after viral infections T cells can be 
activated [13,15,16]. The third is the number of allograft-derived 
passenger leukocytes. Roughly, as the number of ASH (espe-
cially DH) to activate T-cells increases, the number of T-cells 
to be activated also increases. The number of immune system 
cells decreases with age. Finally, the HLA expression level of 
allograft-derived ASHs is also important for direct recogniti-
on. Expression of coreceptors becomes important in immune 
activation that begins with HLA-T-cell receptor (THR) interac-
tion during allorecognition. Coreceptors are divided into two 
main categories: costimulators (those that activate the immu-
ne system) and coinhibitors. The balance between costimu-
lators and coinhibitors determines the intensity and direction 
of the immune reaction. Despite the HLA-THR interaction, the 
lack of costimulatory signals enables the development of the 
tolerance mechanism and immune response called anergy 
occurs. Again, during these cell-cell interactions, the cytokine 
content in the environment is also important in determining 
the direction of the immune response [13]. 

3.3.2 Indirect recognition 

Activation of the T-cell through this pathway is not specific 
to alloimmunity. It covers the antigen presentation process to 
T-cells. After recipient APCs digest graft antigens and present 
the donor’s peptide to CD4+ T-cells of the recipient in their 
lymphoid tissues, alloactivation of T-cells occurs by indirectly 
activation. Three steps that are incompatible with one another 
for this mechanism to occur. First, the circulation is exposed 
to alloantigens and/or donor cell membranes from the al-
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lograft, which recipient DCs in the secondary lymphoid tissue 
can ingest.  Second, recipient DCs can phagocytose donor 
cells as they migrate to secondary lymphoid organs. Thirdly, 
the recipient’s ASHs coming to the graft through circulation 
can phagocytose alloantigens in the graft and then activate 
recipient T-cells in secondary lymphoid tissues via circulation 
[13]. Alloantigen-activated T-cells can activate NK cells, B-cel-
ls, CD8+ T-cells, and macrophages through the mechanisms 
mentioned in direct recognition. Epitope shifting is a process 
that caused by antigenic change with time [17]. However, epi-
tope shift is important as it causes indirect recognition to 
persist and polyclonal activation to occur. Chronic rejection is 
linked to persistent T-cell activation caused by indirect recog-
nition in recipients [13].

T-cell activation and self-restriction are critical mechanisms 
in the growth of regulatory T-cells (Tregs). Regulatory T-cells 
(CD25+, FoxP3+, and CD4+) inhibit activation of the T cells. 
Therefore, it can be evaluated that regulatory T cells with 
limited CD25+ and FoxP3+ expression can cause chronic reje-
ction [18]. While the number of Tregs was high, the number of 
Tregs was found to be low in patients with chronic rejection. 
As a result, Treg cells are important in the emergence of an 
effective immune response in indirect recognition. Again, at 
this stage, the character of the costimulatory and coinhibitory 
signals is also important [13].

3.3.3 Semi direct recognition 

It is a mechanism that has been described in recent years 
for the recognition of allo-HLA and/or peptides. Here, intact 
allo-HLA molecules are transferred to recipient ASHs. This 
transfer occurs in two ways: 1) As the recipient ASHs cross the 
graft endothelium with allo-HLA expression, these molecules 
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are transferred to the recipient ASHs as a result of cell-cell 
contact, 2) Allo-HLA in the graft is transferred through exoso-
mes, which are vesicles smaller than 100 nm. It is the transfer 
of CSFs to recipient ASHs and activating the T-cells of ASHs 
in secondary lymphoid organs via circulation. Exosomes can 
transmit allo-HLA both in vitro and in vivo, but may not be 
enough to activate naïve T-cells [18,19].

3.4 MECHANISMS OF REJECTION

Hyperacute, acute and chronic rejection are three types 
of rejections. Hyperacute rejection occurs shortly after per-
fusion of the transplanted organ with the recipient’s blood. 
Donor-specific anti-HLA and anti-ABO antibodies are impor-
tant in the occurrence of hyperacute rejection. With blood 
group-identical transplants and the use of new cross-over 
methods before transplantation, hyperacute rejections are no 
longer a problem for transplantation clinics [20]. In hyperacute 
rejection, the mechanism begins with donor-specific antibo-
dies binding to antigens on the donor endothelium and acti-
vating complement proteins. After this activation, endothelial 
damage occurs due to MAC formed in the vascular endot-
helial cell membrane. On the other hand, the graft is lost as 
neutrophils migrate to the graft with inflammatory signals and 
secrete lytic enzymes, and platelets migrate to the damaged 
area and cause vascular hemorrhage. Acute rejection usually 
happens throughout the initial months and weeks following a 
transplant. As mentioned above, it occurs after direct recog-
nition mechanisms. Semi-direct recognition mechanisms also 
contribute to this process. As a result of CD4+ T helper cell 
activation, monocyte/macrophage-mediated mechanisms me-
diated by NK cells. Immunosuppressive agents have been 
shown to significantly prevent the acute rejection by targeting 
CD4+ T-cell activation. CD8+ T-cells are able to attack the 
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graft immediately, causing it to be destroyed, because most 
of parenchymal and vascular cells carry HLA class I mole-
cules [13]. Approximately 90% of acute rejections are cellular 
rejections that result in CD4+ and CD8+ activation and per-
forin and granzyme release. Jia et al. They investigated gene 
expression changes in kidney biopsies of patients with and 
without a diagnosis of acute rejection [21]. They found that the 
expression of 437 of a total of 790 genes increased, while the 
expression of 353 genes decreased. In this study, the genes 
most strongly associated with acute rejection were determi-
ned to be interferon (IFN)-g, tumor necrosis factor (TNF), B2 
microglobulin, and LCK. In the study, they explained that LCK 
(Src kinase), which plays a role in signal transmission for the 
cell, plays a key role in the pathogenesis of acute rejection. 
LCK is a molecule that initiates intracellular signal transduction 
by interacting with the intracytoplasmic part of CD3 (CD3e), 
which is a part of the T-cell receptor complex [21]. Additionally, 
B-cells contribute to acute rejection by producing antibodies 
[22,23]. C4d complement protein is investigated in graft biopsies 
in the diagnosis of acute humoral rejection. However, C4d 
negative results may be associated with acute rejection [23,24]. 
In acute humoral rejection, vasculitis and mononuclear cell ac-
cumulation in the graft are observed. Chronic rejection is the 
most prevalent reason for graft failure that can be both an-
tigen dependent and independent [13]. Reperfusion injury, early 
acute rejection attacks, usage of kidney-damaging drug such 
as calcineurin inhibitors, and inflammation associated with 
delayed-type hypersensitivity reactions contribute to chronic 
rejection. It is predicted that new anti-HLA antibody produ-
ction in transplantation poses a chronic rejection possibility 
[22,25]. Antibodies against incompatible HLAs of the donor after 
transplantation; It is known to contribute to graft damage th-
rough complement stimulation and Anti-HLA antibody-antigen 
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binding regulates the migration of immune system cells into 
the graft. Additionally, binding of antibodies to HLAs on en-
dothelial cells engage intracellular signaling pathways which 
enhance graft failure [26]. Studies on this subject are limited. 
Because cultured vascular endothelial cells rapidly lose their 
HLA expression (especially class II). In studies, HLA expression 
is evaluated by adding IFN-g and TNF-α to the growth me-
dium or by transferring transactivator genes that will initiate 
HLA expression to the cells by transfection. HLA-II molecules 
have not been expressed by most of the vascular endothelial 
cells. During or post-transplantation process cytokines such 
as TNF-α, interleukin (IL)-1β, and IFN-g are produced. These 
cytokines cause increased HLA expression [27]. Studies have 
found that as a result of the activation of phospholipase Cg1 
by binding of class I anti-HLA antibodies to antigens, inosi-
tol triphosphate (IP3) and diacylglycerol, called secondary 
messengers in the signaling mechanism, are formed and as 
a result, intracellular calcium release is regulated. P-selectin 
carrying Weibel-Palade body (WPb) vesicles are exocytosed 
in reaction to variations in internal calcium levels. Quick inc-
rease of P-selectin expression on the cell membrane supports 
the adhesion of platelets, monocytes, and neutrophils. This 
ensures that myeloid cells such as CD68+ macrophages and 
neutrophils predominate in the graft. HLA antibody-antigen 
binding also promotes the activation of protein kinases focal 
adhesion kinase (FAK), paxillin and Src. In addition to FAK, 
activation of Rho, a small G protein, regulates actin proteins 
in the cytoskeleton, ensures the formation of focal adhesions 
and the formation of stress fibers. One of the first functio-
nal changes that arises after endothelial exposed directly to 
class I anti-HLA antibodies is actin cytoskeleton remodeling, 
which results in quick and significant stress fiber production 
[28]. The formation of stress fibers allows mechanical transdu-
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ction. These structures are important for cell-cell adhesion in 
the binding of leukocytes. Researches show that the cytos-
keleton is an active organizer of internal signaling pathways 
and affects the location of many activities and pathways. 
Also in this process, the activation of the mammalian target 
of rapamycin (mTOR) and extracellular signal regulated ki-
nase (ERK) contributes to the regulation of the cytoskeleton. 
It has been determined that the synthesis of Basic Fibroblast 
Growth Factor (bFGF) and its receptor increases with the 
binding of Class I anti-HLA antibodies to antigens, and that 
the cytoskeleton contributes to this regulation. bFGF increases 
the proliferation of endothelial and smooth muscle cells by 
binding to FGFR on the endothelial surface. Additionally, since 
bFGF is a growth factor that rapidly increases vascularization, 
neovascularization also increases [27,29]. These results show that 
class I anti-HLA antibodies contribute to the proliferation of 
smooth muscle cells and endothelial cells in graft vessels and 
narrowing of the vessel diameter. It has also been determined 
that the binding of Class I anti-HLA antibodies with antigen 
activates the PI3 kinase/Akt pathway and increases antiapop-
totic Bcl-xL and Bcl-2 production in the endothelium [30]. Less 
work has been done in this area due to the low expression of 
HLA class II molecules in culture. In these studies, it has been 
shown that binding of HLA-II molecules to antibodies triggers 
the intracellular signaling network, including protein kinases 
MAPK ERK, PI3K/Akt and mTOR. HLA-II antibodies also sti-
mulated angiogenesis in endothelial cells [30,33].

Additionally, processes independent of donor incompa-
tible HLA antigens are known to contribute to chronic reje-
ction. These are donor brain death, hypertension, toxicity of 
immunosuppressives, and viral infections. In chronic rejection, 
extracellular matrix proteins degraded. Fibroblasts undergo 
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morphological changes and produce the new extracellular 
matrix. These processes are anticipated to emerge over time 
within injured organs, resulting in severe transplant malfunc-
tion. Growth factors generated by many immune cells can 
cause arterial constriction. TGF-β can be a reason for fibrosis 
of the tissues. Thus, not only damage but also the process of 
repair/remodeling of damage and dysfunction contributes to 
chronic rejection [13].

3.5 TRANSPLANTATION AND BIOMARKERS

Various biomarkers have been used for years to predict 
the process after transplantation and to obtain information 
about the function of the allograft. The first of these is skin 
grafts. The skin transplanted from the donor to the patient 
before the kidney transplantation shed light on the period 
after organ transplantation. Again, Terasaki’s detection of 
DSAs with the cytotoxicity test is an important turning po-
int in transplantation. Nowadays, the use of biomarkers that 
can contribute to the evaluation of transplantation and the 
subsequent process is increasing day by day. Among these; 
Various studies at mRNA and protein levels include T-cell 
alloreaction tests, adenosine triphosphate (ATP) production 
feature of T-cells, gene expression studies in allograft biopsy 
materials, peripheral blood and urine [31]. T-cell alloreaction 
assays evaluate the amount of IFN-g. The IFN-g ELISPOT te-
chnique has been found to evaluate pre and post transplan-
tation T cells which can be related to graft failure. There have 
been studies in which the predicted association was not found 
due to the effects of induction treatment. The labor-intensive 
testing technique and need for donor cells make this study 
system unsuitable as a biomarker [31].
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ATP generation is assumed to be one of the first proces-
ses after antigen recognition. This test device, also known as 
Immuknow, works by magnetically separating and lysing CD4+ 
cells from peripheral mononuclear cells before detecting ATP 
levels. Studies have produced inconsistent results regarding 
the association between ATP levels and infections or rejecti-
on. Limitations of the test are the short time interval between 
collection and storage of study samples, the time impact after 
transplantation on ATP degrees, and the limitation in interp-
reting the results [31].

Gene expression (transcriptome) studies can also be used 
as biomarkers. Analysis of perforin and granzyme expressions 
is important as indicators of T-cell cytotoxicity. The chemicals 
responsible for kidney transplant rejection can cause apop-
tosis of target cells and harm tubular epithelial cells. Studies 
have shown that high granzyme B and perforin amounts in 
urine cells are linked to acute rejection. Additionally, intragraft 
granzyme B transcripts have been found to accumulate sig-
nificantly in patients who underwent acute failure compared 
to those none rejected. However, the effect of lysed cells 
on mRNA stability may impact the results of these studies, 
and larger study groups are needed for a more accura-
te evaluation. Another useful marker for gene expression is 
FoxP3, which is produced by regulatory T-cells and helps 
prevent rejection. Research has found that an increase in 
FoxP3 mRNA present in urine cells can potentially reverse 
allograft rejection in kidney transplant patients, even if the 
acute rejection symptoms have not improved. On the other 
hand, when it comes to chronic rejection, clinically tolerant 
recipients have significantly higher levels of peripheral blood 
FoxP3 transcripts compared to kidney transplant patients who 
suffer from chronic rejection. Sequence-based approaches 
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and a microarray that can detect gene expression levels in 
graft biopsy are used. In 2017, Halloran et al. discovered that 
analysis of the biopsies by microarray which associated the 
best with clinical outcome [32]. The need for biopsy material 
for evaluation is a limiting aspect of the test. The “kidney 
solid organ response test (kSORT)” test, which measures the 
expression of 17 distinct genes in the patient’s peripheral blo-
od, is very sensitive and specific in predicting rejection, but it 
cannot discriminate antibody-mediated rejection and T-cell. A 
second research showed that combining the kSORT test with 
the antidonor IFN-g ELISPOT test may be useful in differen-
tiating the rejection phenotype [33].  Among the advantages 
of the kSORT test, the use of peripheral blood is important. 
The “Genomics of chronic allograft rejection (GoCAR)” study 
as a marker of chronic rejection is also one of the new ap-
proaches. The researchers aimed to create a gene set that 
could predict fibrosis-related chronic failure. The study iden-
tified 13 genes to predict early graft loss after transplantati-
on compared to histological variables and standard clinical 
datas [26]. These genes played a role in tumor suppression 
and growth, membrane repair and cell growth pathways. The 
limiting aspect of this study stems from the need for graft bi-
opsy material. There has been an increased emphasis on the 
role of recipient urine in diagnosing rejection in recent years. 
Detection of CD3e, IFN-induced protein (IP-10) and 18S rRNA 
expressions in urine samples could distinguish acute humoral 
and cellular rejections. Extracting mRNA from urine can be 
technically challenging [31,34].

Mass spectrometry provides an excellent platform for 
identifying one or more biomarkers of rejection. Most resear-
ch on the urine proteome have identified numerous molecules, 
but just a handful (α-antichymotrypsin, uromodulin, b2-mic-
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roglobulin, and collagen fragments) have been examined by 
many groups [31].

Urinary CXCR3 chemokines CXCL9 [interferon-g (MIG)] 
and CXCL10 [interferon-induced protein-10 (IP-10)] are thou-
ght to be potential proteinaceous indicators. Multicenter re-
search found that urine levels of CXCL9 mRNA and protein 
can be used to detect acute rejection. CXCL10 levels have 
also been reported to rise with acute rejection and poliovirus 
(BKvirus) infection. CXCL10 has been demonstrated to sen-
sitively identify acute rejection, with levels increasing before 
any clinical abnormalities [31]. More recent studies have shown 
that the combination of urine CXCL10 level and donor-spe-
cific antibody strengthens the diagnosis of humoral rejection. 
Additionally, the urinary CXCL10: Cr ratio was found to be 
associated with graft loss during humoral rejection [31]. In very 
modest single-center trials, there was also a substantial con-
nection between urine CXCL9 and T-cell-mediated rejection 
[34]. Urine CXCL9 and 10 tests are also available on antibody 
or flow-based platform [31,34]. Solid phase-based studies can 
be performed to detect de novo DSAs in the diagnosis of 
humoral rejections [35]. The combination of bioinformatics and 
multiplex polymerase chain reaction studies is important in this 
approach. Studies in this area are in their very early stages, 
but it is thought to be a promising tool for measuring the 
alloimmune response [31]. 

In the last few years, in studies investigating donor DNA 
(cell free DNA) that passes into the circulation and urine as a 
result of graft damage, the results are correlated with acute 
rejection and infections. It has been determined that cell-free 
DNA levels are higher in cases of rejection attacks. Expanding 
the scope of these studies will contribute to the evaluation of 
the results [33]. Menon stated that urine-based studies are im-
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portant in follow-up after kidney transplantation (Figure 2) [34]. 
Figure 2 shows biomarkers that can be used in immunological 
monitoring. The importance of monitoring RNA and CXCL9 in 
urine regularly every month in the initial time after transplan-
tation, transcriptome studies in biopsy and blood samples, 
and investigating anti-HLA antibodies are emphasized [34].

Figure 1: Biomarkers that can be used in immunological monitoring 
after kidney transplantation

In recent years, patients who tolerate allograft even thou-
gh they do not receive immunosuppressive treatment have 
also attracted attention. These patients are referred to as 
operationally tolerant patients. Most operationally tolerant 
patients are noncompliant patients who distance themselves 
from treatment for a variety of reasons. In a study involving 
many transplantation centers, the incidence of operationally 
tolerant patients was determined to be 0.03%. It is extremely 
important to identify biomarkers that can be used to identify 
these patients. However, finding a reliable biomarker is very 
difficult. Numerous confounding factors, such as the rarity of 
operationally tolerant patients, lack of a control group, per-
sonal characteristics, viral infections, HLA compatibility, medi-
cations, account for the difficulties in finding biomarkers. Two 
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different Treg populations are noteworthy in the tolerated 
allografts in the studies. One of these is the CD4 + CD25 + T 
regs, known as natural T regs, which show immunosuppressive 
properties through cell contact. The other one is stimulated 
Treg (induced-iTreg). CD4+ CD25- iTregs that produce TGF-β 
are also known as Th3.

Immune reaction to the allograft is studied by Trans-vivo 
delayed-type hypersensitivity (tvDTH) test and it may discover 
tolerant kidney recipients. Essentially, The TVDTH test requ-
ires inserting recipient APCs, donor antigens, and sensitized 
recipient T-cells into the ear or footpad of mice. with severe 
combined immunodeficiency after transplantation. If there is 
an immune response to the recipient cells, a DTH reaction will 
occur, appearing as swelling. Haynes et al. determined the 
importance of IL-17 and IFN-g cytokines in tvDTH responses 
in patients with rejection, and a picture emerged suggesting 
that the absence of tvDTH responses in tolerant patients was 
due to TGF-β, not IL-10, and that Th3 Treg cells increased. 
However, its use is limited due to the need for high cell num-
bers for the tvDTH test, the necessity of mice and the diffi-
culties of the technique. Vendetti et al. found that B-cells and 
nTreg and iTreg cells were found at higher rates in tolerant 
patient blood and/or allografts. It was determined that there 
was an increase in the inhibitory molecules CTLA-4, GITR and 
CD39 in T-cells, and in the inhibitory molecules CD1d and CD5 
in B cells. There are also studies where similar or reduced 
CD3+ T-cell numbers were determined when blood samples 
of operationally tolerant patients were compared with healt-
hy individuals. The proportions of CD8+Tc memory, CD8+Tc 
effector, and CD4+ T-cells were similar. FoxP3 transcripts and 
CD4 + CD25++ Treg cells are comparable in the individuals 
who have tolerance and is healthy. It was lower in individu-
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als with chronic rejection. This is explained by the fact that 
FoxP3+ T-cell numbers in the blood most likely do not accura-
tely reflect the condition within the graft. Certainly, researches 
on graft tissues from tolerant kidney patients show that pa-
tients with rejection had higher FoxP3 expression in allograft 
infiltrates than healthy controls. It has also been demonstrated 
that Treg cells from tolerant individuals had a high rate of 
DNA demethylation at the FoxP3 region. It was also found 
that regulatory B-cells (B reg) increased in tolerant patients. In 
studies conducted with blood samples of stable and tolerant 
patients’ TNF, CD40, NF-kB and granulocyte-macrophage co-
lony-stimulating factor were noted as the best discriminatory 
genes. However, new studies are needed in this field [36].

3.6 CONCLUSION

Allograft rejection has a complex mechanism in whi-
ch immune system cells, immune molecules and many cel-
lular proteins participate. Immune recognition is attempted 
to be controlled with immunosuppressive drugs used after 
transplantation. However, the drugs used in the treatment are 
in the critical dose drug group, and it is important to carefully 
monitor their effectiveness and side effects. Studies investiga-
ting transcriptome, proteome, and donor-specific antibodies 
after transplantation will also contribute to the elucidation of 
rejection mechanisms, identification of tolerant patients, and 
treatment.
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4.1 INTRODUCTION

Advances in surgical methods and the change in the pre-
post operation therapy protocols can increase the quality of 
life of the transplanted patients [1]. However acute or chronic 
rejection after transplantation damages the graft. MHC mole-
cules are crucial targets of the recipient’s immune cells [2]. The 
main risk factor for antibody-mediated acute rejection is the 
antibodies determined before or after transplantation which 
is produced against both HLA and non-HLA molecules [3,4]. 
Antibodies that is produced against non-polymorphic targets 
originate as a result of proteins released into the immune 
system following inflammation, transplantation, or injury [5]. The 
microenvironment of the graft or rejection may interfere with 
humoral tolerance to autoantigens. Also, indications for kid-
ney transplants are usually autoimmune and patients produce 
antibodies against their own antigens [6]. 

In 1995, the first non-HLA antibodies to donor antigens 
were identified [7].  Terasaki et al. investigated the factors 
that effect kidney damage after transplantation [8]. Several 
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antigenic targets were identified as the targets of non-HLA 
antibodies (Figure 1) [9,10]. Non-HLA allo- or auto-antibodies 
cause changes in arterial walls [11]. Immunogenic targets of 
non-HLA antigens can be produced in activated or damaged 
cells [12]. Non-HLA antibodies act as complement depended 
and non-depended antibodies in acute and chronic injury [13]. 

Figure 1: Targets of non-HLA antibodies

4.2 MINOR HISTOCOMPATIBILITY ANTIBODIES 

The first studies showing the effect of antigens other than 
MHC in transplantation were made by Counce et al in the 
1950s [14,15]. The first hypothesis regarding the relationship of 
Minor Tissue Compatibility Antigens (MiHA) to outcomes in 
bone marrow transplantation was put forward based on a 
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female patient whose brother had been transplanted. Cyto-
toxic T cells were isolated from peripheral blood and determi-
ned to be against antigens presented on non-HLA-associated 
donor cells [16].

MiHAs can bind to the same sites with HLA molecules 
[17]. As a result, it was discovered that miHAs are specific to 
HLA antigens, indicating that they are MHC-restricted [18].  In 
a study, it was determined that HA-1 incompatibility was not 
associated with acute rejection. In another study in which 
702 people participated, several mismatches were examined 
in people who had renal transplantation with HLA-A, B, DR 
compatibility and graft survival was determined. found to 
have no effect on [19]. 

4.3 ANTIBODIES AGAINST ANTI-ANGIOTENSIN 
RECEPTOR 

The angiotensin-1 receptor is a type of G protein that plays 
role in the homeostasis of the endothelial cells [20,21]. Overacti-
vity of AT1R causes vascular and blood pressure problems [22]. 
Antibodies against AT1R were first described in pre-eclamptic 
pregnant women [23]. AT1R antibodies, could be found in the 
sera of transplant patients with allograft dysfunction, are acti-
vated by their target receptors and are not only a biomarker 
but also a potential cause of allograft damage [24]. AT1R levels 
are affected by genetic or environmental factors. It has been 
determined that there are many variants of the AT1R gene [25].  
It has been determined that these variants affect the primary 
protein structure or binding affinity rather than the expression 
level. As environmental factors, chronic diseases caused by 
inflammation and infection or ischemia-reperfusion injury can 
be counted [24]. 
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AT1R antibodies are the most studied non-HLA antibody 
type [26,27]. It has been determined that both donor speci-
fic and AT1R antibodies cause serious damage to the graft 
[27]. Although AT1R antibodies are IgG1 and IgG3 types, it 
was determined that vascular rejection is not an indicator 
of complement aggregation in graft biopsies taken from an-
ti-AT1R positive patients [28]. Intravenous immunoglobulin (IVIG) 
treatment improved allograft survival in patients with positive 
AT1R antibody. Several studies have shown that AT1R anti-
bodies are associated with increased AMR and decreased 
graft survival [23]. In one study, it was stated that there is an 
increased risk of graft loss in recipients of a kidney transplant 
containing anti-AT1R antibodies. In some other studies, it was 
stated that it had no effect on graft damage. Banasik et al. 
reported that high levels of AT1R antibodies have the effect 
on increasing graft loss [29]. 

Yu et al. determined that pre-transplant anti-AT1R antibo-
dies may have negative effects even in low-risk patients after 
transplantation. For this reason, it is thought that the deter-
mination of AT1R antibodies before transplantation may help 
prevent post-transplant risks [30]. 

4.4 MIC ANTIBODIES 

MIC proteins are coded by MICA and MICB genes and 
have similarities with HLA A and B molecules [31, 32]. Most of the 
cells can express MICA however lumphocytes can’t [33]. CD4+ 
and CD8+ T lymphocytes in peripheral blood and causes CD3 
and CD28 binding. MICA antibodies have been detected in 
solid organ transplantaions as kidney and heart [34]. MICA 
expression in T lymphocytes is induced especially by cytokines 
such as IL-2, 4 and 15 [35]. 
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MICA antibodies can be produced because of pregnancy, 
transplantations and transfusions [36]. However, Mizutani et 
al. They stated that more MICA antibodies were produced 
in people who had rejection compared to people who had 
grafts with normal function [37]. 

Terasaki et al. evaluated the strong alliance between renal 
rejection and MICA antibodies [8]. There are also studies that 
showed the existence and role of MICA antibodies in heart 
transplantation [31]. 

4.5 COLLAGEN ANTIBODIES 

Collagens are fibrous proteins and are the main compo-
nent of skeletal system [38,39]. Several cells can secrete collagen 
especially by connective tissue cells [40]. Almost 28 different 
types of collagen protein were identified encoded by more 
than 42 different genes. According to the collagen type the 
amino acid sequence differ [41].  

Collagen V is found in tracheal epithelial cells and its exp-
ression is increased as a result of immune-related injury or 
ischemia-reperfusion injury (IRI). Collagen antibodies pose a 
problem especially in lung transplantations [23]. Graft damage 
induces expression of matrix metalloproteinases, which modify 
collagen and make it a prime target for autoantibody produ-
ction [42]. Production of collagen V antibodies after transplan-
tation causes bronchiolitis obliterans syndrome (CSF) [23]. 

In renal transplantation collagen (especially type IV) and 
fibronectin antibodies have been identified [43]. IFN-gamma 
and IL-17 secreting CD4+ T cells were observed in these pa-
tients and the effect of collagen IV on graft rejection was de-
monstrated [23]. Collagen V-specific CD4+ T cells or collagen V 
antibodies have been shown to induce CSF in lung transplan-
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tation models [23]. Transferring anti-collagen V antibodies to 
rat recipients results in lung dysfunction and decrease survival 
rates after transplantation [44]. 

4.6 K-α 1 TUBULIN ANTIBODIES 

KA1T is an epithelial surface gap junction cytoskeleton 
protein, and while it does not normally pose a problem, it 
influences inflammation and tissue damage. When KA1T binds 
to its specific antibody, the expression of increased fibrogenic 
growth factors increases, cell cycle signaling is activated and 
KA1T begins to exert its direct negative effect [45]. 

KA1T antibodies were observed in 67% of lung transplan-
tation cases [45]. Immunization against MHC class I antigens 
in lung transplanted mouse models has been determined to 
induce a secondary antibody response against K-alpha1 tu-
bulin and collagen [46]. The attachment of these antibodies 
to the trachea epithelium results in increased expression of 
fibrogenic growth factors, activation of cell cycle signaling, 
and fibroproliferation. All these events cause the formation 
of CSF [7].  

4.7 ANTI LG3 ANTIBODIES – PERLECAN 

The risk of acute rejection arises with the presence of 
autoantibodies after transplantation [47]. It is thought that this 
may be due to the increase or release of neoepitopes. Ac-
cording to recent data, extracellular matrix components act 
as neoantigens and induce a humoral response associated 
with acute and chronic rejections [48]. Increased LG3 levels 
have been measured in acute vascular rejection after kidney 
transplantation. It was determined that circulating LG3 levels 
also increased after transplantation, and this increase was 
correlated with the increase in antibodies produces against 
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LG-3 [48]. Perlecan is 500kDa core protein that provides bi-
o-functional diversity to the molecule [49]. Perlecan consists of 
five different domains, and the C-terminal domain called en-
dorepellin that consists of three laminin-like globular domains 
(LG) [23]. LG3 is the C-terminal fragment of perlecan and is 
released during vascular injury and endothelial apoptosis [50]. 

Growth factors such as chemokines and fibroblast growth 
factors are potential ligands. Proteoglycans are main com-
ponents of vascular membranes and play role in remodeling 
of tissue [51,52]. Pilon et al. shown that the level of LG3 in the 
circulation and urine is increased in acute, chronic vascular 
damage and renal dysfunction. Several studies have shown 
that an increase in serum LG3 levels in kidney transplant re-
cipients causes immune-related vascular damage and kidney 
dysfunction [44, 54]. 

4.8 ANTIBODIES AGAINST MYOSIN AND VIMENTIN 

Vimentins are involved in stabilizing the structure of cy-
toplasm as an intermediate filament protein [55, 56].  It has 
been determined that there are normal phenotypes in mouse 
models that do not express vimentin, but in special cases da-
mages and anomalies could be detected. Therefore, in many 
cellular processes’ vimentin have special function [57]. Several 
cells as neutrophils, leukocytes and endothelial cells can exp-
ress vimentin and in many autoimmune disorders anti-vimentin 
antibodies can be detected [58,59]. 

Tissue-specific antigen expression can be explained by 
the absence of systemic damage during antibody-associated 
rejection [60]. Vimentin is highly expressed in the intima and 
coronary arteries, and less expressed in renal tubular and 
mesenchymal cells [61]. Antibodies produced against vimentin 
could be observed in heart and vascular diseases. It is unc-
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lear whether this association exists independently of HLA al-
loimmunization. Vimentin immunization is associated with CAV 
and C3d deposition on the endothelial cell surface [46]. It has 
also been determined that anti-myosin antibodies seen before 
transplantation reduce life expectancy below 2 years in pe-
ople with heart transplantation [62]. 

4.9 CONCLUSION

The immunosuppressives have an impact on the hypera-
cute rejection, still anti-HLA antibodies cause many problems 
in organ transplantation that result lower survival rates and 
graft lost. The studies on new treatment strategies focused on 
to overcome this problem. However, as a result of the obser-
vation of organ rejections in patients with both donor-specific 
and antibodies produced against a certain HLA antigen pa-
nel and whose cross-match tests were found to be negative, 
non-HLA antibodies began to attract attention. The reaction 
of non-HLA antibodies to transplant-related treatment strate-
gies has yet to be fully determined. Studies are being condu-
cted to define mechanisms of non-HLA antibodies using new 
methods and protocols. The target of researchers are expe-
cted to develop new therapy agents, protocols to increase 
both grafts’ and patients’ survival. 
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5.1 INTRODUCTION

MicroRNAs (miRNA) were first discovered in 1993 in the 
nematode “Caenorhabditis elegans”. These RNA molecules 
are about 22 nucleotides in length, single-stranded, and do 
not code for proteins. They are involved in the posttranscrip-
tional regulation of many physiological processes, from de-
velopment to oncogenesis in cells [1]. By binding specifically 
to mRNA targets, they either suppress their translation or 
stimulate their degradation. Due to the tissue and cell specific 
properties of miRNAs, it has attracted considerable attention 
as a noninvasive biomarker in the early diagnosis of many 
diseases [2]. 

One of the treatment options for patients with end-stage 
renal disease is kidney transplantation. The allograft may be 
damaged due to ischemia-reperfusion injury, acute and ch-
ronic rejection, infections, and recurrence of kidney disease. 
Serum creatinine value and proteinuria are checked to moni-
tor this damage. Unfortunately, the increase in these two pa-
rameters occurs after kidney damage has progressed. It does 
not show any symptoms before. In addition, “renal biopsy”, 
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which is the gold standard method, should be performed for 
the definitive diagnosis of kidney damage. The biopsy proce-
dure is an invasive procedure and has a ~3% risk of comp-
lications. For this reason, non-invasive biomarker research is 
carried out from serum or urine [3]. 

In expression studies, there are biomarker studies that 
can be used to monitor the kidney function of many miRNAs 
from diabetic patients with renal dysfunction [4], patients with 
chronic renal failure (Trionfini et al., 2014) and even kidney 
transplant patients [5]. In this section, current data on the use 
of miRNAs as biomarkers in kidney transplant patients and 
their contribution to post-transplant therapy will be discussed.

5.2 miRNA BIOSYNTHESIS AND FUNCTION

The first miRNA found was lin-4 isolated from Caenor-
habditis elegans. miRNAs are small, non-protein-coding RNA 
fragments about 22 nucleotides long. They are first transcri-
bed from DNA as primary miRNA (pri-miRNA). Then, they are 
processed to become precursor miRNA (pre-miRNA). They 
also function as mature miRNAs after the final editing. Almost 
half of the miRNAs now recognized are located within genes, 
with the majority being derived from introns. A minority con-
sists of exons that code for proteins, while the remaining units 
are autonomously produced from a source gene and subject 
to regulation by their unique promoter [6].

miRNAs are processed in conventional and unconventi-
onal ways. The classic method involves the transcription of 
pri-miRNAs from the appropriate genes by RNA polymerase 
II, and their transformation into pre-miRNA occurs through 
the action of a microprocessor complex consisting of the ri-
bonuclease III enzyme Drosha proteins and the RNA-bin-
ding protein Digeorge Syndrome Critical Region 8 (DGCR8). 
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In this case, DGCR8 recognizes N6-methyladenylated GGAC 
and other patterns, while Drosha chops the double-stranded 
pri-miRNA at the tip of the characteristic hairpin region. The 
exportin 5/RanGTP complex transports these small RNAs as 
pre-miRNA, which are subsequently cleaved by the cytoplas-
mic RNase III endonuclease Dicer. In this step, the final loop 
is eliminated and a fully developed, double-stranded miRNA 
is formed. The 3’ strand and 5’ end of the pre-miRNA are 
both designated as 3p. Both are capable of ATP-dependent 
binding to Argonaute (AGO) proteins (AGO1-4). It all depends 
on the type of cell or the cellular environment to determine 
which one to attach to. The AGO2 cuts and destroys the 
unbound strand, also known as the passenger strand. Then, 
the guide strand joins to AGO2 (Figure 1). The alternative 
approach can be classified into two categories: Dicer-inde-
pendent and Drosha/DGCR8-independent. Pre-miRNAs ge-
nerated autonomously by Drosha/DGCR8 exhibit similarities 
to Dicer substrates (i.e., mirtrons created from the intron in 
mRNA during splicing). Drosha is used to convert short hair-
pin RNAs (shRNA) into dicer-independent miRNAs. To mature, 
these pre-miRNAs need AGO2 proteins. As a result, AGO2 is 
fully loaded with pre-miRNA [6,9].
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Figure 1: miRNA biosynthesis (created by biorender.com)

Typically, miRNAs attach to the 3’ UTR region of target 
mRNAs to stop translation. According to research, the 5’ 
UTR, coding sequences, and promoter regions outside of this 
region all include miRNA binding sites. According to studies, 
miRNAs inhibit gene expression when bound to coding and 
5’ UTR sequences but enhance transcription when coupled to 
promoter regions. The guide strand and AGO proteins make 
up the miRNA-stimulated silencing complex (miRISC), which is 
essentially a functional structure. The miRNA response element 
(MRE), a pair of complementary sequences found in target 
mRNA, is recognized by this complex. Due to the accumulation 
of GW182 family proteins at that location, the silencing miRISC 
complex begins to assemble. The GW182 proteins serve as a 
scaffold for other effector proteins, such as CCR4-NOT, the 
poly(A)-deadenylase complexes PAN2, and PAN3. PAN2/3 
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initiates poly(A)-deadenylation of the target mRNA, which is 
completed by the CCR4-NOT complex. The cap is then clea-
ved by capping protein 2 (DCP2) and other related proteins. 
5’-3’ fragments of exoribonuclease 1 (XRN1) [6,10]. 

5.3 THE DETECTION OF miRNA EXPRESSION PROFILE  

While distinct miRNAs can be identified in various tissues, 
the same miRNAs can be detected in many tissues. It has 
become especially crucial to determine the expression of miR-
NAs in tissues that may aid in illness diagnosis and therapy, 
as well as to monitor changes in their expression. In plasma, 
serum, urine, and formalin-fixed tissues, miRNAs were well 
maintained. Furthermore, they are more sensitive to detection 
than proteins [11]. In miRNA expression profile research, micro-
array, real-time pcr, and RNA sequence analysis approaches 
are used. Microarray assays employ human miRNA chips de-
signed specifically for miRNA research. The analysis is carried 
out utilizing commercially accessible computer programs. Re-
ady-made commercially available primer assays specific to 
the relevant miRNAs can be used for real-time PCR analysis, 
or primers can be generated. RNA sequencing analysis can 
be used to determine the sequences of novel miRNAs for 
detection. 

Park et al. used the microarray approach to examine the 
miRNA profile in the kidneys of mice with diabetic nephropat-
hy and found significant alterations in the expression of 137 
miRNAs associated with diabetic nephropathy [12]. Using these 
three approaches, Sonoda et al. assessed the miRNA profile 
in urine and exosomes in kidney tissue of rats suffering from 
acute renal damage, as well as observed expression altera-
tions. As a result, they discovered that miR-16, miR-24, and 
miR-200c levels rose in urine during injury. As a result, they 
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hypothesized that exosome miRNAs are linked to the TGF-sig-
naling pathway after kidney damage [13]. Timoneda et al. used 
RNA sequencing to determine which miRNAs were detected 
in the kidneys of piglets. They discovered 229 miRNAs in total. 
Hsa-miR-200b-3p, Ssc-miR-125b, and Ssc-miR-23b were iden-
tified as the highest expressed miRNAs [14]. Wang et al. used 
both microarray and real-time pcr technologies in their cell 
culture miRNA investigation [15]. 

5.4 THE ROLE OF miRNA IN KIDNEY TRANSPLANTA-
TION PATIENTS

Renal transplantation is the most frequently utilized treat-
ment for renal failure. Post-transplant rejection could not be 
avoided despite the use of sensitive and modern technologi-
cal crossover tests prior to transplantation and immunosup-
pressive medicines after transplantation. Renal biopsy is the 
gold standard for detecting allograft deterioration after kid-
ney transplantation, but because it is an intrusive procedure, 
there is always the possibility of consequences. As a result, 
biomarker research that can predict allograft status in body 
fluids such as blood and urine of transplant patients has gai-
ned prominence as a non-invasive strategy [3].

Biomarker research is looking into miRNAs that are invol-
ved in epigenetic control. miR-21, one of the first discovered 
miRNAs, has been associated with a variety of renal disorders 
and has been shown to be considerably increased in renal 
transplant patients as a result of post-transplant damage. 
miR-155 is another well-studied miRNA. miR-155 has also been 
found to be abundant in kidney transplant recipients [16]. Va-
hed et al. examined the levels of miR21, miR-142-3p, and miR-
155 miRNA expression in the plasma of 26 renal transplant 
patients with stable allograft function, 15 healthy controls, and 
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27 transplant patients with interstitial fibrosis and tubular at-
rophy. They claimed to have found a link between the exp-
ression of these three miRNAs and graft damage, and that 
they may be used as biomarkers to predict harm [2]. 

miR-142-5p, miR-155, and miR-223 have been proven in 
studies to predict T cell-mediated rejection with high sensitivity 
and specificity [17]. miR-148b-3p, miR-29b-3p, and miR-769-5p 
have been shown to be considerably downregulated in chro-
nic antibody-mediated rejection [18]. Chen et al. proposed that 
a miRNA panel found in plasma exosomes (miR-21, miR-210, 
and miR-4639) is likewise associated with chronic allograft 
malfunction and can be employed as a useful biomarker pa-
nel [19]. Apart from directly targeting miRNAs, the expression 
levels of Dicer, Drosha, DGCR8, Exportin 5, and Argonaute 
2 proteins in the blood were studied in a study targeting 
proteins involved in miRNA synthesis. The expression of these 
proteins was dramatically reduced after transplantation com-
pared to before [20]. 

Urine may be preferred in renal transplant patients since it 
is non-invasive and provides kidney-specific results. There are 
additional miRNA investigations in renal transplant patients’ 
urine samples. Maluf et al. (2014) showed that the expression 
of a miRNA panel in urine changes at a very early stage, 
allowing it to be utilized as a biomarker [5]. Sonoda et al. re-
vealed in 2019 that the exosome miRNA profile in urine was 
successful in demonstrating organ failure in rats [13]. Another 
study found that miR-21 in urine is linked to renal allograft 
failure, interstitial fibrosis, and tubular atrophy (IFTA) and may 
be a useful biomarker [21].

Renal transplantation is the transplant with the most miR-
NA research. In 2017, Hamdorf et al. discovered 40 miRNAs 
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linked with kidney transplantation [22]. The major goal of the-
se investigations is to identify a non-invasive biomarker that 
can accurately predict rejection. Its secondary goal is to 
help individuals undergoing kidney transplants. Immunosupp-
ressive medications given to the patient after transplantation 
have an influence on miRNA expression as well. The most 
often used immunosuppressive medicines for the prevention 
of renal allograft rejection are calcineurin inhibitors such as 
tacrolimus and cyclosporine A, however they are nephrotoxic 
when administered for an extended period of time. Vanden-
bussche et al. studied the effect of Tacrolimus treatment on 
the expression of miR-21-5p, miR-199a-5p, and miR-214-3p in 
animal models. These miRNAs have been found to play a role 
in the development of tacrolimus-induced nephrotoxicity [23]. 
Pharmacological investigations using miRNAs can be used to 
guide post-transplant immunosuppressive therapy.

5.5 CONCLUSION

While miRNAs can be employed as biomarkers in the di-
agnosis of various diseases, its attention as a new generation 
biomarker has increased in the identification of allograft da-
mage in kidney transplant patients well before the beginning 
of allograft damage. Today, it has been discovered to be 
connected with acute or chronic, T cell-mediated or anti-
body-mediated rejections, and numerous miRNAs that can 
be utilized as biomarkers have been identified. However, no 
biomarker exists to substitute kidney biopsy, an invasive ap-
proach used more frequently in laboratories. This could be 
because the same miRNAs work in multiple organs and the 
organ specificity cannot be determined completely. Accor-
ding to this viewpoint, more exact results can be acquired 
with more thorough investigations on urine samples from renal 
transplant patients and may be approved for routine usage.
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6.1 INTRODUCTION

The immune system comprises three primary compo-
nents: immunological chemicals, immune system cells, and im-
mune system organs. The complement is a fundamental 
molecule of both the innate and adaptive immune systems, 
comprising many proteins. The correlation between the abun-
dance of complement proteins and the equilibrium among 
various complement proteins is intricately linked to illnesses. 
The complement system safeguards the host against fore-
ign substances by activation via three distinct mechanisms. 
The activation process culminates in a shared mechanism, 
following the involvement of many complement proteins. Kid-
ney transplantation serves as an assessment of the immune 
system’s functionality. The kidney procured from either a li-
ving or deceased donor is considered an alloantigen to the 
recipient, hence triggering an immunological response upon 
transplantation. Complement proteins also inherently enga-
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ge in this process. This review assessed the impact of both 
the patient and the donor on the complement system in the 
context of transplantation. The presence of abnormal condi-
tions in the complement proteins is anticipated to initiate the 
progression towards renal failure in the patient. Additionally, 
inflammation caused by the disease and the need for dialysis 
in individuals with end-stage renal failure are also expected 
to impact complement proteins. Activation of the complement 
system is particularly common in transplants from cadavers, 
which can be attributed to donors who have been in in-
tensive care units or have experienced ischemic spells. The 
donors experience substantial physiological alterations due to 
hemodynamic instability, hormone dysregulation, and inflam-
matory reactions. Therefore, alterations in cell characteristics 
and variations in chemokine and cytokine reservoirs can lead 
to the activation of complement. The activation of distinct 
pathways and the synergistic interaction between them en-
hances the immune response. Assessing the activation of the 
immune system through the complement window prior to and 
following transplantation can provide valuable insights for 
organ transplantation clinics.

6.2 COMPLEMENT SYSTEM

The complement system is one of the basic molecules 
of the natural immune response. It also serves as a bridge 
between the natural and acquired immune system. The focus 
of scientific research at the end of the XIX. century was the 
defense of the human body against microbial infections. In 
this context, Jules Bordet supported the “humoral theory” in 
1899 by showing that 2 factors (complement and antibody) 
are important in immune lysis. [1]. Bordet infected mice with ba-
cteria, and 2-3 weeks later, he brought together the bacteria 
that formed the infection with serum taken from infected mice 
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under in vitro conditions. In this study, 3 different test setups 
were prepared. Firstly, when directly incubating serum and 
bacteria together, he determined that the bacteria agglutina-
ted (clustered) and cell lysis occurred. Secondly, when the se-
rum was pretreated at 56°C and incubated with bacteria, he 
determined that there was agglutination but not lysis. It was 
determined that neither agglutination nor lysis occurred when 
the serum was pretreated at 62°C and then incubated with 
bacteria. Bordet explained that in the second test setup, agg-
lutination occurs due to the presence of antibodies, but since 
the complementary molecules are not functional, the cells are 
not lysed. These immune reactions also gave the name comp-
lement to complementary molecules [2]. For this work, he was 
awarded the Nobel Prize in 1919. The complement system is a 
large family that includes approximately 40 different proteins. 
These proteins are divided into two main groups: activating 
and regulating immunological reactions. Complement proteins 
are generally denoted by the letter “C”, and the numbering 
of these proteins is made by the World Health Organization 
according to the order of discovery of the proteins [3]. The 
complement system functions through 3 pathways (pathways) 
that begin with different antigenic molecules and different 
activator complement proteins. Regulatory complement pro-
teins are either soluble (C1-INH, C4BP, Factor H, Factor 1, 
clasterin, vitronectin, carboxypeptidase) or membrane-bound 
(CR1, CR59, CR2, CR3, DAF, MCP) [4]. Most of the complement 
proteins are produced by hepatocytes. It is also synthesi-
zed in macrophages, monocytes, lymphocytes, small intestinal 
epithelium, spleen, lung, kidney, bone marrow and lymphoid 
tissue. C3, which plays a central role in complement pathways, 
and C1q, which binds to cytotoxic donor-specific antibodies 
in antibody-mediated rejection (AMR) in transplantation, are 
produced in bone marrow, lymphocytes and macrophages. 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY98

In serum, the protein with the highest concentration is C3 (3-4 
g/L) [5]. While the contribution of C3 produced in the kidney 
to the circulation is 5%, this contribution was determined to be 
16% in transplant patients with a history of acute rejection [6]. 
Complement components and expression regions expressed 
in the kidney are shown in Table 1 (Table 1) [7].

Table 1. Complement proteins expressed in the kidney and their 
expression sites.
Complement components     Expression regions
A) Complement proteins and activation products
C3 and fragments - iC3b, 
C3dg and C3d

Glomerular and tubular basement 
membranes, renal arteries

C4 fragments -C4a and 
C4b-                                     

Glomerular arteries, mesenchymal 
cells

C4 binding protein (C4bp) Mesenchymal cells, subendothelial 
layer of glomerular basement memb-
rane

C3, C4, C2 and Factor H                                           Cortical tubules
Factor D and properdin                                Glomerular
Factor B                                                                     Medulla
B) Regulator proteins
MCP (CD46), DAF (CD55) Juktaglomerular apparatus, glomerular 

capillary, mesenchyme, podocytes, 
basolateral surface of epithelial distal 
tubes, peritubular capillary

CD59 Juktaglomerular apparatus, glomerular 
cells, glomerular basement membrane, 
proximal and distal tubules, collecting 
duct, tubular basement membrane, 
peritubular capillary

Factor H Glomerular basement membrane, me-
senchymal matrix, tubular basement 
membrane

C) Complement receptors
CR1 (CD35) Podocytes
C5aR1, C5aR2, C3aR Podocytes, proximal tubules
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Complement proteins trigger the immune response in 3 
different ways. Alternative and lectin pathways are the innate 
immune system, and the classical complement pathway is the 
adaptive immune system mechanism. However, since natural 
antibodies such as anti-ABO antibodies activate the classical 
complement pathway, it can also be expressed as an innate 
immune system mechanism (Figure 1). 

Figure 1: Pathways in complement activation (modified by Abbas 
et al.)[8]

6.3 COMPLEMENT ACTIVATION PATHWAYS

6.3.1. Alternative Complement Pathway 

Activation begins when C3, which is present in high con-
centration in serum, is induced by microorganisms and is 
destroyed by proteolytic enzymes in the plasma, and the 
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C3b fragment is covalently bonded to the membrane of the 
microorganism. Thiol ester bonds in C3b connect to hydroxyl 
(OH) or NH2 on the membrane surface. C3b has a very short 
half-life (100 μsn). Therefore, if microorganisms do not bind to 
the membrane, they become inactive in a short time. In the 
presence of Mg2+, this product forms a complex with Factor 
B, another complement protein. The resulting complex reacts 
with Factor D in the plasma, cuts Factor B, and the Bb frag-
ment is added to C3b. Another complement protein called 
properdin ensures the stabilization of C3bBb to the membra-
ne. This double complex, called C3 convertase, allows the C3 
in the serum to be separated into C3a and C3b much more 
effectively. Some of the new C3bs are again bound to the 
cell membrane, while others are added to C3 convertase. This 
3-complex is called C5 convertase and enables the cleavage 
of C5 complement protein into C5a and C5b fragments. After 
this stage, the terminal period of activation begins.

6.3.2 Lectin Complement Pathway 

This pathway begins with the recognition of microbial mo-
lecules, mannose and polymers by molecules such as man-
nose-binding lectins, ficolins and collectins. These complement 
proteins split the C4 complement protein into C4a and C4b 
fragments. C4b binds to the membrane of the microorganism, 
then C2a is similarly cleaved. Then, C2a is added to C4b, 
which is covalently bound to the membrane. In this double 
molecule, it is called the C3 convertase of the lectin pathway. 
Just like the alternative pathway, it enables the serum C3 
complement protein to be fragmented much more effectively. 
Again, the C3b fragment is added to C3 convertase, forming 
C5 convertase.
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6.3.3 Classic Complement Pathway 

In the activation of this pathway; IgM and IgG antibodies, 
antigen-antibody complexes, pentraxin and polymers play a 
role. Among the IgG molecules, IgG3, IgG1 and partially IgG2 
have the ability to activate complement. The formation of 
donor-specific antibodies in organ transplants is important 
in AMRs and allograft survival. It was also stated in the 
Banff criteria for humoral rejection in 2013. Activation of the 
classical complement pathway begins with the binding of at 
least 2 IgG or 1 IgM with the C1q complement protein. With 
this binding, the conformational change in the C1q molecule 
enables the C1r and C1s complement proteins, which have 
serine esterase activation, to bind to C1q. Thus, as in the lectin 
pathway, C4 and C2 molecules are divided and bound to the 
target membrane. After the formation of this C3 convertase 
molecule, the reaction continues as in the lectin pathway [9,10].

Meanwhile, the most important activator of the classical 
complement pathway is the IgM molecule, which is a member 
of the Ig molecule [11]. The immune system comprises three 
primary components: immunological chemicals, immune sys-
tem cells, and IgM is the initial antibody generated upon B 
cell activation and is frequently suggested as the primary de-
fense mechanism of the human immune system. IgM is found 
as a monomeric molecule on naïve B cells and is consistently 
released as a polymer. Pentameric IgM is the most prevalent 
IgM polymer in humans, comprising of five monomeric units 
that are interconnected by the J chain.  Conversely, it is es-
tablished that hexameric IgM is also present in human serum. 
In many illnesses such as Waldenstrom’s Macroglobulinemia, 
cold agglutin, and recurrent urinary bacterial infections, mo-
dest quantities of hexameric IgM have been observed. Howe-
ver, it is also found in the normal sera of humans. Contrary to 
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the pentamer, the IgM hexamer is composed of 6 individual 
blocks and does not have the J chain. Despite the passage of 
several decades after the identification of hexameric IgM, its 
precise role remains elusive [12]. Hexameric IgM is 10-20 times 
more effective than pentameric IgM in activating complement. 
This is due to the ability of the hexameric C1q molecule to 
bind to hexameric IgM. For this potent complement activation, 
hexameric IgM is a secret weapon or an undesirable mole-
cule for humans. The question also comes to mind [13]. In 2017, 
the view that one C1 molecule binds to the classical 2 IgG 
molecules in the IgG-C1 interaction also changed [14]. It is also 
suggested that the C1 molecule can bind to 6 IgG molecules 
[15]. In 2019, it was found that IgG bound to the cell membrane 
can take a hexameric configuration with C1 and thus initiate 
complement activation [11].

The glycosylation feature of Iggs is also important in this 
binding. Glycosylation of arginine (Asn)-297 in the Fc region 
of the heavy chain of IgG is important in complement activa-
tion. This is also important in the formation of the quaternary 
structure of IgG [16]. Asn-297 is well conserved throughout 
evolution. It has been determined through mass spectrometry 
studies that when fucosylation of Asn-297 increases, the C1 
binding properties of IgGs increase, and when it decreases, 
antibody-dependent cell cytotoxicity increases [11]. It has been 
determined that the ratios of galactose and sialic acid in the 
carbohydrate tail of IgGs are also different in their anti-inf-
lammatory or pro-inflammatory reactions [15]. Although the 
initiation phase of the complement protein is different in each 
pathway, the terminal phase is common. With the formation 
of C5 convertase, C5 complement protein is divided into 
C5a and C5b. C5b binds to the cell membrane. Just as other 
complement proteins trigger one another, C5b triggers C6, 
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C7, and C8. C8 forms a pore Membrane Attack Complex 
(MAC) from the cell membrane with a large number of C9. 
Thus, the selective permeability of the membrane, which is 
important for cell viability and integrity, is disrupted and the 
composition of the cytoplasm changes, Na+ and water enter 
the cell, causing cell lysis [10]. 

Complement activation has other consequences besides 
MAC formation. Anaflatoxins (C3a, C4a, C5a) are released as 
a result of the breakdown of complement proteins. Some cells 
have receptors that recognize these anaflatoxins. For examp-
le, anaflatoxins binding to C3aR and C5aR in neutrophils and 
monocytes cause the release of cytokines and chemokines 
from these cells, the release of free oxygen species and free 
nitrogen species, and prostaglandins, while also providing the 
release of vasoactive molecules from mast cells and basop-
hils. Adhesion molecules on the cell surface and cell compo-
sition in the environment change, resulting in inflammation. 
Again, there are R’s that recognize complement proteins on 
the surface of cells that perform phagocytosis, such as neut-
rophils and macrophages. Of these receptors, CR1 recognizes 
membrane-bound C3b and C4b, while CR3 recognizes inac-
tive C3b (iC3b) and iC4b. Thus, microorganisms or antigenic 
structures are destroyed by phagocytosis. C3d, one of the 
C3 fragments, binds to antigenic structures and is recognized 
by CR2 receptors on B cells. C3d has the avidity feature. By 
lowering the activation threshold of B cells, it initiates antibody 
synthesis and humoral response. The released antibodies bind 
to the antigen and form immune complexes. Binding of C3b 
fragments to these immune complexes also activates eryth-
rocytes. The 3-complex formed by the binding of CR1 recep-
tors to erythrocytes is cleared in the liver and spleen. It is 
recognized by C1q, MBL, ficolins and R’s in phagocytes, which 
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recognize apoptotic signals on the cell membrane. Thus, these 
cells are cleaned without damaging them[17].

C1 inhibitor (C1INH), one of the complement activators, 
inhibits the activation of the complement pathway in the first 
steps. It prevents the formation of the C4bC2a complex in 
the lectin and classical complement pathway. Factor H and 
Membrane cofactor protein (MCP, CD46) serve as cofactors 
for Factor I. With the enzymatic reaction of factor 1, C3b first 
turns into iC3b and then into C3dg. DAF inhibits the formation 
of C3 convertase. CD59 and clastrin prevent MAC formati-
on[7].

6.4 ACTIVATION OF THE COMPLEMENT SYSTEM IN 
KIDNEY TRANSPLANTATION

In kidney transplants, the complement system, which plays 
an important role in both the innate and adaptive immu-
ne systems, is also extremely important for the success of 
transplantation. The complement system of both the patient 
and the donor contributes to the outcome of the transplan-
ted kidney. There are two factors that affect the complement 
process in the patient. First, the patient may be experiencing 
renal failure as a result of a complement-related disease 
such as C3 glomerulopathy, membranoproliferative glome-
rulonephritis Type 1, atypical hemolytic uremic syndrome, IgA 
nephropathy, diabetes and dyslipoproteinemia. As mentioned 
before, complement proteins can be produced by different 
cells in the patient. This is risky in terms of recurrence of the 
disease even if there is a transplant. Another factor for the 
patient is dialysis. The majority of patients with end-stage 
renal failure are treated with hemodialysis (HD) and a very 
small portion with peritoneal dialysis. According to 2018 data, 
2.6 billion people in the world receive dialysis treatment. Bio-
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compatibility with dialysis devices is important. Because comp-
lement is a circulating protein group, the complement system 
is an important precursor of bioincompatibility, distinguishing 
between self and non-self. Cellulose-based dialysis membra-
nes used in the past which were cheap and thin-walled, but 
immune reactive due to free HO groups. These negatively 
charged membranes create sites where C3 complement pro-
teins can bind to thiolester groups. During hemodialysis, C3 
activation peaks during the first 10-15 minutes. Activation of 
the terminal pathway results in the formation of C5a, C5b-9 
in later stages of dialysis. Cellulose-based membranes appear 
to trigger complement activation. During a single HD, C5b-
9, C3d/C3 ratios increase by 70% in plasma. After cellulose 
membranes, biocompatibility was improved by using modified 
cellulose membranes. The free HO groups were replaced by 
different substitutions, especially acetate. After this, synthetic 
membranes were developed. Today, these synthetic membra-
nes are widely used [2,18]. The benefit of these membranes is, 
firstly, to change the pore size, and secondly, to reduce the 
immune reaction as biocompatibility increases. Even in mo-
dern and compatible biomembranes, complement activation 
still occurs [18]. 

The alternative pathway and the conventional pathway are 
activated when the complement control molecule properdin 
and complement element C1q recognize negatively charged 
surfaces found in dialysis channels and filters, respectively [19]. 
Dialysis filters currently include a substantial amount of Man-
nose-Binding Lectin Serine Protease 2 (MASP2) and ficolin 2, 
which are responsible for activating the complement system 
via the lectin pathway [20]. The neutrally charged hydrophobic 
surfaces of contemporary filters and tube sets play a crucial 
role in identification and adsorption by complement elements 
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[21]. Material surfaces rapidly acquire an 8-nm plasma protein 
coating, equivalent to a single layer, within a few seconds of 
being exposed to blood and/or plasma. Molecules that cause 
changes in protein shape and function when they come into 
interaction with surfaces contain non-antigen-bound IgG, whi-
ch triggers the classical pathway, and C3, which triggers the 
other pathway. Complement activation will result in the for-
mation of anaphylatoxins (C3a, C5a), opsonins (C3b, iC3b), 
and membrane attack complex (C5b-9). 

The immune system comprises three primary compo-
nents: immunological chemicals, immune system cells, and Ini-
tially, the activation of complement triggers the enhance-
ment of complement receptor 3 (CR3), which attaches to C3 
fragments that have gathered on the surface of leukocytes, 
resulting in leukopenia. Furthermore, the presence of CR3 
on neutrophils plays a crucial role in the creation of plate-
let-neutrophil complexes, which actively contribute to throm-
botic events. In addition, the process of C5a production du-
ring hemodialysis (HD) results in the activation of tissue factor 
and granulocyte colony-stimulating factor in neutrophils, cau-
sing hemodialysis patients to become prone to blood clotting. 
Furthermore, complement activation additionally facilitates the 
attraction and stimulation of leukocytes, leading to the gene-
ration of oxidative burst and the release of proinflammatory 
cytokines and chemokines. To be more precise, the activation 
of neutrophils by C5a results in the release of granule enzy-
mes, including myeloperoxidase (Figure 2) [7,18].
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Figure 2: Complement activation during dialysis (modified by Pop-
pelaars F et al.)[18]

Complement activation was shown to be decreased fol-
lowing dialysis in a nonhuman primate (NHP) model, as seen 
by the rise in complement activation markers levels that fol-
lowed the treatment before they recovered to normal. Ne-
vertheless, the occurrence of complement activation several 
times during hemodialysis gives rise to the creation of immu-
ne-mediated activity factors and the stimulation of leukocytes, 
leading to systemic inflammation generated by endothelio-
pathy[19]. Employing low complement activating filters during 
hemodialysis and refraining from ultrafiltration in individuals 
eligible for transplantation may diminish the likelihood of de-
layed graft function post-transplantation[18]. In patients with 
end-stage renal failure; The risk of anemia, malnutrition, oxi-
dative stress, endothelial cell dysfunction, immune cell dysfunc-
tion, leukopenia, atherosclerosis and myocardial infarction inc-
reases. In these diseases, chronic inflammation is important[2]. 
Considering that chronic inflammation may be triggered in 
patients who undergo dialysis an average of 3 times a week, 
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the importance of the complement system draws attention 
once again. The complement system in the donor also affe-
cts the success of kidney transplantation. The donor source 
is usually either living relative donors or cadaveric donors. 
Living donor candidates are examined in detail clinically and 
immunologically, and the transplant is performed in a planned 
manner in a short time. Cadaveric donors can be donors 
who have experienced brain death or cardiac death[7]. In 
our country, kidneys are taken only from brain-dead cadaver 
donors. The kidneys obtained from these donors undergo 
significant physiological alterations, such as prolonged perio-
ds of cold ischemia (particularly in donors who experienced 
cardiac death), hemodynamic instability, hormonal imbalance, 
and inflammatory reactions. These changes ultimately result 
in a modified cell phenotype in the transplanted kidney. This 
could lead to the activation of complement. The activation 
of complement in the deceased donor kidney is the primary 
reason for graft injury during and after transplantation. Acute 
rejection is linked to cadaveric donors’ systematically higher 
levels of activated complement components such C3dg and 
sC5b-9 as compared to healthy persons. Persistent endot-
heliopathy, inflammation, and atherosclerosis that results in 
myocardial infarction can coexist with complement activation 
in donors who have experienced cardiac mortality[22].

Ischemia and reperfusion are the most important reasons 
that trigger complement activation. Ischemia is a situation 
when cells does not receive enough oxygen that is typically 
supplied to the organ by blood flow, resulting in a shift in 
activity to an anaerobic state. Ischemia triggers complement 
activation by various processes, one of which is the reduction 
in blood pH due to anaerobic metabolism. The acidic con-
ditions that arise as a result interfere with the complement 
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system, leading to a disruption in its regulation. This disruption 
then promotes the activation of the alternative pathway [23]. 
Within neutrophils, the anaphylatoxin C5a has the ability to 
stimulate sodium-proton exchangers, resulting in an elevation 
of glycolytic flux. This ultimately leads to the creation of an 
acidic milieu outside the cell [24]. Moreover, NH3, a nucleo-
phile capable of cleaving the thiol ester of C3, is produced 
by anaerobic metabolism. Therefore, it acts as the catalyst 
for the alternate pathway. Ischemia also causes alterations in 
the characteristics of parenchymal and endothelial cells that 
are detected by the innate immune system. The surface of 
endothelial cells possesses a structural configuration that ac-
tively prevents blood clot formation and inhibits complement 
activation. This is mostly attributed to the presence of prote-
oglycans, which create a protective coating called the glyco-
calyx. Ischemia causes the endothelial cells of the artery wall 
to produce heparanase and metalloproteinases, which leads 
to the breaking down and disintegration of the glycocalyx [25]. 
The result of the dysfunction is a depletion of regulators that 
control the complement, adhesion systems, and coagulation. 
These regulators include tissue factor inhibitor, activated pro-
tein C, antithrombin, Factor H, C1INH, and C4b binding protein. 
These are discharged from the cellular membrane. The ab-
sence of these regulators renders the endothelial cell surface 
vulnerable to assault from the contact systems, coagulation, 
and complement. Cytokines or macrophage-activated cata-
ract (MAC) induces intravascular inflammation and ischemia 
by activating the endothelium, which then becomes proinflam-
matory, proadhesive, and procoagulatory (Figure 3) [26]. 
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Figure 3: Ischemia reperfusion injury in gromerular capillaries (mo-
dified by Biglamia AR et al.) [7]

Although it starts with severe damage, ischemic organ 
reperfusion triggers a process that is required to accomplish 
tissue healing. Ischemia causes an increase in the production 
of fucose and the release of collectin 11 from the basola-
teral side of renal tubular cells. When locally manufactured 
complement components are present or during reperfusion, 
MASP1 and MASP2 attach to collectin11. With ischemia, the 
levels of C3 synthesized in renal tubular cells increase, and 
the loss of complement regulators such as MCP and Factor 
H increases. This facilitates cell death and acute kidney injury. 
Animal experiments have demonstrated that ischemia reper-
fusion is a significant factor in the activation of complement. 
In pig kidney models of ischemia reperfusion, the kidneys 
were preserved by blocking either the conventional process 
utilizing C1INH or the lectin pathway prior to reperfusion [7]. 
Pre-induction renal ischemia reperfusion in mice was protec-
ted from renal injury by blocking the alternative pathway with 
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a monoclonal antibody specific to C3b. It has been shown in 
mouse models that increasing C3 levels in the graft correlated 
with increasing cold ischemia time [27,28].

Nauser et al. described complement activation and cel-
lular and humoral immune reactions in kidney allograft [29]. 
(Figure 4). All three of the complement system’s ways are ac-
tivated when damage-associated molecules, which are exp-
ressed in endothelial cells, hypoxic damaged tubules, and 
perivascular cells during ischemia, are identified by pattern 
recognition receptors such as ficolin, mannose-binding lec-
tin (MBL), C1q, C3b, and collins. Figure 4 shows the recognition 
of fucosylated ligands by collectin 11 (Figure 4). Collectin 11 is 
associated with MASP1, MASP3, and junctional MASP2. In this 
way, the lectin pathway is activated. After cleavage of C3 
and C5, MAC is formed, resulting in inflammatory damage 
and cell death. If there are alloantibodies against alloanti-
gens expressed on renal endothelial cells, especially against 
incompatible HLA antigens of the donor, activation of the 
classical complement pathway can be initiated. Alloantibodies 
formed against the donor in the patient are investigated th-
rough crossover tests performed before transplantation. Al-
loantibodies, which were first investigated by Terasaki with 
the lymphocytotoxicity method, are now detected with more 
sensitive methods using techniques based on the flow cyto-
metry method. Before transplantation, the classical comple-
ment pathway is activated in the recipient whose donor has 
alloantibodies specific to HLA antigens. In short, C1q, C1r and 
C1s are added to the alloantibody that binds to the HLA an-
tigen in the graft tissue, and the process that ends with MAC 
formation begins. Alloantigens after transplantation; It can 
initiate the immune reaction through direct, indirect or semi-di-
rect ways. Rejection may occur hours or even minutes after 
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transplantation. In recent years, organ transplant immunology 
laboratory studies and tests investigating serum complement 
proteins such as C1q and C3d, which play a role in the early 
steps of complement activation, have been started in order to 
monitor complement-activating antibodies before and after 
transplantation [30,31].

Figure 4: Complement activation pathways and allograft immunology 
(modified by Nauser CL.)[29]

The immune system comprises three primary components; 
Immunological chemicals, immune system cells and Further-
more, antigen-presenting cells (APCs), including dendritic cells, 
monocytes and macrophages from both the recipient and 
the donor, exhibit the presence of complement components 
C3 and C5, as well as complement receptors C3aR and 
C5aR1. C3a and C5a, generated through the activation of 
the complement system in the area outside of cells, enhance 
the interaction between T cells and antigen-presenting cells 
(APCs) by promoting the display of alloantigens and the exp-
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ression of molecules that provide further stimulation. In addi-
tion, C3a and C5a enhance the development and longevity 
of CD4+ T cells. Furthermore, APCs facilitate the expansion 
and specialization of CD4+ and CD8+ T lymphocytes. CD8+ 
T lymphocytes are responsible for causing cellular rejection 
in both the intravascular and extravascular compartments. 
These compartments are specifically characterized as endo-
theliitis and tubulitis, respectively, in pathological terms. CD4+ 
T lymphocytes promote B cell proliferation, leading to the 
generation of antibodies. Furthermore, the B cell’s reaction 
to alloantigen can be directly intensified by complement. This 
has been documented for antigens that are not related to 
transplantation. This could enhance the process of antigen 
presentation through opsonization by C3b and its metabo-
lites C3d and CR2. CR2 is expressed on follicular dendritic 
cells and B cells within secondary lymphoid tissue. The inte-
raction between the B cell receptor and opsonized antigen 
reduces the activation threshold of B cells and facilitates the 
conversion of the donor-specific antibody from IgM to IgG 
through class switching.  De novo alloantibodies formed after 
transplantation ensure MAC formation through the classical 
complement pathway. Binding of C3a and C5a to C3aR and 
C5aR expressed in macrophages and neutrophils causes the 
release of fibrotic factors, resulting in fibrosis. C4d of a renal 
biopsy sample is usually evaluated to detect calysic comple-
ment activation. In kidney biopsy samples, caution should be 
exercised when interpreting C4d staining results. Due to the 
presence of C4d epitopes in C4 and C4 components that are 
covalently attached to the cell.  Thus, rather than C4d accu-
mulating as a result of complement activation, it is possible 
that the antibody identifies C4 produced by endothelial cells 
in response to cytokine production[32]. It is worth considering 
this option. The presence of uncertainty could account for 
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the variation in the interpretation of C4d data among vari-
ous sites. Currently, researchers are examining anti-C4d an-
tibodies that target novel epitopes exclusively found in C4d, 
with the aim of resolving this issue [33]. The polymorphisms of 
complement proteins of the patient and the donor have been 
compared in various studies. In this field, the C3 complement 
protein polymorphism has been evaluated most frequently. 
There is a single nucleotide difference in the 3rd exon of the 
gene encoding C3. In this case, 2 different alleles arise, C3F 
and C3S. The C3S allele is the dominant form. Caucasians 
carry the C3S allele at a rate of 80%, black races at a rate 
of 95%, and Asians at a rate of 99% [32]. Again, the relations-
hip between polymorphisms in complement proteins such as 
C4a, C4b, C5, C5aR, ficolin, MASP2 and MBL and rejection 
and graft survival was investigated. Generally, no significant 
difference was found in the results [7,34].

6.5 IMMUNSUPPRESSIVE AGENTS THAT PROVIDE IN-
HIBITION OF THE COMPLEMENT SYSTEM

Since activation of the complement system is a serious 
threat to the graft during the transplantation process, inhibi-
tion of the complement system is important for the survival 
of the graft. Several agents are now under development for 
this specific aim (Table 2). These drugs facilitate the impro-
vement of graft quality prior to transplantation, avoiding the 
occurrence of graft damage caused by complement, and 
the management of innate and adaptive immune respon-
ses [7, 35]. Preclinical investigations have demonstrated that 
administering complement inhibitors to deceased donors is 
linked to enhanced graft performance following transplanta-
tion. In rats, C3 and C5 convertases were inhibited using the 
recombinant protein sCR1. It is possible to suppress the adhe-
sion, kalikrein-kinin, and coagulation systems as well as the le-



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

115

ctin and conventional pathways of the complement system by 
using pure C1INH [36].

le 2. Immunosuppressive agents that inhibit complement proteins.
Complex Content Target 

molecule
Mechanism

C1INH Purified or 
recombinant 
protein

C1r, C1s, MASP1, 
MASP2, 
Factor B

It blocks classical and 
lectin pathways by inacti-
vating the serine protease 
activity of molecules.

Eculizumab Humanized 
monoclonal 
antibody

C5a Blocks terminal pathway 
of complement by pre-
venting C5 cleavage

BIVV009 Humanized 
monoclonal 
antibody

C1s Blocks the classical pat-
hway by inactivating C1s

IdeS Protease IgG C1q binding is prevented 
by damaging IgG, C bin-
ding is preserved

APT070 Recombinant 
protein

C3 and C5 con-
vertases

Inhibits C3 and C5 con-
vertases

Compstatin 
family 
inhibitors

Peptide C3 Binds to C3, preventing 
it from being cut by C3 
convertase

sCR1 Recombinant 
protein

C3 and C5 con-
vertases

Inhibits C3 and C5 con-
vertases

TT30 Recombinant 
protein
(Chimeric CR2- 
Factor H)

C3 and C5 con-
vertases of the 
alternative way

Binds to C3d in target 
cells and inhibits C3 con-
vertase

C5aR1 an-
togonist

Peptide C5aR1 Inhibits signaling by bloc-
king C5aR1

Cobra poi-
son factor

Recombinant 
protein

C3 and C5 By binding to factor B, 
it cleaves the alternative 
pathway C3 and C52 and 
prevents the formation of 
convertase.

A viable clinical strategy for suppressing the complement 
system in transplantation involves modifying the allograft 
stabilization solution. In a study using mice, the inhibition of 
C5aR1 in kidney allografts before transplantation greatly en-
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hanced the lifespan of the transplants [37]. The researchers 
inferred from this outcome that modifying the allograft pre-
servation solution could be a viable approach to mitigate 
complement-induced harm. Nevertheless, there is a lack of 
clinical data pertaining to this approach. Another intriguing 
strategy involves inhibiting complement activation by targe-
ting specific regions where C3 fragments accumulate, or the 
creation of membrane attack complexes (MAC) occurs at the 
site of inflammation and tissue damage. The suppression of 
this process has already been accomplished in experimental 
models of tissue injury, such as by utilizing the chimeric TT30 
(CR2-Factor H) protein [38,39]. Pretreating the kidneys with TT30 
before transplanting preservation in rats effectively reduced 
ischemia reperfusion damage. When examining the suppres-
sion of complement, numerous potential options have been 
identified, although only two medications are now employed 
in clinical settings. C1INH and the anti-C5 monoclonal anti-
body eculizumab compounds.  Eculizumab selectively hinders 
the final stage of the complement system by obstructing the 
splitting of C5 into C5a and C5b, thus impeding the creation 
of MAC. This medication is utilized for the management of 
ABO incompatibility and antibody-mediated rejection (AMR) 
in individuals who are sensitive to HLA [7].  Different results 
are seen in publications regarding organ transplants in whi-
ch the complement inhibitors in question are used. Eculizu-
mab was used in patients who underwent living donor kidney 
transplantation and had previous HLA-specific DSA, and it 
was observed that the probability of AMR at 3 months (7.7%) 
was reduced compared to the probability of AMR in the 
group receiving plasmapheresis treatment due to DSA (41.2%) 
[40]. However, there was no disparity in graft survival in the 
histologic occurrence of AMR between the 2 groups at the 
2-year follow-up. In a study conducted at multiple centers, the 
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effectiveness of nine-week prophylactic eculizumab treatment 
was compared to standard of care (SOC) treatment, which 
includes intravenous immunoglobulin (IVIg) and plasmaphe-
resis. The study found that eculizumab was more effective 
in patients with circulating C1q-binding HLA-DSA compared 
to patients with non-C1q-binding HLA-DSA. The efficacy of 
eculizumab treatment, in terms of reducing the occurrence of 
antibody-mediated rejection (AMR), was only detected in pa-
tients with C1q-binding HLA-DSA after roughly 80 months. The 
significant data indicate that antimicrobial resistance (AMR) 
mediated only by complement-dependent effector pathways 
may be susceptible to anticomplement therapy [41]. This con-
cept could provide a partial explanation for the variable 
outcomes observed in AMR patients treated with eculizumab, 
as the extent to which IgGs can bind to complement rema-
ined mostly unclear in the majority of investigations. Eculi-
zumab targets the complement system’s terminal pathway 
rather than inhibiting complement components early in activa-
tion, which could account for these contradictory outcomes. 
The data suggest that inhibiting complement at the C5 level 
does not stop early-stage complement activity. The growing 
interest lies in inhibiting the initial phases of complement acti-
vation, as indicated by these observations. The recombinant 
version of ClINH, or a preparation enriched in human plasma, 
has effectively been utilized in preclinical models to suppress 
allogeneic and xenogenic humoral immune responses [42,43]. 
Controlled clinical investigations have utilized plasma-derived 
C1INH that has been enhanced to increase its effectiveness 
for HLA desensitization and the management of AMR. Ear-
ly efficacy and safety studies have shown that using C1INH 
in addition to standard of care (SOC) is a trustworthy and 
possibly useful treatment.  In a preliminary experiment, C1INH 
was administered alongside high-dose IVIg to six patients with 
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treatment-resistant AMR. At the six-month mark, these pa-
tients exhibited enhancements in glomerular filtration rate in 
comparison to their initial levels and were observed to have 
lower levels of C1q-binding DSA than the control group. AMR 
patients obtaining standard of care (rituximab, IVIg, plasmap-
heresis, and) and those getting C1INH as an extra treat-
ment were compared in a randomized, placebo-controlled 
experiment. The study found no significant differences in AMR 
histopathology or renal function between the group receiving 
C1INH and the placebo group, as assessed throughout the 
20-day follow-up period [35,44,45]. Nevertheless, upon examining 
a subset of 14 patients who underwent 6-month protocol bi-
opsy, it was found that there were no cases of transplant glo-
merulopathy in the C1INH group. In contrast, 43% of patients 
in the placebo group exhibited transplant glomerulopathy. In 
summary, these first findings indicate that C1INH has a signi-
ficant function as a supplementary treatment to standard of 
care (SOC) for managing antibody-mediated rejection (AMR) 
and preventing transplant glomerulopathy. The latter is the 
primary risk factor for long-term failure of transplants [46]. A 
different approach to hinder the initial phases of complement 
activation involves directing the anti-C1s monoclonal antibody 
BIVV009 towards C1s. A Phase I trial was conducted to assess 
the efficacy of BIVV009 as a short-term therapy for late acu-
te or chronic AMR. Comparing the index biopsy samples with 
the one-month protocol biopsy samples revealed a notable 
decrease in the buildup of C4d. Nevertheless, there was no 
histological resolution of antibody-mediated rejection (AMR) 
and no improvement in glomerular filtration rate (GFR) found 
50 days following treatment [7]. Cp40 has a high affinity for 
binding to C3. CP40 has promise for application in clinical set-
tings, particularly for ABO-incompatible kidney transplantation 
and the treatment of periodontal disease [47,48]. An alternative 
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method involves utilizing IdeS, a genetically engineered endo-
peptidase produced from Streptococcus pyogenes, to wea-
ken the activation of the complement system and decrease its 
binding to Fc receptors. IdeS enzymatically cleaves the immu-
noglobulin G (IgG) antibodies at the hinge region, resulting in 
the removal of a heavy chain from the IgG molecule. The act 
of severing the second heavy chain results in the formation of 
F(ab)2 and Fc fragments. Following the initial splitting, the IgG 
molecule loses its capability to attach to C1q, but it retains 
the ability to attach to the Fc receptor. The combined Phase 
I-II clinical trial yielded encouraging outcomes, demonstrating 
that IdeS effectively eradicated diminished DSAs and enabled 
HLA-incompatible transplantation un 24 out of 25 patients 
with remarkable sensitivity [7].

A subset of transplanted patients may not exhibit comp-
lement-mediated rejection, even when they have detectable 
donor-specific antibodies (DSA) and functioning complement 
proteins in their plasma. This phenomenon is referred to as 
accommodation, and its mechanism remains incompletely un-
derstood. Nevertheless, it has been documented that the ex-
cessive production of genes encoding both oxygenase 1 Bcl-2 
and Bcl-X leads to an augmentation of the anti-inflammatory 
condition in non-human primate (NHP) models and receivers. 
The genes’ products control the NF-κB transcription factor, le-
ading to a decrease in the expression of proinflammatory cy-
tokines and chemokines. Nevertheless, the active participation 
of supplement in the process of accommodation was verified. 
Typically, in this timeframe, grafts tend to exhibit C4d positi-
vity, which suggests that accommodation is primarily trigge-
red by components involved in the final stage of complement 
inhibition. Eculizumab was administered to HLA-mismatched 
and presensitized animals in a heart transplant paradigm to 
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induce terminal pathway inhibition and accommodation [7]. 
Accommodation was also induced experimentally using cobra 
venom factor (CVF). CVF can form a highly stable convertase 
CVF-Bb that cleaves both C3 and C5. Since CVF-Bb is not 
inactivated by complement regulators, treatment with CVF 
leads to depletion of C3 and C5, leading to sustained activa-
tion of the alternative pathway and transient inhibition of the 
complement system [49].

B cells, which are the basic cells of the adaptive immu-
ne response, carry the CR2 receptor, and CR2 binding to 
C3d is important in the development of the humoral immune 
response. Stimulation of B cells by CR2 as well as B cell sur-
face receptors is important in an effective humoral response. 
It has been shown that when B cells are stimulated through 
both receptors, an antibody response that is 1,000 times more 
effective than stimulation with only the B cell receptor is ge-
nerated. These data indicate that inhibiting CR2 could be a 
viable approach to controlling the adaptive immune response 
in transplantation [35,50].

6.6 CONCLUSION

Since the importance of the complement system for the 
patient and the allograft is known, in recent years experimen-
tal studies have been carried out in this field both in the diag-
nosis and control of rejections and in order to eliminate the 
destructive effects of proteins. In this review, it appears that 
the process of end-stage renal disease and the clinical status 
of the donor affect the activator and regulatory complement 
proteins. For this reason, information about the complement 
system of both parties is important before transplantation. 
This information will give the clinic preliminary information 
about the allograft or the patient and clarify the limits of im-
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munosuppressive treatment. New studies by accelerating the 
development of new agents for complement proteins that are 
still in the experimental stage or by increasing the number of 
patients in clinical studies will also be beneficial in prolonging 
allograft life.
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7.1 INTRODUCTION

Inflammation is a cascade of biological responses that 
are initiated in circumstances such as exposure to damaging 
stimuli, infection, and tissue damage [1]. Here, the objective is 
to eliminate the damaging stimulus and rectify the consequent 
damage. There exist various forms of inflammatory reaction, 
namely acute or chronic. If a condition manifests abruptly 
and resolves quickly, it is referred to as acute inflammati-
on. Conversely, if it develops gradually and persists for an 
extended period, it is classified as chronic inflammation. The 
symptoms of inflammation are typically categorized into three 
main groups:

1. The area exposed to external trauma may experience 
abnormal circumstances such as edema, redness, and pain. 

2. Tissue damage in a specific part of the body can lead 
to a significant increase in temperature. 

3. Chronic inflammation can result in dysfunctions in the 
corresponding organs.
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Considerable advancements have been achieved in com-
prehending the cellular and molecular mechanisms underlying 
the acute inflammatory response. The mechanisms underlying 
the development of persistent local inflammation in chronic in-
fection and autoimmune disorders remain partially elucidated. 
Nevertheless, there is limited understanding regarding the eti-
ology and mechanisms behind systemic chronic inflammation, 
which manifests in several diseases such as type 2 diabetes 
and cardiovascular disorders. Systemic chronic inflammation is 
believed to be unrelated to traditional causes of inflammati-
on, such as infection and tissue damage. Instead, it is believed 
to be linked to tissue dysfunction, which is assumed to be ca-
used by an imbalance in one of the organism’s physiological 
systems (Figure 1) [1].

Figure 1: Physiologic and pathological reasons and results of 
inflammation

There is a prevailing belief that a manageable inflam-
matory reaction is advantageous to an individual (such as 
inflammation as a response to bacterial infection), but can be 
detrimental if not well regulated. Thus, it is hypothesized that 
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there exists a physiological parallel to the pathological inflam-
matory state. While the physiological basis for inflammation 
resulting from infection is clear, the physiological counterparts 
of various other forms of inflammatory responses are only 
seen in pathological states, and their underlying processes re-
main poorly comprehended. Inflammation is believed to occur 
as a response to many factors, with the purpose of restoring 
homeostasis. Hence, it is most effectively comprehended wit-
hin a wider framework, the origin of inflammatory reactions. 
This section will address the occurrence of inflammation and 
the chemicals that play a role in this process [3].

During the acute inflammatory response triggered by infe-
ction or tissue damage, blood components constantly migrate 
to the site of the infection or damage. The initiation of this 
process is prompted by receptors of the innate immune sys-
tem, such as Toll Like Receptors (TLRs) and NOD Like Recep-
tors (NLRs) [4]. The initial identification of the infectious agent 
is facilitated by macrophages and mast cells that originate 
from the tissues. This identification process triggers the relea-
se of various substances that promote inflammation, such as 
chemokines, cytokines, vasoactive amines, eicosanoids, and 
products of proteolytic cascades. As a result, a localized inf-
lammatory fluid is produced. Leukocytes and plasma proteins, 
which are typically located in the blood vessels, migrate to 
the tissues outside the blood vessels at the location of the 
infection via postcapillary vessels (Figure 2).
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PMN: Polymorphonuclear leukocytes- the majority of this group consists 
of neutrophils, DH: Dendritic cell, VEC: vascular endothelial cell MMP: Mat-
rix metalloproteinases, LTB4: Lökotrien B4, FMLP: N-formyl-methionyl-leu-
cyl-phenylalanine

Figure 2: Leucocytes in inflammation

Endothelial activation in blood arteries facilitates the sele-
ctive egress of neutrophils from the bloodstream, while impe-
ding the departure of erythrocytes. The selectivity is achieved 
via the inducible interaction between selectins on endothelial 
cells chemokine receptors and integrins that are located on 
leukocytes, occurring in the extravascular areas and on the 
outer layer of endothelial cells [5]. Neutrophils are activated 
by direct interaction with pathogens and by the action of cy-
tokines generated by cells residing in the tissue after reaching 
the affected tissue area. Neutrophils endeavor to eliminate 
pathogens that enter by producing harmful compounds con-
tained in their granules, including cathepsin G, reactive nit-
rogen species and reactive oxygen species (ROS), elasta-
se, and proteinase 3. These highly potent compounds do not 
distinguish both host and microbial groups, inducing injury to 
host tissues [6]. Following the successful removal of infectious 
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organisms, a phase of resolution and repair occurs in an acu-
te inflammatory response. This process is facilitated by mac-
rophages, which initially dwell in the tissue and then migrate 
into the inflamed tissue [7]. The change from pro-inflammatory 
prostaglandins to anti-inflammatory lipoxins is a critical factor 
in the resolution of inflammation. Lipoxins facilitate the att-
raction of monocytes instead of neutrophils, which eliminate 
deceased cells and start tissue regeneration [8]. Macrophages 
and transforming growth factor-β (TGF-β) create growth fa-
ctors, along with resolvins and protectins, which are a type 
of lipid mediators. These substances play a crucial role in 
reducing inflammation and promoting tissue healing [8,9]. If 
the initial acute inflammatory response fails to eradicate the 
pathogen, the inflammatory process persists and develops 
additional characteristics. Neutrophil invasion is substituted by 
macrophages and, in the event of infection, by T cells. If the 
collective impact of these cells remains inadequate, it leads to 
a persistent state of inflammation characterized by the de-
velopment of granulomas and tertiary lymphoid tissues [10,11]. A 
granuloma is a formation that develops when monocytes and 
macrophages gather around lymphocytes. The characteristics 
of this infection may vary depending on the existing effector T 
cells [12]. Chronic inflammation can arise not just from persistent 
infections, but also from tissue damage caused by self-anti-
gens or non-degradable foreign substances. It is important 
to acknowledge that our understanding of the mechanisms 
of inflammation caused by infection is significantly more ad-
vanced compared to other types of inflammatory processes. 
The topic of whether the information gathered on infecti-
on-related inflammation can elucidate inflammation induced 
by different etiologies remains uncertain. Undoubtedly, infecti-
on-induced inflammation, while essential, may be an excepti-
onal circumstance. In overall, the fundamental mechanisms of 
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systemic chronic inflammatory illnesses remain unclear, yet it 
is evident they do not follow the typical progression pathway 
from acute to chronic inflammation [1].

The inflammation that occurs is orchestrated by an extensive 
spectrum of molecules which create complex regulatory sys-
tems. It is advantageous to classify the messages into functi-
oning clusters and distinguish among the substances that tri-
gger inflammation and those that support it to effectively 
examine these intricate systems. The main causing agents are 
stimuli that trigger the inflammatory response. Afterwards, 
they trigger the activation of specific sensors that enable 
the production of unique groups of mediators. These mole-
cules modify the functional state of organs and tissues, which 
serve as agents of inflammation, in order to adapt to the 
particular conditions brought about by the inflammatory sti-
mulus. Consequently, a standard inflammation circuit includes 
substances that initiate inflammation, receptors that detect 
these substances, molecules that propagate the inflammatory 
response, and components that carry out the effects of inf-
lammation. Every factor has a distinct function in determining 
the particular form of inflammatory reaction (as depicted in 
Table 1, Figure 3a, and b) [1].

Figure 3a: Basic parts in the pathway of development of the 
inflammatory reaction
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Figure 3b: Inflammation both exogenous and endogenous inducers

Table 1: Some examples of inflammatory pathways
Some examples of inflammatory pathways

Inducers Sensors Mediators Effector

Lipopolysaccharide TLR4 TNF-α, IL-6, PGE2

Endothelial cells, he-
patocytes, leukocytes, 
hypothalamus and 
others

Allergens IgE Vasoactive 
amines

Endothelial cells and 
smooth muscle cells

Monosodium urate 
crystals and calci-
um pyrophosphate 
dihydrate crystals

NALP3 IL-1β

Endothelial cells, he-
patocytes, leukocytes, 
hypothalamus and 
others

Collagen Hageman 
Factor Bradykinin Endothelial cells and 

smooth muscle cells

7.2 EXOGENOUS INDUCERS

Externally produced stimulants can be categorized as mic-
robial and non-microbial. Microbial stimulants can be classi-
fied into two primary categories.

1. Pathogen-associated molecular patterns (PAMP)

2. Virulence factors

PAMPs refer to a specific and well-defined collection of 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY134

conserved molecular patterns that are present in all bacte-
ria, whether they are harmful or commensal. These patterns 
are identified by receptors in the host organism. The second 
category of microbial inducers is exclusive to pathogens and 
encompasses a range of virulence factors [13]. Specific recep-
tors do not directly detect virulence factors, unlike PAMPs. 
Upon entering the cell, they elicit the inflammatory response 
by exerting detrimental effects on the cell. Nevertheless, the 
customary functions of virulence factors can be identified 
using specialized sensors. Gram-positive bacteria, like staphy-
lococci, produce exotoxins that can form pores. These pores 
allow K+ ions to enter the cell, which triggers the formation 
of inflammasomes. Inflammasomes then release cytokines like 
IL-1 and IL-18, leading to inflammation. This process is illustra-
ted in Figure 4 (Figüre 4). The range is from 14 to 16.

Figure 4: Migration of K+ ions and inflammation
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Microbial agents that trigger inflammation are not limited 
to pathogens alone. Within commensal bacteria, it serves as 
a significant reservoir of inflammation-inducing agents that 
are identified by TLRs [17]. These bacteria actively decrease 
the activation of TLRs through several ways. Mice defective in 
A20, an essential TLR inhibitor, exhibit severe TLR-dependent 
inflammation as one example of this event [18].

The factors encompassed are agents that provoke inf-
lammation, substances that cause allergic reactions, irritants, 
foreign objects, and poisonous substances that are not of 
microbial origin.

Some triggers might provoke irritation to the muco-
sal epithelium, while others mimic the detrimental impact of pa-
rasites. The two types of antigens generate an inflammatory 
response that exhibits notable characteristics. The disclosure 
of sensors for allergens is still largely secret. Non-digestible 
particulates that are too large for macrophages to digest or 
that harm the membrane surrounding the ingested particula-
tes are referred to as foreign bodies. Foreign substances such 
as silica and asbestos particles can trigger an inflammatory 
response. The aberrant situation in the tissues is indicated by 
the presence of foreign substances that are of a significant 
size and the absence of inhibitory receptors, such as CD47, 
which are typically present on the body’s own cells and pre-
vent their engulfment by phagocytes. These large foreign 
particles form a structure that can be engulfed by phagocy-
tes, but it is not classified as a phagosome. The macrophage 
forms a granuloma to contain a foreign material when it is 
too large for a digestive capsule to form. The specific sensor 
responsible for initiating this response in macrophages re-
mains unidentified [19]. The NALP3 inflammasome is triggered 
when a macrophage comes into contact with foreign subs-
tances, irrespective of their size and ability to be engulfed [20].
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7.3 ENDOGENOUS INDUCERS

Endogenous inflammatory inducers are signals that are 
generated by tissues that are under stress, injured, or ex-
periencing some form of malfunction. The characteristics of 
these signals are not clearly characterized. Functional classi-
fications are determined mostly by the type and severity of 
tissue anomalies. Firstly, the inducers that are involved in acu-
te inflammation will be discussed. Inflammation is a prominent 
characteristic of necrosis. During necrotic cell death, the cell 
membrane is compromised, causing the express of specific 
cellular components such as ATP, uric acid, and K+ ions [21,22]. 
ATP attaches to purinoceptors (specifically P2X7) located on 
the outer layer of macrophages. This attachment leads to the 
entry of potassium ions (K+) and can work together with other 
signals to trigger the activation of the NALP3 inflammasome 
(as shown in Figure 4) [15]. ATP also activates sensory neurons 
and convey information about tissue damage to the nervous 
system [23]. The RAGE receptor, also known as the receptor 
for advanced glycation end products or AGER, is bound by 
HMGB1 and S100A12 and works in concert with TLRs to initiate 
an inflammatory reaction (Figure 5) [24].
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Figure 5: Effect of HMGB1 on inflammatory response via RAGE and 
TLR

While it is commonly believed that intracellular proteins are 
released spontanously when the cell membrane of necrotic 
cells is ruptured, it is important to acknowledge that several 
intracellular proteins can be secreted through a non-canoni-
cal pathway that is independent of the endoplasmic reticu-
lum and Golgi apparatus. Inflammasomes are responsible for 
controlling unconventional secretion, as evidenced by a re-
cent study that demonstrated active caspase 1 facilitates this 
process [25]. Given this discovery, it is imperative to investigate 
whether inflammatory intracellular proteins are released from 
necrotic cells in a passive manner or if they are secreted by 
this caspase-1-dependent method. Due to their lack of meta-
bolic activity, necrotic cells rely on ATP for caspase-1-depen-
dent secretion. A clear understanding of the pro-inflammatory 
role of intracellular proteins and necrotic cell death would 
be possible if caspase 1 is accountable for the excretion of 
proteins within cells with inflammatory characteristics. HMGB1, 
which is clearly produced by TLR4-stimulated macrophages 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY138

without necrotic cell death, provides a great example in this 
setting and suggests that it may be involved in the unconven-
tional Caspase-1-dependent release way. 

Typically, the basement membrane acts as a barrier betwe-
en epithelial cells and mesenchymal cells. When this barrier 
is disrupted in injured tissues, it leads to interactions between 
epithelial and mesenchymal cells. The existence of tissue injury 
is indicated by these interactions, which in turn trigger tissue 
healing responses. However, the mechanisms by which these 
aberrant interactions are detected remain poorly understood. 
The surface epithelium acts as a barrier, separating the inter-
nal components from the external surroundings. The disrupti-
on of the protective layer in the intestine allows friendly bac-
teria to reach the Toll-like receptors (TLRs) on macrophages 
situated in the underlying tissue, known as the lamina propria. 
This leads to the activation of TLRs, which in turn triggers the 
body’s response to repair the damaged tissue in the intestine 
[17,26]. The vascular endothelium becomes damaged, which per-
mits plasma proteins and platelets to enter the extravascular 
spaces [5]. In response to collagen and other extracellular 
matrix (ECM) components, the plasma-derived mediator of 
inflammation known as Hageman factor (Factor XII) is stimu-
lated.  In addition to acting as an indicator for vascular injury, 
stimulated Hageman factor initiates four enzymatic processes 
that produce inflammatory molecules.  The steps mentioned 
are the kallikrein-kinin process, the complement cascade, the 
fibrinolytic pathway, and the coagulation flow (Figure 6) [27]. 
Furthermore, platelets undergo activation when encountering 
collagen, leading to the production of diverse inflammatory 
mediators such as thromboxanes and serotonin1.
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Figure 6: Contribution of Factor XII to inflammation

Another category of naturally occurring stimulants is par-
ticularly pertinent to persistent inflammatory disorders. The 
class of inducers comprises advanced glycation end products 
(AGEs), calcium pyrophosphate dihydrate, oxidized lipoprote-
ins (including low and high-density lipoproteins), and mono-
sodium urate. Connective tissues play a role in facilitating the 
creation of these crystals by providing a surface that is con-
ducive to crystal nucleation. For instance, the development 
of monosodium urate and calcium pyrophosphate dihydrate 
crystals in joints and surrounding tissues causes the inflam-
matory disorders called gout and pseudogout, respectively[21]. 
Macrophages identify these tiny particles when they get to a 
certain size and treat them similarly to how they treat foreign 
things. The engulfment of these crystals leads to the stimulati-
on of the NALP3 inflammasome, which in turn triggers the ac-
tivation of IL-1 (including IL-1α, IL-1β, IL-1Ra, IL-18, IL-33, IL-36α, 
IL-36β, IL-36γ, IL-36Rα). It induces the synthesis of Caspase-1 
substrates, such as IL-37 and IL-38, which belong to the same 
family[20,28]. AGEs are formed through the process of non-en-
zymatic glycation, which occurs when long-lasting proteins 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY140

like collagen react with sugars. These products can cause the 
proteins they attach to undergo cross-linking, resulting in a 
steady decline in the functionality of these proteins. Further-
more, advanced glycation end products (AGEs) are identified 
by receptors for advanced glycation end products (RAGE), 
which possess inflammatory properties either independently 
or in conjunction with Toll-like receptors (TLRs). Advanced gl-
ycation end products (AGEs) can build up in the body when 
there are high levels of glucose and oxidative stress, which 
can occur in both type 1 and type 2 diabetes[1]. By oxidizing 
protein and lipid parts, phagocytes generate reactive oxy-
gen species (ROS) that convert both low- and high-density 
lipoproteins into inflammation messages[29]. Another category 
of internal triggers for inflammation includes degradation by-
products of the extracellular matrix (ECM) produced during 
tissue dysfunction or injury. The most extensively researched 
element of the extracellular matrix (ECM) in this particular si-
tuation is the glycosaminoglycan hyaluronate (HA) (Figure 7). 
Hyaluronate often exists as an inactive polymer with a high 
molecular weight under normal circumstances. Tissue injury 
induces the degradation of hyaluronate into smaller frag-
ments with low molecular weight, which possess inflammatory 
properties. These fragments activate TLR4 and stimulate the 
tissue repair process. Additionally, this transition is believed to 
be reliant on ROS (reactive oxygen species)[30]. Consequent-
ly, multiple internal mechanisms that trigger the inflammatory 
response rely on reactive oxygen species (ROS).
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Figure 7: Contribution of ECM to inflammation

Although the number of internal factors that because inf-
lammation increases, the available research on this topic ex-
hibits significant inconsistencies. The primary reason for this is 
the complex challenges involved in accurately describing this 
category of signals. Misidentification of a factor as an inducer 
often occurs when recombinant proteins are contaminated 
with small amounts of microbial ligands for Toll-like receptors 
(TLRs) or nucleotide-binding oligomerization domain (NOD) 
proteins. Crucially, numerous naturally occurring substances 
that trigger inflammation are likely to have the desired effect 
in living organisms only when they are combined in specific 
ways and possibly only when the tissues are not working pro-
perly or are damaged. Ischemia, hypoxia, elevated levels of 
reactive oxygen species (ROS), and changes in extracellular 
matrix (ECM) components are often linked to tissue injury 
or dysfunction. However, these conditions are not typically 
reproduced in tissue culture settings that have reduced le-
vels of nutrients and oxygen. There is a possibility that there 
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are additional, yet undiscovered, substances that initiate the 
inflammatory response in injured and/or strained tissues. In-
ducers of inflammation stimulate the generation of many inf-
lammatory mediators that modify the functionality of various 
tissues and organs. Several of these inflammatory mediators 
have shared effects on the blood vessels and the migration 
of white blood cells into tissues. These messengers can either 
be created from plasma proteins or released by cells [10,27]. 
Mast cells and tissue-resident macrophages together with cel-
ls in nearby tissues, have the ability to produce specialized 
cellular messengers.  Certain mediators (serotonin and hista-
mine) are already present and stored in mast cells, basophils, 
and platelet granules. Additional entities are already genera-
ted and distributed within the plasma in an inactive precursor 
state. During the acute phase response, the level of these 
mediators in the plasma rises due to an enhanced release of 
precursor substances by hepatocytes. Additional mediators 
are generated in reaction to activation by inflammatory in-
ducers. The classification of inflammatory mediators is based 
on their biochemical features, resulting in seven distinct clas-
ses [10,27]: vasoactive amines, vasoactive peptides, complement 
component fragments, lipid mediators, cytokines, chemokines, 
and proteolytic enzymes.

7.4 INFLAMMATORY MEDIATORS 

Initially, it controls the process of mast cells and platelets 
releasing their stored substances, as well as the creation of 
vasoactive substances such as histamine and serotonin. Vaso-
active amines exert intricate effects on blood vessels, leading 
to heightened vascular permeability and either vasodilation 
or vasoconstriction. Their discharge by mast cells can be ext-
remely harmful in vulnerable organisms, leading to the collap-
se of blood vessels and the breathing system in the event of 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

143

a severe allergic reaction. Moreover, secretory vesicles (like 
substance P) can maintain the active form of vasoactive mo-
lecules, or they can be produced by the proteolytic digestion 
of inert substances found in the extracellular fluid (such fib-
rin breakdown products, kinins, fibrinopeptide B, and fibrino-
peptide A). 

Sensory neurons produce Substance P, which can trigger 
the degranulation of the mast cell.  Vasoactive molecules are 
produced through degradation by plasmin, thrombin, or Ha-
geman factor. The production of histamine from mast cells 
is possibly directly or indirectly triggered by these molecules, 
which also cause vasodilation and enhanced arterial flexibi-
lity.  In addition to acting as a vascular injury indicator and 
an inflammatory trigger, the Hageman factor is fundamental 
to the regulation of both responses. The Hageman factor 
initiates the kallikrein-kinin cascade, which in turn produces 
bradykinin. Bradykinin, the primary outcome of this cascade, 
exerts significant effects on the vasculature and also posses-
ses a potent pro-algesic (pain-inducing) property. Pain plays 
a vital physiological role in infection by alerting cells to the 
aberrant state of injured area.  In addition, anaphylatoxins, 
specifically C3a, C4a, and C5a, are produced through dis-
tinct modes of complement stimulation.  C5a, together with 
C3a and to a smaller extent C4a, induces the mobilization 
of monocytes and granulocytes. This initiates the secretion 
of mast cell contents, thereby influencing the blood vessels. 
Moreover, phospholipids like phosphatidylcholine found in cell 
membranes are the source of lipid mediators, including plate-
let-activating factors (TAF) and eicosanoids. The two types of 
lipid mediators that are derived from phosphatidylcholine that 
were previously discussed are arachidonic acid and lysop-
hosphatidic acid, which are produced by cytosolic phospho-
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lipase A2 in response to intracellular Ca2+ ions. Arachidonic 
acid undergoes metabolism through cyclooxygenases (COX1 
and COX2) to make eicosanoids, specifically thromboxanes 
and prostaglandins. Alternatively, it can be metabolized by 
lipoxygenases to produce lipoxins and leukotrienes [1]. Pros-
taglandins (PGI2 and PGE2) have the effect of causing blood 
vessels to widen, resulting in vasodilation. Additionally, PGE2 
has the ability to increase sensitivity to pain and is a strong 
stimulator of fever [31]. Lipoxins, which include resolvins and 
protectins, have the ability to inhibit inflammation and facilita-
te the process of tissue regeneration [32]. TAF, a lipid media-
tor, is generated through the acetylation of lysophosphatidic 
acid. It triggers a range of physiological responses, such as 
vasodilation, platelet stimulation, heightened vascular perme-
ability, vasoconstriction, and leukocyte recruitment. Further-
more, certain cell types, particularly macrophages and mast 
cells, generate inflammatory cytokines such as tumor necrosis 
factor-α (TNF-α), IL-1, IL-6, and others. It activates leukocytes 
and endothelium and starts the acute phase response, among 
other functions in the inflammatory response. Furthermore, 
chemokines are synthesized by several cellular entities as a 
reaction to inflammatory stimuli. They regulate the process 
of leukocyte extravasation and direct the movement of leu-
kocytes towards afflicted tissues. Furthermore, many degra-
ding enzymes including as cathepsins, matrix metalloproteina-
ses, and elastin play multiple functions in inflammation, partly 
by breaking down extracellular matrix (ECM) and basement 
membrane proteins. Proteases play significant roles in vari-
ous processes, including host defense, tissue remodeling, and 
leukocyte migration[1]. The relationship between the chara-
cteristics of an aggresive stimulus and the specific facilita-
tor remains uncertain. Moreover, some agents both influence 
certain tissues and promote the production of other agents.  
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Comprehending the fundamental reasoning behind this medi-
ator hierarchy [33] is essential. Tissues and cells that are speci-
fically attacked by inflammatory mediators are the effectors 
of an inflammatory response. It is typical for the body to 
react to certain substances that cause inflammation, such 
as TNF-α and IL-1. However, these substances have varying 
effects depending on the specific tissues and types of cells 
they interact with. The primary impact of inflammatory mes-
senger molecules is to stimulate the production of an exudate 
by influencing the blood vessels and the movement of white 
blood cells. However, these molecules also have significant 
impacts on metabolic functions and neuroendocrine, as well 
as the overall preservation of tissue balance. The functions of 
inflammatory mediators demonstrate a broader involvement 
of inflammation in regulating tissue balance and responding 
to detrimental circumstances[34].

Homeostasis refers to the cellular mechanism by which a 
cell actively regulates and maintains its internal equilibrium in 
the face of unfavorable external conditions. To achieve this 
objective, several control methods have been devised[35]. Dis-
ruptions in glucose and oxygen levels can lead to deviations 
from the typical range of homeostasis in some parameters. 
This can elicit an acute stress response, which can either lead 
to a temporary adaptation to the unfamiliar circumstances 
or a more enduring flexible modification in the relevant set 
points. Chronic and acute inflammations are two distinct ty-
pes of reactions to adaptation that occur when other natural 
defenses are not enough.

The reaction to inflammation is believed to function in 
cases of significant disruptions in homeostasis, including the 
presence of foreign substances or irritants, tissue injury, and 
infection. Nevertheless, infection and injury represent the most 
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severe forms of stimuli that can initiate inflammation, leading 
to the most intense and prominent inflammatory reactions. 
This is why they are often recognized as the most prominent 
manifestations of inflammation. In a broader sense, the pre-
sence of tissue abnormalities often triggers an inflammatory 
response. These inflammatory reactions are expected to be 
more prevalent but less intense compared to the typical rea-
ctions to inflammation triggered by damage or infection. The 
degree and existence of tissue damage will dictate whether 
inflammatory reactions can be identified with traditional bio-
markers. Modest tissue-specific dysfunctions to serious injury 
can be considered tissue changes. The magnitude of the inf-
lammatory response can vary considerably. Excessive stress 
can generally be managed by cells that reside in the tissues, 
such as macrophages and mast cells. However, if there are 
more serious problems or damage, additional white blood 
cells and plasma proteins may need to be sent in from nearby 
areas. The molecular sensors responsible for detecting signals 
indicating tissue stress and dysfunction, which differ from the 
signals associated with infection and injury in the traditional 
inflammatory response, are not well understood [1]. Transplan-
tation often leads to several stressors and damages, which 
significantly impact the success of the graft. The hypothesis 
was initially proposed in 1994 that reperfusion injury of kidney 
allografts triggers acute rejection and subsequently plays a 
role in the establishment of chronic immune responses. This 
led to the emergence of the “damage hypothesis,” which su-
ggests that oxidative damage is responsible for the creation 
of DAMPs, also known as danger signals or alarmins. These 
signals are emitted by dying cells in the allograft. The DAM-
Ps frequently observed in this scenario include HMGB1, AGE, 
amyloid-β peptides, heat shock proteins, hyaluronan proteins, 
and molecules belonging to the S100 family, all of which cont-



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

147

ribute to inflammation. DAMPs interact with Toll-like receptor 
2 (TLR2), Toll-like receptor 4 (TLR4), and receptor for advan-
ced glycation end products (RAGE) that are encoded in the 
major histocompatibility complex III (MHC III) area in both 
the graft and recipient dendritic cells (DCs). Binding triggers 
the activation of transcription factors such as NF-κB, AP-1, 
and IRF-3. Consequently, the production of pro-inflammatory 
cytokines and chemokines initiates the maturation and prolife-
ration of dendritic cells (DCs). Therefore, the inherent immune 
response initiates the adaptive immune response. The migrati-
on of immune system cells into the kidneys, blood vessel wall, 
and perivascular region happens concurrently with the stages 
of the inflammatory process, including heightened cytokine 
release, generation of reactive oxygen species (ROS), and the 
emergence of adhesion molecules. The rejection process is 
significantly influenced by costimulatory molecules, particularly 
the CD28/B7 system. The expression of these costimulators is 
upregulated during ischemia reperfusion injury (IRI) and the 
initiation of the innate immune response. Ischemia-reperfusion 
injury (IRI) leads to cerebral death during transplantation due 
to factors such as the application of cold protecting fluids, 
surgical trauma, and the release of cytokines like IL-6, TNF-α, 
and IL-1β. It guides the movement of donor antigen-presen-
ting cells (APCs) towards lymph nodes. It comes into contact 
with host lymphocytes. Donor dendritic cells (DCs) trigger 
the adaptive immune response by displaying alloantigens to 
recipient T cells. Once more, stress ligands have the ability 
to stimulate NK cells via NKG2D receptors in this particular 
mechanism. It is believed that IRI leads to an elevation in 
NKG2D ligands in the transplanted organ after the binding of 
TLR4-HMGB1, hence playing a crucial role in the activation of 
NK and T cytotoxic cells[36].
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7.5 CONCLUSION

Consequently, gaining a more comprehensive comprehen-
sion of the mechanisms behind inflammation would enhance 
our understanding of the stages of graft survival and rejec-
tion following kidney transplantation, as well as in numerous 
other diseases. Additionally, it will aid in identifying specific 
molecules that can be targeted for preventative purposes.
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8.1 INTRODUCTION

Kidney transplantation is the greatest therapeutic choice 
for patients with end-stage renal disease, however current 
therapy options cannot prevent acute and/or chronic rejec-
tion after kidney transplantation. A kidney biopsy is required 
to make an accurate diagnosis of rejection. Kidney biopsy is 
a painful and challenging procedure for patients. As a result, 
numerous approaches are employed to monitor graft dete-
rioration, including serum creatinine monitoring, medication 
level monitoring, and evaluation of the patient’s expression 
levels of kidney-related genes. The measurement of free (ext-
racellular) DNA in the patient’s plasma or urine is one of these 
approaches [1]. 

Cell free DNA (cfDNA) is a double-stranded helical struc-
ture of bare DNA molecules that are actively released from 
cells or as a result of controlled cell death (apoptosis) or cell 
necrosis. Transrenal DNA refers to low molecular weight DNA 
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fragments found in urine that can flow through the kidney 
[2]. Mandel and Metais discovered it in 1948, and it was first 
utilized for prenatal diagnosis from maternal blood [1]. There 
is currently research being conducted on the use of cfDNA 
technology in the identification or prediction of organ dama-
ge [2,3].

The release of DNA occurs as a result of cell death caused 
by graft damage during organ transplantation. The capacity 
to discriminate between donor-derived cfDNAs (dd-cfDNA) 
and the patient’s own DNA, in particular, has been a signifi-
cant advancement in the prediction or diagnosis of allograft 
rejection. The purpose of this review is to define cfDNA, inves-
tigate its relevance to organ transplantation, and add to the 
knowledge on its usage in kidney transplantation.

8.2 WHAT IS A CELL FREE DNA? 

cfDNAs are short DNA fragments of approximately 40-
200 base pairs (bp) that pass into body fluids such as plasma 
or urine due to cell death, such as cell apoptosis or necrosis 
(Figure 1) [4]. In 1948, Mandel and Metais showed that free 
DNA is formed as a result of apoptosis and necrosis due to 
damage [1]. 
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Figure: cfDNA production by cell apoptosis and necrosis (Created 
by Biorender.com)

The majority of cfDNAs are double-stranded nuclear and 
mitochondrial DNAs (mtDNA). There are also studies that cla-
im to find small extrachromosomal DNAs, microDNAs, sing-
le-stranded, viral, bacterial, or food-borne DNAs. Apart from 
apoptosis and necrosis, DNA fragments are released via a 
variety of mechanisms including oncosis, pyroptosis, phagocy-
tosis, active release, neutrophil extracellular trap release (Ne-
tosis), and excision repair [4]. The release of DNA fragments 
from dying cells in the injured kidney is the rejection-related 
mechanism in organ transplantation.

In blood, cfDNA has a half-life of less than one hour [3]. 
This half-life may be influenced by factors such as the tre-
atment used and the complexes encountered by cfDNA in 
the blood. In blood, enzymes such as DNase I, plasma factor 
VII-activating protease (FSAP), and factor H degrade cfDNA. 
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The liver and kidney are also involved in the removal of cfD-
NAs from the body [4].

8.3 THE ISOLATION AND ANALYSIS OF cfDNAs 

Noninvasively, cfDNA can be isolated from serum, plasma, 
and urine samples. Serum has 14 times the amount of cfDNA 
as plasma [5]. The specific amount in the urine is unknown. In 
one investigation, the levels identified in urine using two se-
parate kits were compared, and it was discovered that this 
amount differs from person to person and even within the 
same person on different days [6]. As a result, if a patient’s 
plasma or urine sample is to be used, the sample amount 
should be substantial at first. Special blood collection tube 
systems for cfDNA isolation are already commercially avai-
lable. After blood sampling into these tubes, cfDNA isolation 
can be accomplished by centrifuging the plasma or serum. 
Commercial cfDNA isolation kits are also available. All of 
these devices were designed to keep contamination and co-
agulation at bay during isolation [5]. Today’s methods include 
column or magnetic bead separation, phenol-chloroform se-
paration, and filter separation. In the clinic, commercial spin 
column kits with silica membranes are extensively employed. 
Although this approach can produce more efficiency and 
purity, a very high-speed centrifuge is necessary. Furthermo-
re, the risk of cross-contamination in the procedure’s steps is 
significant, and the worker must be experienced. Microfluidic 
applications are another type of isolation. Although centri-
fugation is not necessary, vacuum pressure is applied, but 
additional development is required for routine clinical use [7]. 
Furthermore, research is being conducted to create tests that 
can directly evaluate cfDNA from serum or plasma without 
the need for its isolation. However, their viability for routine 
use in terms of sensitivity and specificity has not yet been 
completely verified [5].
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Polymerase chain reaction (PCR) and sequence analysis 
(sequencing) technologies are used to analyze cfDNA. Sig-
del et al. reported that using the multiplex PCR approach, 
they were able to standardize cfDNA analysis in plasma and 
biopsy samples from kidney transplant patients and achie-
ve positive results [8]. The next generation sequence analysis 
approach is the most recently employed sequence analysis 
method (NGS method). The basic idea behind this technology 
is to detect single nucleotide polymorphisms (SNPs) in patient 
and donor cfDNAs [9]. 

8.4 DONOR DERIVED CELL FREE DNA (dd-cfDNA) 
AND TRANSPLANTATION

After solid organ transplantation, a biopsy of the transplan-
ted organ is performed to check allograft function. Biopsies 
are conducted when clinical values are suspect or as part 
of a standard follow-up regimen (protocol biopsy). Proto-
col biopsies, in instance, are performed solely for monitoring 
purposes, and there is a risk of hurting the patient. According 
to Knight et al., protocol biopsies caused significant problems 
in 1%, extensive hematuria in 3.5%, and had to be repeated 
in 25% due to insufficient specimens [1]. As a result, noninva-
sive biomarker research for post-transplant monitoring has 
grown in popularity in recent years. The dd-cfDNA level in the 
patient’s blood rises as a result of the transplanted organ’s 
damage. It has grown in importance in post-transplant moni-
toring, particularly because dd-cfDNAs may be differentiated 
from those of recipients.

Rejection following transplantation is critical for patients 
with end-stage heart failure. Endomyocardial biopsy is used 
to monitor the patient after heart transplantation. Following 
the introduction of sDNA testing, studies on its application as 
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a biomarker in the prediction of rejection in heart transplant 
patients have been done. In a multicenter research, Richmond 
et al. tested sDNA in 241 pediatric and adult heart transplant 
patients. The level of dd-cfDNA was found to be quite high 
in patients with post-transplant antibody-mediated rejection 
(AMR) and acute cellular rejection (ACR), but not statistically 
significant enough to substitute biopsy. Furthermore, they sta-
ted that sample preparation for this test is critical, and that 
dd-cfDNA can be a valuable biomarker with proper samp-
le preparation protocols [10]. Similarly, at the conclusion of 
the previous year’s multicenter research, they suggested that 
while this approach did not prevent biopsy, it could provide 
supportive information [11]. 

Due to organ damage, lung transplantation is another 
therapy option. Prediction of rejection is critical because re-
jection following lung transplantation offers a life-threatening 
risk. It was indicated in a study involving lung transplant pa-
tients that it could be a powerful biomarker in identifying 
people at risk of developing rejection following transplant. 
Furthermore, it has been claimed that dd-cfDNA follow-up in 
the first three months can potentially predict future chronic 
rejection [12,13]. 

For many liver conditions, liver transplantation may be the 
best therapy option. In fact, there is a possibility of rejection 
following this transplant. As a result, the biomarker feature 
of dd-cfDNA was also studied in patients undergoing liver 
transplantation. According to the findings of a multicenter 
research, the dd-cfDNA test predicts acute rejection earlier 
and more accurately than standard liver tests [14]. Another 
study found that in cadaver donor transplants, the brain de-
ath features of the donor affected the release of dd-cfDNA 
and thus its levels in the patient’s blood. The dd-cfDNA levels 
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of the patients were found to be high after transplants from 
resuscitated donors at the end of the trial. These people have 
also developed portal hepatitis and a systemic inflammatory 
reaction. More research is needed to make sense of these 
findings [15]. 

8.5 cfDNA AND RENAL TRANSPLANTATION 

Allograft rejection can occur as a result of inflammation 
and result in certain pathological alterations in the kidney. 
The patient’s immune system identifies non-self-antigens and 
produces tissue damage, which causes inflammation. In this 
case, both innate and adaptive immune responses are invol-
ved. T lymphocytes are the primary immune cells implicated 
in this response. As a result, hyperacute rejection is defined 
as rejection that occurs within a few minutes of transplanta-
tion. Because of sophisticated, highly sensitive crossmatch as-
says, hyperacute rejection is now uncommon. Acute rejection 
occurs after a few days and might be antibody-mediated 
or T-cell-mediated. Chronic rejections occur more than three 
months following transplantation and can be antibody-medi-
ated or T-cell-mediated [16].

In biomarker investigations done noninvasively in both blo-
od and urine for the identification of acute and chronic rejecti-
on-related graft damage after kidney transplants, dd-cfDNAs 
yielded successful findings [2,17,18]. In their investigation, Jordan 
et al. looked at the connection between dd-cfDNA and acute 
antibody-mediated rejection (AMR) in 90 blood samples and 
87 kidney biopsy samples. As a conclusion, they reported 
that the dd-cfDNA test is more effective when combined with 
the DSA test, and dd-cfDNA+/DSA+ patients are more likely 
to have AMR [19]. They used the digital droplet PCR (ddPCR) 
technology to evaluate dd-cfDNA in a kidney transplant trial 
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involving 300 patients. At the end of the study, they reported 
that the cost of this test would be minimal, and that dd-cfD-
NA might be utilized as a biomarker in the early prediction of 
allograft injury [20]. In addition to these investigations, another 
study compared the plasma dd-cfDNA numbers of 189 kidney 
transplant patients with the proportion (%) and found that the 
amount of dd-cfDNA in the plasma was more accurate than 
the percentage ratio [17]. 

In conclusion, since the discovery of dd-cfDNAs in kidney 
transplant patients, the results have been significantly related 
with clinical indications of allograft deterioration and rejecti-
on. Studies are being conducted to produce a quick, simple, 
and cost-effective test process for standardizing this test in 
the clinic. 

8.6 CONCLUSION  

The concept of employing dd-cfDNAs to detect allograft 
deterioration in kidney transplant recipients can be expan-
ded. The current dd-cfDNA detection techniques are not yet 
standardized as a routine diagnostic method in the clinic. 
It cannot be utilized on a regular basis since it generates 
cross-contamination, necessitates expert staff, and is prohi-
bitively expensive. If current research can overcome these 
obstacles, it will be able to identify allograft damage in plas-
ma or urine at an early stage. Indeed, if it can be further 
developed and manufactured in the form of small urine strip 
kits that patients can simply take from the shelves, this sort of 
transplant patient can be followed even from home.  



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

161

8.7 REFERENCES

1. Knight SR, Thorne A, and Lo Faro ML. Donor-specific Cell-free 
DNA as a Biomarker in Solid Organ Transplantation. A Syste-
matic Review. Transplantation 2019; 103 (2): 273–283. https://doi.
org/10.1097/TP.0000000000002482. 

2. Gielis EM, Ledeganck K, de Winter B, del Favero J, Bosmans J. et 
al. Cell-Free DNA: An Upcoming Biomarker in Transplantation. 
American Journal of Transplantation 2015; 15 (10): 2541–2551. ht-
tps://doi.org/10.1111/ajt.13387. 

3. Bloom RD, Bromberg J, Poggio E, Bunnapradist S, Langone A. 
et al. Cell-Free DNA and active rejection in kidney allografts. 
Journal of the American Society of Nephrology 2017; 28 (7): 
2221–2232. https://doi.org/10.1681/ASN.2016091034. 

4. Kustanovich A, Schwartz R, Peretz T, and Grinshpun A. Life and 
death of circulating cell-free DNA. Cancer Biology and Therapy 
2019; 20 (8): 1057–1067. https://doi.org/10.1080/15384047.2019.159
8759. 

5. Celec P, Vlková B, Lauková L, Bábíčková J and Boor P. Cell-free 
DNA: the role in pathophysiology and as a biomarker in kidney 
diseases. Expert Reviews in Molecular Medicine 2018; 20: 1–15. 
https://doi.org/10.1017/erm.2017.12. 

6. Streleckiene G, Reid HM, Arnold N, Bauerschlag D, and Fors-
ter M. Quantifying cell-free DNA in urine: Comparison between 
commercial kits, impact of gender and inter-individual variation. 
Biotechniques 2018; 64 (5): 225–230. https://doi.org/10.2144/BTN-
2018-0003/ASSET/IMAGES/LARGE/FIGURE2.JPEG. 

7. Lee H, Park C, Na W, Park KH, and Shin S. Precision cell-free 
DNA extraction for liquid biopsy by integrated microfluidics. NPJ 
Precision Oncology 2020; 4 (1). https://doi.org/10.1038/s41698-
019-0107-0. 

8. Sigdel T, Archilla F, Constantin T, Prins S, Liberto J et al. Opti-
mizing Detection of Kidney Transplant Injury by Assessment of 
Donor-Derived Cell-Free DNA via Massively Multiplex PCR. Jour-
nal of Clinical Medicine 2018; 8 (1): 19. https://doi.org/10.3390/
jcm8010019. 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY162

9. Dengu F. Next-generation sequencing methods to detect do-
nor-derived cell-free DNA after transplantation. Transplan-
tation Reviews 2020; 34 (3): 100542. https://doi.org/10.1016/j.
trre.2020.100542. 

10. Richmond ME, Zangwill S, Kindel S, Deshpande S, Schroder 
J et al. Donor fraction cell-free DNA and rejection in adult 
and pediatric heart transplantation. Journal of Heart and Lung 
Transplantation 2020; 39 (5): 454–463. https://doi.org/10.1016/j.
healun.2019.11.015. 

11. Khush KK, Patel J, Pinney S, Kao A, Alharethi R. et al. Noninvasive 
detection of graft injury after heart transplant using donor-de-
rived cell-free DNA: A prospective multicenter study. American 
Journal of Transplantation 2019; 19 (10): 2889–2899. https://doi.
org/10.1111/ajt.15339. 

12. Agbor-Enoh S, Wang Y, Tunc I, Jang M, Davis A. et al. Donor-de-
rived cell-free DNA predicts allograft failure and mortality after 
lung transplantation. EBioMedicine 2019; 40: 541–553. https://doi.
org/10.1016/j.ebiom.2018.12.029. 

13. Bansal S, Fleming T, and Mohanakumar T. The detection of do-
nor-derived cell-free DNA may serve as a biomarker for the 
early detection of chronic lung allograft dysfunction. EBioMe-
dicine 2019; 40: 13–14. https://doi.org/10.1016/j.ebiom.2019.01.044. 

14. Schütz E, Fischer A, Beck J, Harden M, Koch M. et al. Graft-de-
rived cell-free DNA, a noninvasive early rejection and graft 
damage marker in liver transplantation: A prospective, observa-
tional, multicenter cohort study. PLoS Medicine 2017; 14 (4): 1–19. 
https://doi.org/10.1371/journal.pmed.1002286. 

15. Krenzien F, Katou S, Papa A, Sinn B, Benzing C et al. Inc-
reased Cell-Free DNA Plasma Concentration Following Liver 
Transplantation Is Linked to Portal Hepatitis and Inferior Survi-
val. Journal of Clinical Medicine 2020; 9 (5): 1543. doi: https://doi.
org/10.3390/jcm9051543. 

16. Seeto RK, Fleming JN, Dholakia S, and Dale BL. Understanding 
and using AlloSure donor derived cell-free DNA. Biophysical 
Reviews 2020; 12 (4): 917–924. doi: https://doi.org/10.1007/s12551-
020-00713-5. 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

163

17. Oellerich M, Shipkova M, Asendorf T, Walson P, Schauerte V. et 
al. Absolute quantification of donor-derived cell-free DNA as 
a marker of rejection and graft injury in kidney transplantation: 
Results from a prospective observational study. American Jour-
nal of Transplantation 2019; 19 (11): 3087–3099. doi: https://doi.
org/10.1111/ajt.15416. 

18. Garg N, Hidalgo L, Aziz F, Parajuli S, Mohamed M. et al. Use of 
Donor-Derived Cell-Free DNA for Assessment of Allograft Injury 
in Kidney Transplant Recipients During the Time of the Corona-
virus Disease 2019 Pandemic. Transplant Proceedings 2020; (4): 
1–4. doi: https://doi.org/10.1016/j.transproceed.2020.07.013. 

19. Jordan SC, Bunnapradist S, Bromberg J, Langone A, Hiller D. et 
al. Donor-derived cell-free DNA identifies antibody-mediated 
rejection in donor specific antibody positive kidney transplant 
recipients. Transplantation Direct 2018; 4 (9): 1–5. doi: https://doi.
org/10.1097/TXD.0000000000000821. 

20. Beck J, Oellerich M, Schulz U, Schauerte V, Reinhard L. et al. Do-
nor-Derived Cell-Free DNA is a Novel Universal Biomarker for 
Allograft Rejection in Solid Organ Transplantation. Transplan-
tation Proceedings 2015; 47 (8): 2400–2403. doi: https://doi.or-
g/10.1016/j.transproceed.2015.08.035.

 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY164



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

165

EXOSOME IN ORGAN TRANSPLANTATION

Tülay KILICASLAN AYNA1,2,3

1Medical Biology Department, 
İzmir Katip Çelebi University Faculty of Medicine, Izmir, Turkey

2Cell, Tissue, Organ Transplantation Application and Research 
Center, University of İzmir Katip Çelebi, Izmir, Turkey

3Izmir Tepecik Training and Research Hospital Tissue Typing 
Laboratory, Izmir, Turkey

9.1 INTRODUCTION 

Extracellular vesicles (EVs) are characterized as memb-
ranous structures that are secreted during various stages of 
cellular development in the majority of cells. The vesicles are 
enclosed by a phospholipid bilayer that has a composition 
highly comparable to that of the originating cell. EVs possess 
a diverse array of chemicals, encompassing proteins (such as 
cytokines, receptors, or their ligands), nucleic acids (including 
DNA, mRNA, and miRNA), and lipids. The inside space of EVs 
provides a favorable milieu for the presence and function of 
biologically active molecules [1]. Indeed, the initial documen-
tation regarding EVs may be traced back to the 1960s. The 
release of EVs with a size of 100 nm from chondrocytes was 
determined by Bonucci and Anderson. During the same time 
period, Wolf made the determination that platelets release 
minute EVs, which he referred to as “platelet dust.” Trams and 
his colleagues made the discovery of exosomes derived from 
the prostate/epididymis in seminal fluid throughout the 1980s. 
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The study discovered that these vesicles serve the purpose 
of facilitating not only the maturation of sperm, but also the 
conveyance of proteins and lipids obtained from the prostate 
to the sperm membrane [2].

The natural nanoparticles, initially recognized for the-
ir ability to eliminate undesirable substances from cells and 
sometimes referred to as detritus, have currently garnered 
significant interest as a noteworthy physiological or patho-
logical substance. Regrettably, the aforementioned depiction 
of debris implies that all particles of this nature are indicative 
of cellular waste. Over an extended period, this organization 
discouraged researchers from conducting thorough investiga-
tions into extracellular particles, so impeding the exploration 
of both EVs and non-EV nanoparticles. The historical course 
of study pertaining to EVs serves as an illustrative instance 
wherein the utilization of a singular phrase has impeded the 
progress of an entire scientific domain. At now, the exoso-
me is the most extensively studied category of EVs involved 
in intercellular communication. The exosome exhibits distinct 
biophysical and biochemical properties that lend themselves 
well to regular laboratory investigation [3].

9.2 EXTRACELLULAR VESICLE TYPES

In the context of an undetermined EV population, it is 
frequently observed that alternative terminologies such as 
“exosomes,” “microvesicles (MVs),” and “microparticles” are 
employed in place of the term EV. EVs are primarily catego-
rized into three distinct groups based on their size, biological 
characteristics, and creation mechanism. These groups inclu-
de exosomes, microvesicles, and apoptotic bodies. Cytokines 
possess the ability to be secreted by a wide range of cells, 
and can subsequently be transmitted to recipient cells throu-
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gh intercellular contact. Furthermore, these molecules exhibit 
diverse biological capabilities. EVs are small vesicles enclosed 
by a membrane that facilitate the transportation of vital bi-
omolecules across cellular boundaries, hence contributing to 
the maintenance of physiological homeostasis. EVs have the 
ability to exert their effects by being taken up by target cells 
and subsequently releasing their cargo within the cytoplasm. 
Alternatively, EVs can also engage in interactions with re-
ceptors expressed on target cells through membrane-bound 
ligands, thereby initiating downstream intracellular pathways. 
They have the capability to be secreted by a wide range of 
cellular types and subsequently transferred to recipient cells 
through intercellular communication mechanisms. These enti-
ties possess the ability to be transferred from one context to 
another and exhibit a diverse range of biological functiona-
lities. It is not inaccurate to assert that the transfer of these 
vesicles also alters the destiny of the recipient cell. Biogene-
sis theory categorizes EVs into two distinct classifications for 
examination. The entities under discussion are ectosomes and 
exosomes. Ectosomes are vesicles that are generated by the 
process of plasma membrane budding. Exosomes are deri-
ved from endosomes. The removal of substances from cellu-
lar compartments occurs through the process of exocytosis, 
specifically involving the discharge of multivesicular bodies 
that contain many vesicles. Empirical evidence indicates that 
membrane structures, such as the endoplasmic reticulum and 
nuclear membrane, actively engage in the processes associa-
ted with endomembranes. Ectosomes, also known by various 
other terms such as apoptotic bodies, microvesicles, big on-
cosomes, migrasomes, and ciliary ectosomes, exhibit distinct 
subtypes of exosomes based on their biogenesis characte-
ristics. These subtypes include small EVs, amphysomes, and 
autophagosomes [4]. The establishment of the International 
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Extracellular Vesicles Association (IESV) in 2011 was promp-
ted by the increasing prominence of membrane structures 
discharged from cells across various scientific disciplines. The 
primary objective of the association is to offer reliable and 
consistent guidelines pertaining to vesicles. The International 
Society for Extracellular Vesicles (ISEV) has established a set 
of criteria pertaining to the separation, characterisation, and 
approval of EVs [5]. In accordance with the guidelines set forth 
by this organization, EVs are categorized into three distinct 
classifications. These are:

i. Apoptotic bodies 

ii. Microvesicles

iii. Exosomes

Apoptotic bodies are molecular entities that manifest du-
ring the process of programmed cell death. The process of 
enveloping cellular contents with a membrane and executing 
phagocytosis while minimizing harm to neighboring cells and 
tissues holds significant importance. The process of its forma-
tion occurs through the budding of the cell membrane. The 
sizes of the particles exhibit a range spanning from 50 to 
5000 nm. The identification of this category of electric vehic-
les can be accomplished through the detection of DNA and 
histones [6]. 

MVs, similar to apoptotic bodies, are extruded from the 
plasma membrane through a process of direct outward bud-
ding of the plasma membrane [7,8]. The dimensions of MVs 
range from 100 to 1000 nanometers, as reported in previous 
studies [6,7]. Vesicles with a more diverse content are formed 
through the selective integration of proteins, nucleic acids, 
and lipids, and subsequently released into the extracellular 
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environment. The expression levels of these markers are in-
dicative of the traits exhibited by the parental cells [9,10]. In 
contrast to exosomes, the absence of a particular marker 
distinguishes MVs.

The release of exosomes has been observed to occur 
when multivesicular bodies fuse with the plasma membrane. 
These entities are tiny vesicles that exhibit a diameter span-
ning from 40 to 100 nanometers, along with a density falling 
within the range of 1.13 to 1.19 grams per cubic centimeter 
[11,12]. Specific markers showing their endocytic origin can be 
used to identify them, including ALG-2 interacting protein X 
(Alix), tumor susceptibility gene 101 (TSG101), and tetraspanins. 
However, a combination of these markers is now favored for 
identification purposes [13].

To enhance comprehension of the dimensions of EVs, a 
comparative analogy is employed, wherein apoptotic bodies 
are equated to platelets, MVs to bacteria, and exosomes 
to viruses. These molecules can be differentiated based on 
their source, size, and composition (Table 1). Exosomes are 
commonly included in research investigations owing to their 
inherent capacity for characterization. The characterization 
of exosomes is significantly influenced by the presence of 
surface molecules belonging to the tetraspanin group, namely 
CD9, CD63, and CD81, which are located on the exosomal 
membranes. Simultaneously, these surface molecules also fulfill 
a function in the process of binding and merging exoso-
mes with the recipient cell [14]. To enhance comprehension of 
the dimensions of EVs, a comparative analogy is employed, 
wherein apoptotic bodies are equated to platelets, MVs to 
bacteria, and exosomes to viruses. These molecules can be 
differentiated based on their source, size, and composition 
(Table 1). Exosomes are commonly included in research inves-
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tigations owing to their inherent capacity for characterization. 
The characterization of exosomes is significantly influenced by 
the presence of surface molecules belonging to the tetraspa-
nin group, namely CD9, CD63, and CD81, which are located 
on the exosomal membranes. Simultaneously, these surface 
molecules also fulfill a function in the process of binding and 
merging exosomes with the recipient cell [15]. 

Table 1: Traits of main extracellular vesicles
Trait Apoptotic Bodies Microvesicle Exosome
Size 1–5 μm 100–1000 nm 30–100 nm

Origin

Cellular debris, 
plasma membrane 
blebbing during 
cell apoptosis

Direct outward 
budding or blebbing 

from the plasma 
membrane

Multivesicular 
bodies fusion 
with plasmatic 
membrane

Morphology Heterogeneous Heterogeneous Cup-shaped
Density 1.16–1.28 g/mL 1.25–1.30 g/mL 1.13–1.19 g/mL

Formation 
mechanisms

Budding from 
plasma membrane

Budding from 
plasma membrane

Exocytosis of 
multivesicular 

body

Markers

Membrane per-
meable 

(PI positive)
Annexin V, DNA, 

histones

Membrane imper-
meable 

(PI negative)
integrin, selectin, 

flotillin-2

Membrane ,
impermeable 
(PI negative)
CD63, TSG101, 
Alix, flottilin

Contents

Cytosolic content 
(protein, RNAs, 

fragmented DNA) 
and cellular 
organelles

Protein, lipid, differ-
ent RNA species, 

and DNA

Protein, lipid, 
different RNA 
species, and 

DNA

Pathways Apoptosis-related 
pathways Ca2+-dependent ESCRT-

dependent

Mechanism 
of 
release

Rho-associated 
kinase I and 

myosin ATPase 
activity

Relocation of 
phospholipids to the 
outer membrane, 

cytoskeleton 
rearrangements, 
generation of 
membrane 

curvature, and 
vesicle release

Constitutive or 
inducible, 

depending on 
the cell type of 

origin
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Timing of 
release - A few tenths of a 

second
Ten minutes or 

more

Lipids
Characterized by 
phosphatidylserine 

externalization

The lipid contents 
are primarily de-
rived from plasma 
membrane, and re-
semble the parental 
cells (without BMP)

A major sorting 
of lipidic mole-
cules from the 
parental cells 
(include BMP)

Determinant 
of 
controlled 
contents

The cellular origin 
and stimuli

No direct correla-
tion

The cellular origin 
and physiological 
state of the cell

Size deter-
mination 
and quanti-
fication

- - Dynamic light 
scattering

Isolation 
methods

Ultracentrifugation 
(10,000–20,000×g)

No standardized 
methods

Ultracentrifuga-
tion (100,000–
200,000×g) 

filtration, density 
gradient Immu-
noprecipitation, 
Immune affinity 
capture and Ex-
oQuick precipita-

tion methods

Detection 
methods

Flow cytometry, 
electron micros-

copy

Flow cytometry, 
electron microscopy

Electron micros-
copy, Western 

blot for exosome 
enriched markers

Composition

Cell organelles, 
proteins, nuclear 
fractions, coding 
RNA, noncoding 

RNA, DNA

Protein, lipids, cell 
organelles, coding 
RNA, noncoding 

RNA, DNA

Protein, lipids, 
coding RNA, 

noncoding RNA, 
DNA

ESCRT: Endosomal Sorting Complexes Required for Transport, BMP: bone 
morphogenetic protein, PI: propidium iodide, DNA: Deoxyribonucleic acid, 
RNA: Ribonucleic acid, Ca: Calcium, ATP: Adenosine Triphosphate, CD63: 
Cluster of differentiation 63, TSG101: Tumor susceptibility gene 101, Rho: Ras 
homology family
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9.3 EXTRACELLULAR VESICLE AND TRANSPLANTATION 

It is evident that there has been a notable surge in the 
examination of EVs inside the realm of transplantation, par-
ticularly following the year 2016. A query conducted on the 
Web of Science database utilizing the keywords “extracellular 
vesicle” and “transplantation” resulted in the identification of 
676 scholarly articles published over the past five years. In 
contrast, a mere 43 publications were found from the period 
spanning 1991 to 2014 [16]. Human leukocyte antigens (HLA) 
are the primary molecules responsible for acute or chronic 
rejection in solid organ transplantations. The recognition of a 
transplanted allograft by the immune system can be catego-
rized into three distinct mechanisms. One of the mechanisms 
involved in the recognition of donor cells by recipient T cells 
is the direct route, also known as direct recognition. In this 
particular process, the prominence is given to the involve-
ment of donor antigen-presenting cells (APC), with a specific 
emphasis on dendritic cells (DC). Donor DCs, commonly re-
ferred to as passenger leukocytes, migrate to the recipient’s 
secondary organs, such as lymph nodes or spleen, through 
the circulatory system and lymphatic vessels. Once in these 
tissues, they undergo allorecognition. The phenomenon of di-
rect recognition involves the prominent manifestation of ge-
netic disparities in the HLAs between the recipient and the 
donor. The initiation of an immune response occurs when 
recipient T cells notice the disparity between the donor and 
recipient HLAs, or the peptides given alongside the donor 
HLAs. Indirect recognition, the second mode of recognition, 
involves immune activation that is predicated upon the tradi-
tional principle of antigen presentation. The system operates 
by a similar method as that of a cell infected with a bacteri-
um, wherein it processes antigens and subsequently presents 
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foreign peptides to host APCs and T cells. In this context, the 
recipient’s APC uptake and process injured cells or subcellu-
lar molecules caused by ischemia reperfusion injury of donor 
cells or a pathological process associated with the allograft. 
These processed entities are subsequently presented to the 
recipient’s T cells. Although researchers have been aware of 
these two types of identification for a considerable period, 
it has become apparent in the past decade that the reci-
pient T cells recognize the allograft by a distinct process. The 
phenomenon known as semi-direct recognition refers to the 
initiation of an immune response by the transfer of Human 
Leukocyte Antigens (HLAs) from donor cells to the surfaces 
of recipient cells [17]. The process of transmission takes place 
via three different methods. The topics of interest include tro-
gocytosis, tunneling nanotubes, and exosomes. Trogocytosis 
refers to the reciprocal exchange of molecules between ad-
jacent cells through direct membrane contact. The phenome-
non under consideration was initially documented in 1970 as 
an integral component of the mechanism via which parasites 
invade and eliminate host cells. In the year 2002, the term 
“trogo” was assigned to denote the process of transferring 
membrane fragments carrying proteins that are bound to the 
membrane, drawing inspiration from the ancient Greek word 
“trogo,” which translates to “to gnaw”[18]. Tunnelling nanotubes 
are elongated and slender extensions that develop between 
adjacent cells.   Lateral diffusion facilitates the passage of 
membrane proteins and lipids between cells.   The discovery 
of these structures took place in 2004[19].  Exosomes facilitate 
the transport of both membrane molecules and cell content 
between cells [20].   As previously stated, research on HLA and 
EVs, which have a crucial impact on solid organ transplanta-
tions, commenced in the 1970s. The initial documentation of 
this phenomenon was made in 1974 by Frelinger et al. They 
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determined that Major Histocompatibility Complex (MHC) 
molecules were transmitted between leukocytes[21,22]. In 2006, 
Brian Dolan and his colleagues discovered that peptide-M-
HC complexes persisted in APCs for a duration of 2 days 
following translocation[23].   This offers abundant potential for 
T cell stimulation. DCs that obtain allogeneic MHC proteins 
through direct cell-cell interaction have been demonstrated 
to stimulate alloreactive T lymphocytes both in laboratory 
settings and in living organisms through indirect recognition 
[21].   In a study conducted in 2013, Lesly Smith and colleagu-
es showed that in mice with transplanted skin, recipient DCs 
continue to acquire MHC-class I for a minimum of one month 
after transplantation. This acquisition is believed to be the 
primary source of the major alloantigen that triggers CD8+ 
cytotoxic T cell responses[24]. These investigations illustrate that 
CD4+ T cells, when indirectly activated, support the direct ac-
tivation of CD8+ T cells. Additionally, they reveal a semidirect 
recognition model. Two investigations conducted in 2016 un-
veiled the significance of EVs in the context of transplantation.   
One of these is a research conducted on animals by Marino 
et al. This study revealed that donor DCs had a delayed 
migration to the lymph nodes following skin transplantation. 
Nevertheless, two days following transplantation, a significant 
number of recipient APCs were shown to transport vesicles 
containing donor MHC class I and II molecules to the lymph 
nodes. The process of transferring membrane proteins from a 
donor cell to recipient APCs is referred to as “cross dressing”. 
This cohort of mice underwent cardiac transplantation, and 
in this instance, researchers examined the trafficking of donor 
DCs traveling to the spleen. The study found that just a small 
quantity of donor DC migrated to the spleen. Quantitative 
data is provided regarding the cells in the study. Among the 
1x106 cells present in the spleen, 100 were identified as donor 
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DC.  Out of the total of 1x106 cells, 90.000 were identified as 
having the donor MHC and cross-dressing recipient APC [25]. 

In 2016, Lui and Morelli conducted research in the area of 
heart transplantation and obtained comparable outcomes to 
the other team. Although the donor dendritic cells (DCs) mig-
rated to the lymph nodes in limited quantities, it was obser-
ved that the recipient DCs, which were covered with proteins 
from the donor, were there in large numbers. It was revealed 
that the vesicles participating in this transport have exosome 
properties [26].

The preceding studies elucidate the reasons behind the 
increase in research on EVs in the transplantation field, par-
ticularly highlighting the prominence of exosomes in immuno-
logical responses during transplantation. An essential concern 
in this context is the cellular phenotype responsible for the 
secretion of EVs. The secretion of EVs from this cell has the 
potential to alter the destiny of the target cell and thus impa-
ct the individual. DCs are becoming increasingly significant in 
transplantation because of their involvement in the identifica-
tion of foreign tissues and the subsequent immune responses. 
The process of development in allorecognition dendritic cells 
is very significant. Exosomes generated by mature dendritic 
cells are believed to stimulate the Th1 arm of the immuno-
logical response, leading to the destruction of the allograft 
by T cell cytotoxicity. Nevertheless, the release of exosomes 
from immature DCs induces Th2 activation, leading to a rela-
tively benign immunological response that advances at a little 
slower pace [27]. Although MHC molecules transported by EVs 
play a crucial role in triggering the immune response during 
allorecognition, it is worth noting that other membrane mole-
cules and cargo conveyed via these vesicles also hold signi-
ficant importance. The cargo comprises a diverse assortment 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY176

of biomolecules, including mRNA, micro RNA, long noncoding 
RNA, proteins, and other substances. Transplantation and ot-
her illnesses differ in terms of EVs. In transplantation-related 
illnesses, extracellular vesicles originate from two persons with 
distinct genetic backgrounds, but in other cases, only vesicles 
released from the patient’s own cells are present. Hence, the 
specific cell type responsible for delivering and targeting EVs 
after transplantation holds significant significance.

In the context of organ transplantation, recipient immune 
system cells release EVs, whereas donor DCs go directly to 
secondary lymphoid organs to contribute to the immunologi-
cal response. Additionally, allograft cells also secrete EVs. 
Typically, it is believed that MHC molecules present in the 
membrane of EVs from the donor are transported to the 
membrane of recipient APCs, leading to a process known as 
semi-direct recognition. Nevertheless, it is also recognized that 
EVs released mostly by immature donor APCs are taken up 
by recipient APCs and subsequently stimulate recipient T cells 
in an indirect manner. Hence, EVs from donors play a crucial 
role in both direct and indirect recognition [27]. Thus far, we 
have consistently assessed the impact of EVs in transplantati-
on solely from the perspective of donor EVs. However, in the 
context of transplantation, the presence of cells from two dis-
tinct sources introduces the recipient’s immune system into the 
equation, leading to immunological activation. In this context, 
the release of EVs from the recipient cells and the recipient’s 
immunological condition assume significant importance. Cells 
involved in tolerance, particularly regulatory T cells and re-
gulatory immunocytes, are of particular interest. The surface 
of the cells released by regulatory T cells contains a CD73 
receptor. Upon entering the target cell through EVs, this mo-
lecule undergoes a conversion from adenosine triphosphate 
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(ATP) to cyclic adenosine monophosphate (cAMP) adenine 
within the cell. This inhibits the activation of immunological 
molecules, guarantees the activation of immune system inhibi-
tors, and triggers tolerance mechanisms. Allo-MHC molecules 
or the antigenic peptides presented with these molecules are 
insufficient to initiate immunological responses during the de-
velopment of adaptive immune responses. The interaction of 
costimulatory molecules between the two cells is essential. The 
immune response can be altered by the transport of coinhibi-
tory molecules, such as CTLA4 and PD1L, through EVs. Once 
transmitted to the target cell, the miRNAs found in Tregs, 
which are molecules involved in gene expression regulation, 
as well as the cytokines they carry, have the ability to alter 
the direction of the immune response. In addition, regulatory 
complement proteins such as CD46 and CD55 play a crucial 
role in redirecting reactions towards tolerance [28]. 

Clinicians in transplantation and other disease pathologies 
have a significant need for a biomarker that is user-friendly 
and safe for patients. This biomarker should enable accurate 
illness diagnosis and provide precise information on the sta-
ge of the disease. The search for biomarkers in solid organ 
transplantation continues in order to monitor the allograft 
pre- and post-transplantation. Cell-free DNA, molecular mic-
roscopy, transplant-related mRNA expressions, miRNA rese-
arch, non-HLA antibody and protein research are ongoing in 
blood, urine, and other materials for this specific objective [29]. 

9.4 INVESTIGATION OF EXTRACELLULAR VESICLES IN 
BIOLOGIC MATERIALS

Exosomes have the ability to penetrate several bodily 
fluids, including blood, urine, saliva, bronchoalveolar fluid, and 
milk. Moreover, they exhibit remarkable stability within these 
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fluids. From this standpoint, it appears appropriate as a bio-
marker. However, the limitation lies in the fact that EVs, parti-
cularly exosomes, can be utilized in these investigations owing 
to their characterizability. Due to their small size, exosomes 
represent a challenge in differentiating them from other mo-
lecules present in physiological fluids. To isolate vesicles, an 
ultracentrifuge is necessary, with long-term centrifuges opera-
ting at speeds above about 100.000 g. This approach is highly 
recommended in exosome research. The excessive cost of 
ultracentrifuges and the practical challenges associated with 
accessing ultracentrifuge-equipped facilities significantly cons-
train scientific study. Exosome isolation can also be achieved 
by utilizing magnetic beads that are coated with exosome 
surface molecules like CD9, CD63, CD81, or nonaparticles 
that are coated with monoclonal antibodies [16]. Once exoso-
mes are separated, one can analyze the content of surface 
receptor proteins, tissue-specific proteins, mRNA, miRNA, or 
proteins that are specifically relevant to solid organ donation. 
The research on EVs in the field of transplantation most-
ly focuses on the periods following lung, heart, and kidney 
transplants. Table 2 summarizes research conducted on heart, 
lung, kidney, and liver transplants using exosomes (Table 2) 
[30].
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Table 2. The results of pre-clinical research investigating the potential 
of exosomes as a biomarker for different clinical disorders in solid 
organ or tissue transplantation
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‐‐
‐‐

‐‐
‐‐

‐‐ ‐‐

AR acute rejection, ABMR antibody mediated rejection, BAL broncho-al-
veolar lavage, BKV BK virus, BOS bronchiolitis obliterans syndrome, CAV 
coronary artery vasculopathy, DGF delayed graft function, DSA donor 
specific antibodies, ESKD end-stage kidney disease, HTx heart transplant, 
IF/TA interstitial fibrosis and tubular atrophy, ITx islet transplantation, KTx 
kidney transplant, KPTx kidney/pancreas transplant, LC-MS/MS liquid chro-
matography−tandem mass spectrometry, LTx lung transplant, MHC major 
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histocompatibility complex, nano-UPLC-MS/MS nano-ultra performance 
liquid chromatography-tandem mass spectrometry, OLTx orthotopic liver 
transplantation, PGD primary graft dysfunction, Rs recipients, RVI respi-
ratory viral infection, Sags selfantigens, TCMR T-cell mediated rejection, 
TG transplant glomerulopathy, TCMAR T-cell mediated acute rejection, wo 
without. This table was modified from [30].

9.5 CONCLUSION

Both physiological and pathological events in cells are the 
result of cellular communication. For many years, the scientific 
world thought that communication between cells occurred 
through cell-to-cell contact or by taking molecules secreted 
from the donor cell into the target cell. However, the disco-
very of EVs in recent years has brought a new perspective 
to scientists. Today, it is thought that the membrane and 
cytoplasmic contents of EVs can change the fate of the tar-
get cell. Additionally, these vesicles can be used to transport 
engineering materials. Studies on EVs will continue to increase 
in the future.
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10.1 INTRODUCTION

The Wnt signaling system is a signaling pathway that is 
conserved throughout evolution and has a role in both de-
velopment and disease-related activities. It is involved in bi-
ological processes such as embryogenesis, organogenesis, 
regeneration, immune cell regulation and stem cell develop-
ment [1]. However, abnormal regulation of the pathway causes 
an inappropriately activated cell growth process, leading to 
various diseases and cancer [2]. The incorrect regulation of 
Wnt signaling in disease and cancer processes is exceedingly 
complex and remains poorly understood, despite the fact 
that the primary components of the Wnt pathway have been 
exhaustively characterized. Wnt genes consist of an extensi-
ve protein ligand family that engage in interactions with nu-
merous plasma membrane receptors and co-receptors. These 
interconnections, which involve ten Frizzled (Fzd) receptors 
and nineteen Wnt ligands that bind to an extensive number 
of co-receptors in mammals, represent a highly intricate as-
sociation among external ligands and the receptors on the 
cell surface [3].
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The Wnt signaling pathway is classified into noncanonical 
and canonical pathways. The two non-canonical Wnt routes 
are Wnt/PCP (planar cell polarity) and Wnt/Ca2+ pathways. 
The Wnt/β-catenin pathway is called canonical Wnt pathway 
(Figure 1) [1]. Wnt signaling pathways are modulated by many 
modulators responsible for regulating ligand-receptor inte-
ractions outside the cell or the cytosolic or nuclear compo-
nents of the pathway within the cell [4]. The Wnt signaling 
pathway is activated by secreted lipid-modified proteins. The 
Wnt signaling cascade initiates with the production of Wnt 
ligand in the cell that releases it. Wnt ligand is produced and 
presented through the action of two transmembrane prote-
ins called Wntless (WLS) and Porcupine (PORCN). PORCN is 
an acyltransferase enzyme that is widely preserved and is 
responsible for adding a palmitoleic acid group to Wnt prote-
ins within the endoplasmic reticulum and is responsible for the 
lipid modification required for Wnt activity [5]. The WLS gene 
is responsible for encoding a transmembrane protein that is 
found in the Golgi apparatus, is reused between the plasma 
membrane and the Golgi apparatus, and is responsible for 
transporting the Wnts that are lipid-modified from the ER to 
the surface of the cell [6].
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Figure 1: Wnt Signaling pathway

10.2 CANONICAL β-CATENIN/WNT SIGNALING 
PATHWAY

In the classical pathway, Wnt signaling is activated when 
Wnt ligand, secreted from a cell, binds to LRP5 or LRP6, 
members of the Fzd family receptor and Low-density lipopro-
tein receptor-related protein family, in the recipient cell. Wnt 
coreceptors are facilitated by LRP5/6, which are found on 
the plasma membrane. Several phosphorylation sites found 
in the intracellular region of LRP5/6 are essential for the 
start of Wnt/β-catenin signaling [1]. Binding of the Wnt ligand 
to the Fzd receptor, and its coreceptor LRP5/6 leads to 
phosphorylation and endocytosis of LRP5/6, recruitment of 
Disheveled (Dvl) present in the cytoplasm to the membrane, 
and subsequent molecular changes such as oligomerization 
of Dvl. Activated Dvl causes the interaction of Fzd and LRP6 
and promotes the phosphorylation of LRP6. In addition to 
binding to Fzd, Dvl’s DEP domain also modifies its conforma-
tion, which activates the Wnt/Fzd signalosome and permits 
dimerization. Furthermore, GSK-3β and AXIN are accumula-
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ted on the plasma membrane by activated Dvl, which inhibits 
their activities [1,7]. The modifications result in the formation of 
the Wnt signalosome, where the breakdown complex binds 
with receptors and Dvl. Following that, Dvl1 is enlisted, resul-
ting in the phosphorylation of GSK3β rather than β-catenin, 
leading to the disassociation of the destruction complex inclu-
ding APC, β-catenin, CK1α, AXIN, and GSK3β. Thus, β-catenin 
is unable to be transported to the proteasome for destruction 
and builds up in the cytoplasm and moves to the nucleus at 
the same time. β-catenin enters the nucleus and interacts with 
TCF/LEF, as well as co-activators such as BCL9, CBP, PYGO, 
and P300 to activate the expression of genes targeted by 
Wnt [8].

When the Wnt signaling is absent, the pathway is main-
tained in an inactive state. β-catenin undergoes progressive 
phosphorylation, starting with CK1α phosphorylating residue 
S45, followed by GSK3β phosphorylating residues c. The pro-
teins APC and AXIN that combine with kinases to create the 
β-catenin destruction complex are necessary for this type 
of phosphorylation. Because it has interaction sites for other 
parts of DC, such as the RGS domain ( N-terminal side) and 
the DIX domain (C-terminal side), AXIN is able to interact 
with the APC protein (9). β-catenin is phosphorylated by AXIN-
bound GSK3β with the aid of CK1α and APC. Receptor comp-
lexes are created when the Wnt ligand joins forces with LRP/
Fzd, and DVL binds to AXIN and Fzd molecules on the cell 
membrane. GSK3β and CK1α-mediated phosphorylation of 
β-catenin undergoes proteasomal degradation via Skp1- Cul-
lin-F box (SCF) E3 ubiquitin ligases and beta transducing-re-
peat containing protein (β-TrCP) [1,10].
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10.3 NON-CANONICAL WNT SIGNALING PATHWAY

The non-canonical PCP pathway, which acts independent-
ly of β-catenin, plays a role invertebrate development and 
regulates coordinated, properly polarized cellular behavior in 
cells. Non-canonical Wnt ligands engage in interactions with 
the PCP pathway’s receptor Fzd and co-receptors, which inc-
lude receptor tyrosine kinase-like orphan receptor (ROR)/pro-
tein tyrosine kinase 7 (PTK7)/ receptor tyrosine kinase-asso-
ciated tyrosine kinase (RYK). Rho/Rho Associated Coiled Coil 
Kinase, mitogen-activated protein kinase (MAPK),  and c-Jun 
N-terminal kinase (JNK) are all activated as a result of these 
interactions, which also regulate the small GTPase molecules 
Rac, Cdc42, and Rho [11]. The primary phenotype linked to the 
activation of the PCP pathway are alterations in cell motility 
and polarization, as RhoA and Rac1 help regulate cytoskeletal 
dynamics. It has been demonstrated that WNT mediated JNK 
activation can be regulated by the PCP pathway via RAC1 [12].

In the Wnt/Ca2+ pathway, through the attachment of Wnt 
molecule to Fzd and the interaction of Fzd and G proteins, 
raises intracellular Ca2+. Nuclear factor of activated T cells 
(NFAT), calcium/calmodulin-dependent protein kinase type II 
(CaMKII), and  protein kinase C (PKC) are all activated by 
released Ca2+. This route governs the processes of cellular 
locomotion, cellular determination, and cellular translocation. 
The Wnt/Ca2+ pathway is involved in neurodegenerative dise-
ases, infection, dorsal/ventral modeling, gastrulation and car-
diac development, and cancer processes [13,14]. Wnt is an im-
portant signal transduction pathway in both physiological and 
pathological processes. In past few years, interest in the Wnt 
signaling pathway has increased in the field of renal failure 
and transplantation. Below, literature information about the 
significanceof the Wnt pathway in kidney physiology, various 
kidney diseases and its role in kidney transplantation is given.
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10.4 RELATIONSHIP BETWEEN KIDNEY AND WNT 
SIGNALING PATHWAY

Kidneys are the organ responsible for removing toxins 
and metabolic waste from the human body. In addition to 
this basic function, it also play  a crucial role in filtration and 
reabsorption, regulation of water-electrolyte balance, stabili-
zation of blood pressure, erythropoiesis and bone develop-
ment processes. Kidney development in mammals matures 
through the embryonic kidney, pronephros, mesonephros and 
metanephros stages. Many signal transmission pathways play 
an active role in these stages. Of these, the Wnt signaling has 
been shown to have an essential role in various step of kidney 
development, including nephron formation, formation of renal 
tubules, and differentiation of kidney cells [15]. Wnt signaling is 
required for the specification and differentiation of various 
cell types in the nephron, including podocytes, distal tubule 
cells and proximal tubule cells. [16]. For example, Wnt11, Wnt9b, 
Wnt7b, Wnt6, Wnt5b, Wnt4, and Wnt2b have been shown to 
be expressed during kidney ontogenesis. While Wnt11, Wnt9b, 
Wnt7b, and Wnt6 expression have been detected the branc-
hing ureteric bud in the early stages of organogenesis, Wnt4 
and Wnt2b play a role in kidney mesenchymal cells [15].

When kidneys undergo ischemic or toxic damage, they 
create a natural response by activating stem/progenitor cells 
for nephron regeneration. The fact that canonical Wnt/β-ca-
tenin signaling is involved in processes such as progenitor 
cell and stem cell differentiation and renewal during kidney 
development and maturation shows that the Wnt signaling is 
a crucial regulator [17].

Wnt/β-catenin signaling, according to the size and dura-
tion of its activation, not only promotes repair/regeneration 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

201

in the kidneys, but also has a role in the process of kidney 
diseases. Wnt/β-catenin signaling causes acute kidney injury, 
proteinuric kidney diseases by taking part in the podocyte da-
mage and oxidative stress process, polycystic kidney diseases 
by triggering cyst growth, kidney fibrosis and chronic kidney 
disease by taking part in the epithelial-mesenchymal transition 
(EMT) process and promoting matrix accumulation[18].

Acute kidney injury (AKI) is the quick loss of kidney func-
tion that can occur as a result of a variety of causes, such 
as dehydration, low blood pressure, infection or drug toxicity. 
AKI can lead to the accumulation of waste products and 
fluid in the body. This condition can cause various symptoms 
and can be life-threatening if left untreated[15]. Wnt/β-cate-
nin signaling has dual roles that also facilitate renal patient 
progression to chronic kidney injury (CKD) after AKI. In the 
case of AKI, the proper activation of Wnt/β-catenin has a 
beneficial effect on the kidneys, resulting in decreased kid-
ney damage and faster restoration of kidney function and 
structure.  This perspective is supported by numerous data 
indicating that the Wnt/β-catenin pathway functions as a sur-
vival signal, safeguarding renal tubular epithelial cells from un-
dergoing apoptosis both in laboratory settings (in vitro) and 
in living organisms (in vivo)[14]. While temporary stimulation of 
Wnt/β-catenin pathway triggers the healing and restoration 
of kidney tissue following injury, prolonged or unregulated 
Wnt/β-catenin signaling causes development of many kidney 
ailments, including cystic kidney diseases, podocyte damage, 
and kidney fibrosis[18]. Podocytes, which are specialized to 
protect the integrity of the kidney’s glomerular filtration bar-
rier, can cause dysfunction, proteinuria and kidney damage. 
It has been shown that inhibition of the Wnt pathway preser-
ves podocyte integrity by regulating the transcription factor 
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Wilms tumor protein and improves proteinuric kidney dise-
ase[19]. In in vivo studies, high levels of mortality, increased 
serum creatinine levels and morphological damage were ob-
served after acute kidney injury in proximal tubule-specific 
β-catenin deficiency[20]. It has been found that when β-catenin 
is activated via Wnt 4 at different intervals after AKI, it impro-
ves kidney damage[21]. The increase in Wnt 4 in the proximal 
tubules after AKI causes an increase in the expression of 
Cyclin A and Cyclin D1, supporting tubular cell proliferation 
and repair[16]. However, in animal models of AKI, it has been 
shown that abnormal activation of the Wnt signaling pathway 
promotes inflammation and damage in kidney tissue, and in-
hibition of abnormal activation has a protective effect against 
kidney damage[18]. Persistent Wnt/β-catenin activation leads 
to the development to chronic kidney disease (CKD), which 
exhibits excessive extracellular matrix deposition and inters-
titial myofibroblast activation. CKD is a long term condition 
that occurs when the kidneys become damaged and can no 
longer function properly. When various forms of CKD were 
examined, it was observed that many Wnt ligands were indu-
ced simultaneously in different kidney cells. In animal models 
of CKD, excessive activation of the Wnt signaling pathway 
has been demonstrated to stimulate inflammation and fibrosis 
in kidney tissue[22]. It has been shown that the expression of 
Dkk1, one of the regulators of the Wnt signaling pathway, is a 
biological biomarker of fibrotic CKD and is also an essential 
factor in the development of fibrosis in kidney[23]. However, 
it is also known that a Wnt antagonist causes reduced re-
nal fibrosis after unilateral ureteral obstruction[24]. It has been 
reported that increased expression of Wnt9a in CKD causes 
renal tubular cell senescence, which stops cell growth and 
causes the cells to lose their epithelial properties[25]. 
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In renal tubules, blocking tubule derived Wnt secretion 
has also been shown to inhibit myofibroblast activation and 
reduce renal fibrosis after injury[26]. Another study found that 
Wnt5A protein, which activates the Wnt signaling pathway, 
was upregulated in human kidney tissues with CKD and that 
inhibiting Wnt5A had a protective effect against renal fibro-
sis[27]. Thus, Wnt/β-catenin signaling is thought to exert a dual 
effect of ameliorating or enhancing kidney damage and 
fibrotic lesions in CKD models.

While the Wnt signaling pathway exerts its effects on the 
kidneys, they work in cooperation with many signaling pat-
hways. For example, the Wnt/β-catenin signaling pathway re-
gulates the expression of matrix metalloproteinase 7 (MMP-7), 
Transient receptor potential Canonical type 6, Snail1, Plasmi-
nogen activator inhibitor-1, Twist, and renin-angiotensin system 
components in epithelial cells, fibroblasts, and macrophages 
to promote renal interstitial fibrosis[28]. Uterine sensitization-re-
lated gene-1 (USAG-1) is a regulator of the standard Wnt 
signaling pathway. It has been found to be extensively exp-
ressed in the kidneys and has been shown to protect renal 
tubules from drug toxicity and ischemia-reperfusion injuries. 
This protective effect is achieved through the regulation of 
Wnt signaling and other related pathways. This finding was 
uncovered in a research study that examined the functions 
of USAG-1[29]. In a different study, a Wnt agonist used after 
ischemic reperfusion injury was shown to reduce inflammation 
and oxidative stress[17].

Functioning as a tumor suppressor in many types of can-
cer, Klotho has a crucial role in regulating mineral metabolism 
and is altered as a result of renal failure. Some of the mec-
hanisms responsible for changes in Klotho levels are related 
to the Wnt signaling pathway. Klotho’s external domain sup-
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presses Wnt signaling by attaching to several Wnt ligands. It 
has been observed that the interaction between Klotho and 
Wnt signaling has a protective role against renal damage, 
CKD, polycystic kidney disease, progression of EMT following 
kidney transplantation, and renal allograft fibrosis[30]. Howe-
ver, it has been shown that Klotho has the ability to inhibit 
Wnt/β-catenin signaling, thus suppressing peritoneal fibrosis[31]. 
In vitro and in vivo studies have reported that in cases where 
Klotho is silenced, it supports the development of EMT and 
chronic allograft dysfunction via Wnt signaling[32].

The Wnt signaling pathway is a prominent mechanism that 
is triggered throughout the process of cell and tissue rege-
neration. Nevertheless, the activation of this pathway must 
be carefully regulated and coordinated with numerous other 
signals, including inflammatory factors and growth factors [33]. 
The impact of stimulation and dysfunction of Wnt pathways 
on T cell responses remains uncertain. T cells are involved in 
adaptive immunological responses mediated by CD8+ and 
CD4+ T cells. It has been shown that the expression of TCF-1 is 
high at the end of overstimulation of Wnt/β-catenin signaling 
in immature memory CD8+T and CD8+T cells, and that the 
expression of TCF-1 decreases when immature CD8 + T cells 
become effector CD8+T cells[34]. Another study demonstrated 
that the activation of conventional Wnt signaling, through the 
use of inhibitors targeting Wnt3a, GSK3β or, β-catenin facili-
tates the formation of CD8+ T cell memory. This is achieved 
by inhibiting the differentiation of CD8+ T cells and inhibiting 
the development of effector T cells[35]. It has been stated that 
TCF-1 and LEF-1 have a role in the transformation of naive 
CD4+T cells into Tfh cells at the early stage of cell differen-
tiation, and that the Wnt/β-catenin signaling pathway has 
crucial roles in the control of CD4+T cell biology. In addition 
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to the affects of the Wnt signaling pathway on T cells, it has 
been suggested that innate inflammatory cells and infiltrated 
T cells may also secrete Wnt proteins that affect the kidney 
tissue[33]. Canonical Wnt signals, generated by dendritic cells 
or antigen-presenting cells (APCs), are believed to have a 
role in several T cell-mediated processes. These signals dire-
ctly influence T cells, stimulating the formation of pro-inflam-
matory Th17 cells while suppressing the growth and activity 
of Treg cells.

10.5 WNT SIGNALING PATHWAY IN TRANSPLANTATION 

Organ transplantation is the process of removing an or-
gan from living bodies or cadavers and transplanting it to a 
recipient to replace a damaged or missing organ. Transplan-
tation is the only chance for survival for people with end-sta-
ge disease. Organs such as heart, lung, kidney, liver, pancreas, 
intestine and stomach can be transplanted [36]. The success of 
organ transplantation depends on whether the body accepts 
the transplanted organ or does not show an immune respon-
se against the transplanted organ. Organ rejection is the most 
important risk observed after transplantation and is classified 
in three ways. Chronic rejection, acute rejection and hypera-
cute rejection. Hyperacute rejection; It is a type of rejection 
that develops shortly after transplantation due to pre-exis-
ting donor-specific antibodies. Acute rejection refers to the 
rejection that takes place within the initial 6 months following 
transplantation, caused by T cells’ adaptive immune respon-
ses. On the other hand, chronic rejection refers to the rejecti-
on that happens after 6 months, resulting from immunological 
mechanisms and various other circumstances [37]. One of the 
reasons for unsuccessful organ transplantation is T cell-medi-
ated immune responses against the graft tissue. The intricate 
mechanism involved in eliciting these reactions involves the 
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control of T cell responses, antigen-presenting cells, cytokines, 
regulatory cells, and major histocompatibility complex mole-
cules (MHC) on donated organs. The Wnt signaling pathway 
is involved in the physiological processes of stem cells and 
the maturation of undeveloped T lymphocytes in the thymus. 
By controlling the ratio of T regulatory 17/ T helper cells and 
influencing the production of memory and effector cytotoxic 
CD8 T cell responses, recent study indicates that the Wnt pat-
hway is vital in regulating T cell immunological responses. The-
re is a hypothesis that Wnt pathways might impact the result 
of the immune response during the transplantation process[33].

Kidney transplantation is the most common type of or-
gan transplantation in the world and in our country, and its 
transplantation success rate is higher than other organs, alt-
hough immunological complications may occur after transplan-
tation. The Wnt signaling pathway is also related with acute 
and chronic rejections mediated by T cell, as it can affect T 
lymphocyte responses. At the same time, the Wnt signaling 
pathway is very essential in terms of regenerating the tissue 
function of the transplanted organ.

Wnt signaling is thought to be involved a role in graft sur-
vival or rejection after kidney transplantation. Their active role 
in kidney development from the embryogenesis stage, dama-
ge repair, and the development of kidney diseases suggests 
that this pathway will be active in the same processes after 
transplantation. Despite the small number of studies conduc-
ted in this field, it has been showed that Wnt signaling have 
a role in the development of fibrosis, a frequent problem 
that can arise following kidney transplantation. Fibrosis is the 
process of scarring in the transplanted kidney that can lead 
to decline in kidney function and eventual transplant failure. 
According to studies, Wnt signaling overstimulation may en-
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courage fibrosis in transplanted kidneys, whereas Wnt signa-
ling inhibition may prevent fibrosis.

Research employing the rat kidney transplant model re-
vealed that TGFβ and Wnt signaling target molecules (Nos2, 
Cd44, FN1, and MMP7) were expressed at higher levels and 
were linked to the advancement of kidney damage deve-
loped. It was also stated that the main players of the Wnt/
Ca2+ signaling pathway (NFAT, Wnt7a, Wnt6, CaMKII, protein 
kinase C (PKC)) changed significantly with the progression 
of chronic injury. The production of collagen I and collagen 
III is linked to the gradual harm and scarring in the kidneys, 
and it is enhanced by the phosphorylation of CaMKII [38,39]. 
The increase observed in the gene expression of chloride 
intracellular channel 1 (Clic1), which serves as a detector of 
oxidative stress in endothelial cells, in samples taken from pa-
tients who underwent kidney transplantation, is regulated by 
Wnt signaling [39]. In kidney transplantation, kidney transplant 
dysfunction occurs as antibody- and T-cell-mediated damage 
to endothelial cells causes microvascular injury (MVI) lesions 
of glomerulitis and peritubular capillaritis. The Wnt signaling 
pathway is associated with microvascular injury and therefore 
plays a role in a successful kidney transplantation process [40]. 
It was shown that the ratio of β-catenin/Foxol to β-catenin/
TCF was positively correlated with EGFR in biopsies taken 
in the early period of kidney transplant patients, and was 
negatively correlated with inflammation, wound healing, and 
fibrosis in biopsies taken one year after transplantation [41]. It 
has also been suggested that increased β-catenin expression 
levels in transplant patients after transplantation may have a 
protective function for kidney survival [42].
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10.6 CONCLUSION

The evolutionarily conserved Wnt signaling system is cru-
cial for the growth, damage repair, and tissue remodeling 
processes of organs. There are data indicating that it plays as 
a protective role in the survival after organ transplantation, 
but its excessive activation is also effective in organ rejection 
processes. This is exciting in terms of modulating Wnt levels, 
regulating the immune response during the transplantation 
process and perhaps help generate desired cell types.
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11.1 INTRODUCTION

Cancer is a complex and heterogeneous disease with 
diverse symptoms, prognosis, and outcomes in each patient. 
Cancer cells can grow and migrate to other regions in the 
body, reduce the extracellular matrix (ECM), and survive in 
the blood and new tissue environments. The treatment mo-
dality for each case is chosen according to cancer type, 
development, and phase. Treatment options include chemo-
therapy, surgery, radiation therapy, and immunotherapy [1].

The body’s defense mechanism, the immune system, can 
recognize and neutralize foreign organisms and molecules, 
hence suppress spontaneous tumor development or progres-
sion. While traditional anticancer therapies directly target the 
tumor cells, the goal of immunotherapy is to identify cancer 
cells and trigger immune cells to fight and destroy tumor 
cells. This allows to treat the different types of cancer with 
the same agent. The success of immunotherapy has led to a 
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more detailed evaluation of cancer. Presently, it is not only 
the cancer cells that are targeted and destroyed, but the 
cancer’s immune environment is also taken into account.

In the United States alone, about 30,000 solid organ 
transplants are done every year. Thanks to the development 
of immunosuppressive therapies, life expectancy and graft 
survival rates of solid organ recipients have been improving 
over the years. Nevertheless, the risk of carcinogenesis is 
significantly high in transplant recipients. Despite mostly pre-
senting at advanced stages, these patients can often respond 
to immunotherapy. As available evidence largely comes from 
individual case reports, case series, or small early-phase trials, 
the safety and efficacy of immunotherapies. In this backdrop, 
this section aims to discuss the data on immune checkpoint 
inhibitors (ICIs) and their future use in solid organ transplan-
tation (SOT) patients.

11.2 CANCER AND THE IMMUNE SYSTEM 

The immune system can recognize what is foreign in the 
organism, record it in its memory, and rapidly respond to this 
foreign antigen at the next encounter. The cells of the immu-
ne system are produced through hematopoiesis and origina-
te from hematopoietic stem cells (HSCs). The lymphoid and 
myeloid cells that form in this process include specialized cells 
related to both adaptive and natural immunity. T, B, and NK 
lymphocytes are formed from lymphoid precursor cells, and 
neutrophil leukocytes, dendritic cells, and macrophages are 
formed from myeloid precursor cells.

11.3 IMMUNOTOLERANCE AND IMMUNOSURVEILLANCE 

Immunotolerance is a state of unresponsiveness of an 
organism to its own antigens in a healthy immune system. It 
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can occur naturally or be externally induced. Immunotoleran-
ce develops in the primary organs, the bone marrow where 
immune cells are formed, and the thymus where the immune 
cells mature, or in the peripheral tissues and the lymph nodes 
where mature T and B lymphocytes reside. If this is disrupted, 
the person’s own immune system attacks their own cells and 
leads to autoimmune diseases, allergies, or organ transplant 
rejection. Immunosurveillance is the immune system’s recogni-
tion and destruction of cancerous or precancerous cells th-
rough specific antigens or molecules with increased synthesis. 
Two other ways in which the immune system prevents cancer 
formation are the elimination of viruses to prevent the deve-
lopment of tumors in which viruses are etiologically involved 
and the elimination of pathogens to shorten the inflammatory 
process that accelerates tumor formation.

11.3.1 Immunoediting

Immunoediting has become the preferred term for broad-
ly defining the immune system’s role in cancer development 
and prevention. This three-phase process is often referred to 
as the “3 Es” of tumor immunology. The phases that make up 
this process are similar to the elimination phase concept of 
immunosurveillance. Equilibrium is a quiescent state of tumor 
cells during which they cannot be destroyed by the immune 
system. Escape is the uncontrolled proliferation and growth of 
the tumor cells that cannot be blocked during the equilibrium 
phase and escape the immune system.

11.3.2 Immune Checkpoint Inhibitors

ICIs have been extensively researched as a class of immu-
notherapy. These receptors are expressed in both peripheral 
tissues and immune cells and have crucial roles in preven-
ting autoimmune reactions by maintaining self-tolerance and 
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modulating immune response. Understanding the relationship 
between immunosurveillance and tumor proliferation is essen-
tial for advancing immunotherapy.

Co-inhibitory molecules such as PD-L1/2 (programmed cell 
death ligand proteins 1/2), LAG-3 (lymphocyte activation gene 
3), and PD-1 (programmed cell death protein 1) are pivotal in 
the regulation of cancer. Cancer cells can evade the immune 
response when the T-cells are suppressed once the T-cells 
bind to the cancerous cells or the APCs (antigen-presen-
ting cells) via PD-1/PD-L1 or PD-L2 association. Monoclonal 
antibodies such as anti-PD-1 antibodies may attach to the 
molecules on T-cells called PD-1and prevent its association 
with PD-L1/2, thus disrupting their interaction and repair their 
suppressive impact on tumors. Other monoclonal antibodies 
such as anti-PD-L1 antibodies achieve a similar outcome; they 
prevent the interaction of PD-1 with the T-cells by attaching to 
PD-L1 on cancerous cells and APCs. ICIs also target the spe-
cific molecules on active and regulatory T cells (Treg) called 
CTLA-4 (cytotoxic T-lymphocyte-associated protein 4, also 
known as CD152). This molecule is one of CD28/B7 immunog-
lobulin superfamily participant. It suppresses the activation of 
T-cell. One MoA of CTLA-4 comes from its higher affinity for 
B7-1 and B7-2 (CD80/86) compared to CD28 on APCs invol-
ved in co-stimulatory signaling. CTLA-4 binds to B7 (CD80/
CD86) on APCs to inhibit T-cell activation. Anti-CTLA-4 anti-
body reactivates the T-cells by inhibiting CTLA-4 from binding 
to B7, and thereby allowing CD28 to bind to B7. A second 
mechanism involves negative signaling which occurs at low 
surface expression levels using the cytoplasmic tail of CTLA-4. 
When LAG-3, produced by Tregs, is inhibited, depleted T-cells 
can regain their effector function and immunity responses. 
Currently, it is often utilized with anti-PD-1 antibodies in clinical 
practice.
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11.3.3 Anti-PD-1 Monoclonal Antibodies

Pembrolizumab: acts by binding to the PD-1 molecules of 
T-cells. It associates with stimulatory molecules, suppressing 
immune cells and thereby the immune system. Blocking both 
stimulatory molecules (PD-L1 and PD-L2) from binding to PD-1 
and helping to restore T-cell response, provides the immune 
system activation. As a monoclonal antibody (mAB), anti-PD-1 
has led to significant gains in survival rates in many cancer 
types. It is effective in lung cancer, malignant melanoma, ly-
mphoma and esophagus, stomach, colon, bladder, kidney, 
cervix, and endometrial cancers. The use of the presence and 
the degree of PD-1 expression as a biomarker is still not fully 
recognized. A first has been achieved in cancer treatment 
with its use in tumors with high microsatellite instability (MSI-H) 
regardless of the organ and the region (tumor agnostic).

Nivolumab: is a PD-1-blocking mAB successfully used in 
several types of cancer, especially in non-small cell lung can-
cers, melanoma, renal cell cancers, head and neck cancers, 
and lymphoma. It is also effective in the treatment of MSI-H 
tumors regardless of anatomical localization.

Dostarlimab: is another PD-1-blocking Mab that binds to 
PD-1 with high affinity. It was recently (2021) approved in the 
European Union and the United States and is successfully 
used to treat endometrial cancers. 

11.3.4 Anti-PDL-1 Monoclonal Antibodies

Atezolizumab: is an mAB used in immunotherapy. It binds 
to PD-L1, a molecule in cancer cells that inhibits the immune 
response. Among others, it is utilized for the advanced small-
cell lung cancer (SCLC) and urothelial cancer therapies. 
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Avelumab: is in IgG1 type and binds to PD-L1 molecules 
on tumor-infiltrating or cancerous cells and thereby blocks 
PD-L1 from interacting with the B7.1 receptors and PD-1 on 
APCs and T-cells. By inhibiting the pathway, it disrupts immu-
ne checkpoint (IC) mechanisms to overcome immune escape 
strategies and amplify the immune response of the T-cell. 
This, in turn, leads to T-cell activation and proliferation. What 
sets Avelumab apart from other PD-L1/PD-1 IC-blocking an-
tibodies is its ability to induce antibody-dependent cellular 
cytotoxicity. This additional feature contributes to its effecti-
veness in combatting cancer. It is indicated for the treatment 
of metastatic urothelial carcinoma, renal cell carcinoma, and 
Merkel cell carcinoma.

Durvalumab: is a human immunoglobulin G1 kappa mAB 
(IgG1k) that hinders PD-L1 from interacting with PD-1. It has 
been approved and shown to have impact on non-small cell 
lung cancer (NSCLC) at stage III and bladder cancer. 

Cemiplimab: is a mAB that binds to PD-1 to block its pat-
hway to PD-L1. The FDA has approved (September 2018) 
cemiplimab for use in locally advanced cSCC or metastatic 
cutaneous squamous cell carcinoma (metastatic cSCC) pa-
tients not suitable for repairing radiation or surgery therapies.

11.3.5 Anti-CTLA-4 Monoclonal Antibodies

Ipilimumab: is the first CTLA-4-targeted drug to be dis-
covered. It was seen to be effective and used in melanoma 
treatment, but presently is not used alone due to its high 
number of side effects and the fact that anti-PD-1 targeted 
drugs are more effective; it is used in combination with other 
immunotherapy drugs.
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Tremelimumab: is a fully human mAB, which by binding 
CTLA-4, nullifies the binding of CTLA-4 to CD80/CD86. It is 
used in mesothelioma and hepatocellular carcinoma but is still 
under investigation for other cancer types.

Studies on other ICs are ongoing. Among these, T-cell 
immunoglobulin (TIM), T-cell immunoglobulin and ITIM domain 
(TIGIT), V-domain immunoglobulin suppressor of T-cell acti-
vation (VISTA), LAG-3, and OX40 stand out as targets with 
positive results.

While in 2011, only 1.5% of cancer patients in the United 
States were suitable for ICIs, by 2022 ICIs were indicated in 
more than 40% of the cancer cases. According to the 2020 
global statistics, the number of new cancer cases was 19.3 
million. Adjusting this rate, it can be estimated that approxi-
mately 7.72 million individuals annually are eligible to derive 
benefits from ICIs, with the potential for ICIs to benefit around 
2.4 million people each year.

11.4 CANCER AND ICI AFTER TRANSPLANTATION

Today, SOT is accepted as a practical and definitive op-
tion in the treatment of patients with organ dysfunction. It 
offers life-saving treatments for diseases that cause signifi-
cant deterioration in the patient’s quality of life (QoL) or for 
those that are considered terminal. Whilst kidney, liver, lung, 
and heart transplantations are the most commonly reported 
SOTs, inflammations, cardiovascular events, and malignancies 
are reported as predominant reason of mortality. Survival 
rates among transplant recipients have advanced, thanks to 
state-of-the-art surgical techniques and immunosuppressants, 
this advancement has led to an increase in the number of pa-
tients developing cancer after transplantation. According to 
the data published by UNOS (The United Network for Organ 
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Sharing) and OPTN (The Organ Procurement and Transplan-
tation Network), the incidence of deaths from post-transplant 
malignancies 5-10 years after transplantation is 21.5% in heart, 
18.7% in liver, and 14.5% in kidney transplant patients. The oc-
currence of malignancies in organ transplantation can vary 
based on factors associated with the donor and recipient, 
including the transplanted organ, pre-existing malignancy in 
the donor or the recipient, and the nature of the immunosup-
pressive therapy such as type, intensity, or duration.

Malignancies after organ transplant are deemed to arise 
via three mechanisms: de novo, transmission from the donor, 
and recurrence of a pre-existing malignancy. Kaposi’s sarco-
mas, non-melanoma skin cancers, anogenital and lung can-
cers, and post-transplant lymphoproliferative disorders are 
considered to increase recently. However, malignant melano-
ma and other malignancies in kidney transplant patients are 
usually linked to the donor. Cholangio- and hepatocellular 
carcinomas have a predilection for liver transplant recipients. 
The development of these malignancies, a significant cont-
ributing factor to carcinogenesis, is often linked to immune 
systems that are imbalanced or altered by chronic immuno-
suppression. 

The primary pathogenic mechanisms considered to be 
oncogenic are compromised immune surveillance of neop-
lastic cells, weak immune response to cancer-causing viruses 
(most notably the human herpes virus and the Epstein-Barr 
virus) and the direct carcinogenic effects of immunosuppres-
sive agents. 

Since basic imaging can be guiding for timely di-
agnosis, it is key in the screening, monitoring, and ex-
tended monitoring of individuals with malignancies.  
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A major factor contributing to carcinogenesis in transplant 
patients is the impairment of innate immunity which is caused 
by long-term use of immunosuppressives. The immunosupp-
ressive drugs used in SOT recipients and their risks of malig-
nancy are given in the Table (Table 1) [36].

Table 1: The immunosuppressive drugs used in SOT recipients and 
their risks of malignancy

Type of medication Risk

Antimetabolites
Azathioprine
Mycophenolate mofetil

While azathioprine has a direct car-
cinogenic effect, the use of mycop-
henolate mofetil is associated with a 
reduced risk of cancer development.

Calcineurin inhibitors
Cyclosporine
Tacrolimus

Direct pro-oncogenic effect and 
increased cancer risk with increasing 
dose

Corticosteroids
Methylprednisolone
Prednisone

Direct pro-oncogenic effect on lym-
phoid cells

Biological agents
Lymphocyte-eliminating antibodies
Anti-thymocyte globulin
Belatacept
Rituximab
Interleukin-2 receptor blockers
Basiliximab
Daclizumab

Anti-thymocyte globulin, or belata-
cept, is associated with an increased 
risk
Early Epstein-Barr virus-positive PTLD
Rituximab protects against PTLD
No pro-oncogenic potential

mTOR inhibitors
Sirolimus
Everolimus

Direct antitumor activity that reduces 
the incidence of malignancy

11.4.1 How safe are ICIs for cancer patients undergoing 
organ transplantation? 

Brunet et al. were the first to report about the IC mo-
lecule, naming it CTLA-4 in 1987. The first ICI that the FDA 
approved is ipilimumab in 2011 after being studied in long-
term trials. Nevertheless, the earliest real-world data on the 
use of immunotherapy in transplant patients is from 2014. 
Lipson et al. reported their experience with ipilimumab in 
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two metastatic malignant melanoma patients with histories of 
kidney transplantation. As of 2014, data on the use of ICI in 
an increasing number of patients and after different organ 
transplant procedures have accumulated. Standard clinical 
trials in oncology often exclude patients with organ impair-
ment or transplant recipients. As the number of reported ca-
ses of ICI use in transplant recipients increases, clinical studies 
have begun to be designed on this subject.

SOT is a treatment modality that increases the survival 
and QoL of patients with end-stage organ failure. Organ 
transplantations have been increasingly performed across 
Turkey after the first kidney transplantation in 1975. Today 
it has become the major modality in end-stage kidney fai-
lure cases. According to the data of the Ministry of Health, 
63,359 patients have received organ transplants in Turkey sin-
ce 2008. Of these, 43,867 received kidney transplants, 18,230 
liver transplants, 821 heart transplants, 325 lung transplants, 
and 66 received pancreas transplants. While kidney and li-
ver transplants remain the most common among all organ 
transplants, the most common malignancies in these two pa-
tient groups are cSCC and melanoma.

11.4.2 Mechanisms and Risk Factors of Rejection 
Stimulated by ICI 

The release of donor antigens from donor cells triggers 
an immune response against the alloantigen in the transplant 
patients. Immunosuppressive agents, including steroids, mam-
malian target of rapamycin (mTOR) inhibitors, mycophenolate 
mofetil (MMF), and calcineurin inhibitors (CNIs), play a pivotal 
role in T-cell inhibition and immune tolerance regulation. The 
dosing of immunosuppressive therapies is typically decreased 
after transplantation to avoid excessive immune suppression. 
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The adjustment is made to restore sufficient tumor immunity, 
depending on the type and severity of the cancer. It is im-
portant to note that ICIs have the potential to disrupt immu-
nologic tolerance, potentially leading to acute rejection, the 
occurrence of which varies based on the transplanted organ 
type. 

The efficacy of mTOR inhibitors has been shown in pre-
venting and treating cancer. In their multicenter study, Mura-
kami et al. reported graft lifespan without rejection and total 
graft lifespan to be longer in kidney transplant recipients with 
cSCC who were treated with mTOR inhibitors compared to 
those who were not treated with mTOR inhibitors. Reports 
also suggest that mTOR inhibitors may be beneficially used to 
reduce rejection and control cancer.

The presence of previous rejection significantly increased 
the possibility of failure with ICI therapy, and the study addi-
tionally demonstrated that utilizing a minimum of a single ext-
ra immunosuppressant in along with steroids decreased the 
rejection possibility. Immunologic tolerance may build after a 
certain time in post-transplant patients, typically necessitating 
fewer immunosuppressants.

The measurement of IFI27 gene expression through biopsy 
may serve as a potential biomarker to differentiate ICI-me-
diated allograft rejection. Histopathologically, it is difficult to 
discriminate between ICI-related acute allograft rejection and 
other forms of acute tubulointerstitial nephritis or T-cell-re-
lated rejection. Adam et al. reported higher levels of the 
expression for the interferon alpha-induced transcript IFI27 in 
patients who had rejection related to T cell after ICI utilization 
in transplanted kidney compared to acute interstitial nephritis. 
The expression level of IFI27 could be used as a potential 
biomarker to detect ICI-related allograft rejection.
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Ipilimumab blocks the CTLA-4 binding region, hindering 
the T-cells suppression. By interacting with the PD-1 binding 
area on cancer cells, pembrolizumab and nivolumab pre-
vent PD-L1 from inhibiting T-cells. Immunosuppressants used 
in transplant patients modulate immunological tolerance and 
curb T-cell stimulation.

Immunosuppressive drugs are essential for maintaining 
graft function in organ transplant recipients, with extensive 
research on the molecular mechanisms involved in graft re-
jection. Donor cells release donor antigens in patients under-
going organ transplantation, triggering an immune response 
to alloantigens. Normally, PD-1 and CTLA-4 act to modulate 
T-cell transformation and to inhibit the excessive activation of 
T-cells against foreign molecules. The suppression of T cells is 
inhibited by Ipilimumab via CTLA-4 binding site blockadge. Ni-
volumab and pembrolizumab interact with the binding region 
of PD-1 and hinder its ligand on cancer cells from negatively 
regulating the T-cells. Immunosuppressants used in transplant 
patients regulate immunological tolerance by suppressing 
T-cell activation. Anticancer therapy may also trigger immu-
nosuppression in patients with a history of organ transplan-
tation and subsequent diagnosis of cancer. The dosing of the 
immunosuppressants used concurrently with cancer therapy in 
transplant patients is reduced to regain both tumor immunity 
and avoid excessive immunosuppression. Presently there are 
no guidelines on ICIs in transplant patients. It is assumed that 
there are factors that can affect both the safety and treat-
ment methods in this patient group. 

These factors include:

i. Lower activity of the CTLA-4 pathway, despite being 
associated with a reduced possibility of rejection,
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ii. Sequential application of different ICIs instead of com-
bination therapy,

iii. Length of time after transplantation,

iv. Potency of the immunosuppressive agents used,

v. Immunogenicity of the transplanted organ graft.

Everolimus, an mTOR inhibitor with established efficacy, is 
indicated for treating patients with breast cancer, renal cell 
carcinoma, and neuroendocrine tumors (NET). As mentioned 
above, Murakami et al. reported that both overall and rejecti-
on-free graft survival times were longer in their cSCC patients 
who received mTOR inhibitor therapies. The benefits of mTOR 
inhibitors for reducing rejection and controlling cancer are 
also suggested in other reports.

It is generally believed that long-term transplant recipients 
develop a certain degree of immunological tolerance and 
often require less immunosuppression. Therefore, the length of 
the time after transplantation is considered one of the factors 
determining the risk of rejection in ICI use. According to d’I-
zarny-Gargas et al., the rejection possibility had significantly 
decreased with ICIs in patients after eight years of transplan-
tation. The authors further reported that risk rejection had 
decreased when at least one immunosuppressant was added 
to the steroid treatment, and the likelihood of rejection while 
on ICI treatment had significantly increased in the presence 
of previous rejection.
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11.5 USE OF ICI IN COMMON ORGAN TRANSPLANTS

11.5.1 Kidney Transplantation

This section will first discuss the mechanisms of rejecti-
on and risk factors related to ICI use in transplant patients, 
and further, some of the examples of ICI use as reported 
in the literature. The most commonly performed solid organ 
transplant is kidney transplant, with reported survival times ex-
ceeding 15 years. Therefore, the most data on cancer and ICI 
use in transplant patients come from kidney transplant cases., 
however, cancer rates are rising among these patients in as-
sociation with prolonged immunosuppression. The availability 
of hemodialysis as a backup option encourages clinicians to 
use ICIs, given their proven efficacy in certain types of can-
cers. Among all SOT recipients, the highest number of cases 
utilizing ICI has been shown in renal transplant patients, even 
though ICI utilization increases graft rejection risk. The most 
reported cancers are cSCC and melanoma. Cases of renal 
cell carcinoma and NSCLC have also been noticed. 

The largest information in the literature on the utilization of 
ICIs in kidney transplant patients comes from a retrospective 
efficacy and safety analysis by Murakami et al. Among their 
cohort of 69 patients including 23 cSCC and 14 melanoma 
patients, the authors found an increased response rate with 
the use of ICI in cancer treatment, while their retrospective 
analysis showed a survival benefit in cSCC. Nevertheless, 29 
(42%) had experienced rejection, and of these 29 patients, 19 
(66%) developed allograft failure and required dialysis. 

One of the reports in the literature is about a case of 
kidney re-transplant in a patient who experienced severe al-
lograft rejection and lost a kidney two months after pembro-
lizumab treatment for cSCC. In terms of cancer, the patient 
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had a complete response (CR) in the ninth month of pembro-
lizumab treatment and the treatment was discontinued. 

In kidney transplant patients using ICIs, biopsy-proven re-
jections are mostly seen to be T-cell-mediated, while anti-
body-mediated rejections are less common. As the current 
reports in the literature lack the necessary data, risk factors, 
and immune modulation strategies will be better understood 
as prospective trials are conducted. There are ongoing clini-
cal trials that include kidney transplant patients. 

One of these trials, a multi-center, open-label, two-tier 
study conducted in Australia, is investigating the Nivolumab 
safety in kidney transplant patients with advanced malignan-
cy. In this phase I trial, participants are given intravenous 
nivolumab (3 mg/kg) per two weeks, and this therapy will be 
continued for up to two years if there are clinical benefits.

Another study is investigating the effect of tacrolimus, ipi-
limumab, and nivolumab in kidney transplant recipients. A 
prospective phase I trial conducted in the USA, this study 
compares the three ICIs in patients who have received a 
kidney transplant and have malignancies that cannot be re-
moved surgically or have spread to other parts of the body.

A stage I/II, two-cohort, and open-labelled clinical trial 
was designed to assess the efficacy and safety of cemip-
limab for treating severe cSCC in patients who underwent 
allogeneic kidney transplants or hematopoietic stem cell. In 
the study, kidney transplant recipients are given cemiplimab 
in combination with prednisone and sirolimus or everolimus to 
inhibit the rejection.
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11.5.2 Liver Transplantation

The number of patients awaiting transplantation due to 
HCV is decreasing, thanks to the advances in antiviral agents. 
Diagnoses of liver diseases associated with alcohol and ot-
her/undetermined causes (often steatohepatitis) now constitu-
te the leading indications for liver transplantation. One aspect 
particularly worth noting is ICIs function in hepatocellular car-
cinoma (HCC) treatment both pre- and post-transplantation. 

CheckMate 040, a trial studying the safety and efficacy 
of nivolumab indicated an objective response rate (ORR) of 
15% (CR, 6%; PR, 9%) in severe HCC patients and a history 
of sorafenib treatment. Overall survival (OS) was 15% (PR 9%, 
CR 6%).  For both first-line and second-line treatments, the 
median overall survival was 28.6 months and 15.6 months, res-
pectively. The FDA has approved nivolumab as an adjunctive 
medication for individuals who do not respond to sorafenib 
therapy.

Pembrolizumab was approved after nivolumab based on 
the results of the KEYNOTE-224 study. The response rate for 
pembrolizumab in this patient group was noticed as 17% (PR 
16%, CR 1%,)).

Treatments with combined molecular-targeted therapies 
and ICIs are gaining widespread acceptance among the ge-
neral population for HCC treatment. Since the FDA’s clearan-
ce, options for combined therapies in HCC have grown of 
combined ipilimumab-nivolumab therapy in 2019. Treatment 
with combined atezolizumab and bevacizumab was shown to 
extend progression-free survival (PFS) and OS in unresectable 
HCC patients compared to sorafenib. The conclusions of the 
HIMALAYA study indicated significantly improved OS in un-
resectable HCC patients treated with combined durvalumab 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

229

and tremelimumab compared to sorafenib. All these studies 
relate to the treatment processes of patients diagnosed with 
HCC. 

As in kidney transplant recipients, ICI treatment has been 
predominantly documented in patients who received liver 
transplants with cutaneous squamous cell carcinoma and me-
lanoma.

A total of 42 liver transplant cases using ICI have been 
reported in the literature. Of these 22 were post-transplant 
and 20 were pre-transplant patients. Six patients (27.3%) 
responded to the therapy, while post-transplant rejection was 
shown in five patients (22.7%). Of the patients who received 
ICI before the transplant, five (25%) experienced early acute 
rejection after transplantation, while six patients (30%) respon-
ded completely or partially to treatment. The innate toleroge-
nicity of liver transplants may be the cause of the observed 
decreased rates of acute rejection with ICI treatment in liver 
transplant patients compared to renal transplant patients. The 
current therapeutic studies’ outcomes will provide us with the 
much-awaited data on rejection and treatment responses. 
There are two ongoing studies in this regard.

A prospective study conducted in China aims to evaluate 
the security and efficiency of the PD-1 inhibitor JS001 in liver 
transplant patients who were diagnosed with recurrent or 
metastatic HCC post-transplant and administered with speci-
fic treatment or sorafenib. Individuals expressing PD-L1 in their 
grafts are excluded after confirmation biopsy.

Another ongoing study with liver transplant recipients is 
conducted in the USA to investigate the preoperative effects 
of bevacizumab and atezolizumab in patients who has re-
sectable liver cancer. This phase II trial will be the inaugural 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY230

worldwide investigation to evaluate the benefit and security 
of bevacizumab and atezolizumab as a bridge treatment to 
liver transplantation for recipients exceeding the Milan crite-
ria. More clinical trials are warranted, as the total amount of 
patients rises, a more secure and efficient approach is nee-
ded for utilizing ICIS in those who receive transplants.

11.6 THE UTILIZATION OF ICIs IN RARE TRANSPLAN-
TION CASES

11.6.1 Lung Transplantation

It is one of the most challenging solid organ transplants. 
The results of lung transplantation, which was first done ap-
proximately 20 years after the first renal allograft transplan-
tation, have shown better survival rates, and lung transplan-
tation is now accepted as one of the standard treatment 
options in end-stage lung diseases.

The lungs are among the most immunogenic SOTs and 
recipients need higher doses of immune suppressor therapies. 
The number of cancer cases increases as survival times incre-
ase, and there are potential ICI candidates among post-lung 
transplant patients. 

Presently, in the literature, there are three lung transplant 
cases reported to receive immunotherapy. While none of the 
patients had acute rejection, immune-related pneumonitis was 
seen after two cycles of cemiplimab in a cSCC patient repor-
ted by Tsung et al. The patient was treated and discharged 
with a complete cSCC response. Of the other two cases, as 
reported by Daud et al., one developed acute graft dys-
function after being treated with ipilimumab for melanoma 
and one individual passed away within a year of receiving 
pembrolizumab medication due to persistent lung allograft 
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malfunction. ICIs are predicted to pose higher allograft re-
jection and/or dysfunction risks in lung transplant recipients 
but are anticipated to provide therapeutic benefits for the 
cancer.

11.6.2 Heart Transplantation

A rare but fatal side effect of ICI is myocarditis. Even 
though myocarditis in patients using ICI has been reported at 
a rate of 0.09%, the mortality rate attributed to ICI-related 
myocarditis ranges from 36% to 67%.

There are a limited number of studies investigating the 
effects of ICIs on heart transplant recipients. ICI treatments 
have been reported for NSCLC, cSCC, and melanoma in 
patients who had heart transplantation. Grant et al. reported 
two patients who underwent orthotopic heart transplantati-
on and received ICI treatment for melanoma. One of these 
patients had metastatic malignant melanoma and was given 
ipilimumab followed by pembrolizumab, while the other was 
given trametinib followed by pembrolizumab. Cardiac allog-
raft rejection was not seen in either of the patients. Another 
case report described a patient diagnosed with cSCC in the 
16th year of heart transplantation who received nivolumab 
treatment due to progression after cytotoxic chemotherapy 
and died of cardiac allograft rejection. Despite the numerous 
data on cardiac toxicity associated with the use of immuno-
therapy and its management, clinical studies examining ICIs 
in individuals who have undergone heart transplantation are 
scarce.

11.6.3 CAR T-cell

The recent regulation of Chimeric Antigen Receptors 
(CARs) on T-cells, especially in cancer cell therapy such as 
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B-cell lymphomas (CD20-CD19), has shown great promise. This 
development has also paved the way for the potential use of 
Treg cells. Moreover, some studies have indicated that CAR 
expression in Treg cells could potentially be used in the treat-
ment of Xeno-Graft Versus Host Disease (xeno-GVHD), and 
allograft rejection. In a human skin xenograft transplantation 
incidence, adoptive CAR Treg cells were more successful than 
polyclonal Treg cells in alleviating alloimmune-mediated skin 
damage caused by the transfer of allogeneic peripheral blo-
od mononuclear cells (PBMCs). Designed not to be limited by 
the Major Histocompatibility Complex (MHC), CAR-Treg cells 
especially hold the advantage of widespread application in 
transplantation and autoimmunity. Data regarding the treat-
ment of solid organ tumors with CAR T-cells is rather limited. 
More data is anticipated on cancer patients undergoing or-
gan transplantation as positive results are obtained. 

11.7 CONCLUSION

Individuals with kidney, liver, heart, or lung transplants car-
ry a higher risk of cancer than the general population. As 
selected transplant recipients may clinically benefit from ICI 
therapies, the use of these agents should be permitted at the 
discretion of the clinician after transplantation. With the rising 
frequency of cancer diagnoses, especially among liver and 
kidney transplant recipients, ICI treatment in these patients 
remains a challenge. ICI therapy should be accompanied by 
a carefully selected immunosuppressant therapy. Although not 
yet adequately investigated, mTOR inhibitors could offer se-
veral benefits. The recipients, who could profit from ICI thera-
pies are increasingly better understood, changing according 
to the duration after transplantation and the optimization of 
immunosuppressive therapies. Ongoing potential trials aim to 
enhance our understanding of rejection risk factors, identify 
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noninvasive biomarkers for monitoring rejection, and pinpoint 
therapeutic targets.
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12.1 INTRODUCTION

Stem cells offer limitless promise in sophisticated tissue 
engineering and cell treatments due to their ability to re-
generate and differentiate into many cell lineages that may 
give therapeutic solutions for a variety of disorders [1]. High 
proliferation capacity and ability not to change physiology 
when undergoing many passages, easily collecting in large 
numbers, and differentiation capacity to a wide range of cell 
phenotypes make stem cells advantageous to use in various 
medicinal applications [2,3,4]. Stem cells can be used for the tre-
atment of many disorders as congenital anomalies, tissue loss, 
and organ failure [5,6,7]. In the last 20 years, scientists target the 
use of stem cells in organ transplantation [8,9]. 

Stem cells can be obtained mostly from various sources 
such as cord blood, peripheral blood, bone marrow, spleen, 
thymus, and dental pulp. The choice of stem cell source is 
determined according to the frequency of the stem cells in 
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tissue and the ease of obtaining stem cells [10]. Stem cells can 
be classified into five according to differentiation capacity as 
totipotent, pluripotent, multipotent, unipotent, and oligopotent. 
Totipotent stem cells are able to form all cell types and have 
unlimited capacity (Figure 1). Pluripotent cells can be divi-
ded into four as adult progenitor cells, embryonic germ cells, 
embryonic carcinoma cells and embryonic stem cells. On the 
other hand, multipotent stem cells have a limited differentiati-
on potential belonging to their location in the body. However, 
some studies showed that adult stem cells can differentiate 
into cells of different tissues [11].  Unipotent stem cells produce a 
limited number of cell types and mainly they repair damaged 
tissues while the differentiation capacity of oligopotent stem 
cells are restricted [12]. 

Figure 1: Categories of stem cells, origins, and types of mesenchymal 
stem cells

The isolation of Mesenchymal stem cells (MSCs) can be 
performed from many tissues, including bone, skin, skeletal 
muscle, adipose tissue, peripheral blood, dental pulp, peri-
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odontal ligament, and tumors. However, harvesting of stem 
cells is a difficult process despite there are many sources of 
MSCs. [13]. Therefore, choice of the mesenchymal stem cell 
source belongs to the aim. Low immunogenetic potential ma-
kes MSCs appropriate source for stem cell therapy.  In this 
section, we will discuss sources of the mesenchymal stem cells, 
differentiation and regeneration potential and usage in cell 
therapy. 

12.2 SOURCES OF MESENCHYMAL STEM CELLS 

Mesenchymal stem cells (MSCs) are spindle-shaped cells 
with self-renewal abilities and are identified as safe cell sour-
ces for stem cell therapy. By using cell culture techniques, they 
can be isolated from various sources and grow by attaching 
to the tissue culture dishes. They express specific surface mar-
kers CD73, CD90, and CD105 [14]. And the absence of hema-
topoietic markers such as Cd45, CD34, CD14, CD19, and CD3. 
MSCs give rise to osteoblasts, adipocytes, and chondrocytes 
[15].  The major and most studied sources of mesenchymal 
stem cells are bone marrow, umbilical cord, and adipose tis-
sue. Moreover, obtaining MSCs from dental pulps, peripheral 
blood, skin, and placenta is also a target of recent studies. 
The restrictions on isolating MSCs are mainly invasive isolation 
procedures and the availability of the sources. Therefore, se-
lecting the cell source and considering the possible negative 
effects of collecting cells from donors are important [16].

Even the umbilical cord and placenta have a better pro-
liferative capacity, the most used tissue for isolation of MSCs 
is bone marrow. Obtained bone marrow MSCs can be scaled 
up to a commercial scale [17]. However, obtaining MSCs from 
BM is an invasive process in which the cells are collected from 
iliac crest of pelvic bone and requires anesthesia. This process 
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can cause infection, bleeding, or pain.  UC-MSCs specified a 
high proliferation rate and low expression of p53, p16, and 
p21. Whole umbilical cord or its compartments can be used 
for the isolation of MSCs. The easily accessibility of the UC 
makes it a good source for MSCs [18]. Placental MSCs showed 
higher therapeutic effects when compared with BM in animal 
models. Difference expression levels of cell surface antigens, 
proliferation and differentiation capacity can be compared 
between the sources of MSCs [16]. For example, Bernardo et 
al. determined a higher chondrogenic differentiation potential 
of BM-MSCs than fetal and PL MSCs. [19]. The advantage of 
using perinatal tissues for MSC source is the discard of the 
perinatal tissues after delivery [20]. Moreover, it was evaluated 
that perinatal MSCs are affected by environmental factors 
less than adult MSCs which can cause GVHD therefore they 
are optimal sources for the MSC based therapy [21]. Placental 
MSCs share common features as high self-renewal capacity, 
high proliferation rate, and, multipotency while showing dif-
ferent morphologies and different roles in cellular therapy. 
Amniotic MSCs have a high potential to differentiate into 
cardiomyocytes while umbilical cord MSCs can differentiate 
osteogenic phenotypes [22,23]. Recent studies showed chorionic 
MSCs differentiated into neuronal cells, on the other hand, 
decidual MSCs have immunomodulatory effects [24,25].  It was 
evaluated that based on the cellular therapy the origin of the 
placental MSCs must be chosen well.  

MSCs of adipose tissue isolated after liposuction or lipe-
ctomy and from fat tissue located in the abdomen, femoral 
or gluteal sections. MSCs obtained from the latter two secti-
ons have higher differentiation capacity than abdominal cells. 
Moreover, the harvesting depth of the adipose tissue affects 
the differentiation capacity of the MSCs. Interestingly, adipose 
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tissue-derived MSCs obtained from pregnant women have 
higher proliferation capacities [26]. When compared to BM 
MSCs, collection of adipose-derived MSCs is less invasive and 
become one of the ideal sources of MSCs [18]. Dental MSCs 
can be isolated from various dental tissues such as dental 
pulp, papilla, periodontal ligament, gingiva, dental follicle, to-
oth, and alveolar bone, which show typical MSC features and 
can be obtained in a safe, effective, and easy way. They can 
be differentiated into ectodermal and endodermal lineages, 
moreover, they have immunomodulatory properties by secre-
ting cytokines [15].

12.3 DIFFERENTIATION POTENTIAL OF MESENCHYMAL 
STEM CELLS

The huge differentiation capacity of the mesenchymal 
stem cells is one of the main and most important features 
of the MSCs and this feature mainly depends on the source 
of MSC (Figure 2). While BM-MSCs has superior capacity 
to differentiate into osteoblasts and chondrocytes, UC-MSCs 
have many biological advantages to differentiate into many 
cell types than adults MSCs as adipose tissue MSCs. It was 
evaluated that MSC types should be chosen according to the 
purpose [27].
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Figure 2: Differentiation of Mesenchymal Stem Cells from Different 
Sources and molecules

12.3.1 Osteogenic and chondrogenic differentiation

The first osteogenic differentiation of MSCs identified in 
1970s by Friedenstein et al. [28]. In vitro studies showed MSCs 
can differentiated into osteoblasts during a one-month period 
and after second week of the differentiation expression of 
the osteoblast markers (as alkaline phosphatase (ALP) can be 
detected [29].  Extracellular matrix is an important indicator of 
the osteogenic differentiation [30]. The comparison of placen-
tal MSCs in osteogenic differentiation capacity showed that 
AM-MSCs and UC-MSCs can be optimal sources for bone 
repairment and osteogenic therapies [31].  Inflammatory fac-
tors stimulate migration and differentiation of MSCs in acute 
infections, however in chronic inflammation, the ability of diffe-
rentiation can change. Therefore, it is worthy to evaluate that 
the acute and chronic inflammations have different effects on 
MSC differentiation and the regulatory mechanisms of these 
differentiation can be variable [32]. Developments in the tissue 
engineering reveals scaffolds to be used in bone repair and 
it was showed that bone-marrow derived MSCs could be use 
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as a more prevalent in vitro model [33]. On the other hand, 
osteogenic differentiation capacity depends on replicative se-
nescence and origin of tissue [34]. It has been stated that not 
only tissue repair related pathways, but also immune system 
is effective in osteogenic differentiation. This is due to the in-
tertwined interactions of the skeletal system and the immune 
system [35].  

TGF-beta family especially beta1,2 and 3 is important in 
chondrogenesis of MSCs and bone morphogenetic prote-
ins (BMPs) as well. After stimulation by these growth factors 
and proteins, collagen type II and proteoglycans produced, 
and cartilage formation started. When adipose derived MSCs 
compared to bone marrow derived MSCs, adipose tissue 
MSCs lack of TGF-beta receptor and BMP-2, 4 and 6 exp-
ression has lower levels than BM-MSCs. Therefor it was eva-
luated that if you are working with adipose tissue MSCs, it is 
necessary to supply BMP-6 and TGF-beta for chondrogenic 
differentiation [36].  Moreover, it was showed that canonical 
Wnt signaling influences MSC osteogenesis [37]. Signal trans-
duction pathways as MAPK, Smads are induce chondrogenic 
differentiation of MSCs. Due to these pathways, extracellular 
matrix proteins produced and cartilage formation started. A 
transcription factor in Sox9 is important in bone marrow deri-
ved MSC chondrogenesis [38]. Many other transcription factors 
determined in chondrogenic differentiation, and it is obvious 
that these factors take place in MSCs from different sources. 

12.3.2 Neuronal differentiation

During development of a fetus, neuronal stem cells ge-
nerate neurons, however they have limited ability for the re-
generation. On the other hand, adult mesodermal stem cells 
have a potential to generate neuronal and glial cells due to 
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inducers. It was already known that these adult mesenchymal 
stem cells can be used in tissue repair by differentiation into, 
adipocytes, osteoblasts, chondrocytes, cardiomyocytes, hepa-
tocytes, and neuronal cells. In neurodegenerative disorders 
adult MSCs become an option for the treatment and clinical 
trials showed that alterations in cellular signaling and meta-
bolic events observed[39].

Ikegame et al indicated that AD-MSCs have a higher 
neuronal differentiation potential than BM-MSCs in an animal 
model[40]. In an in vitro co-culture system, BM-MSCs and spleen 
and thymus MSCs have the similar capacities of the differenti-
ation into glial cells [41]. Stem cell survival mainly based on the 
growth factors as Epidermal Growth Factors (EGF), Fibroblast 
Growth Factor, basic (bFGF), Platelet-derived Growth Factor 
(PDGF). Moreover, hedgehog signaling pathway regulate the 
neuronal development. It is obvious that many growth factors, 
signaling pathways or receptor/ligand interactions effect the 
neuronal regeneration of the MSCs. Therefore, it is not just a 
mechanism controlled by a few signaling pathways of genes, 
rather than it consists of a more complex and dynamic inte-
ractions of the many proteins[39].

12.3.3 Adipogenic differentiation

Adipogenic differentiation of MSCs are important in the 
treatment of soft tissue defects, damaged organs, and repair 
of adipose tissue[42]. Adipogenesis is the movement of the lipid 
particles from intracellular vesicles and MSCs have a feature 
to differentiate into adipose tissue. As the other differentiation 
processes, several transcription factors play role in adipoge-
nesis. Peroxisome proliferation activated receptor proteins 
are a group of these transcription factors and regulates gene 
expression which is responsible for adipogenesis[43]. Early B 
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cell factor EBF-1 have important role both in adipogene-
sis and osteogenesis[44]. Zinc finger proteins and transcription 
factors mainly induce proliferation and differentiation of the 
cells. However, it was also showed that GATA-2, a zinc finger 
transcription factor, plays role in adipogenic differentiation of 
MSCs[45]. Several key molecules including peroxisome prolifera-
tor-activated receptor-gamma (PPAR-γ), transforming growth 
factor-beta (TGF-β), bone morphogenic protein (BMP), and 
Wnt signaling pathway proteins could control the adipogenic 
differentiation. It was also reported that adipogenic/osteoge-
nic differentiation balance have a critical role in differentiation 
of MSCs into bone tissue [46].  Among these molecules PPAR-γ 
is the most important one during adipocyte formation and is 
the master regulator of adipogenesis [47]. Genetic manipulation 
of PPAR-γ demonstrated that induced adipocyte formation 
and increased bone mass have been developed in PPAR—γ+ 
mices[48].  Last years, among 2D studies, 3D culture systems 
and different matrix have place in adipogenesis of MSCs. 
Studies showed that low-viscosity gelation solutions could be 
useful for adipogenic differentiation of MSCs.[49]. With the de-
velopment in bioengineered matrixes give us more efficient 
regeneration potential of MSCs into adipose tissues. 

12.3.4 Myogenic differentiation

Myogenic differentiation can be divided in to three as dif-
ferentiation into skeletal muscle cells, cardiac cells, and smooth 
muscle cells. The differentiation potential of the MSCs depend 
on the transcription factors that regulate myogenic differen-
tiation as paired bow 3 (Pax3), MyoD and myogenin. Pax3 
is main protein of the myogenic differentiation, and its over 
expression inhibits adipogenic, osteogenic and chondrogenic 
differentiation while induce myogenesis [50]. Increasing levels 
of signaling factors as insulin-like-growth factor (IGF-II) pro-
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motes to myogenic differentiation[51]. TNF-alpha has regulatory 
factor in myogenesis that inhibits MyoD expression. Moreover 
TNF-alpha have inhibitor effect on myocyte differentiation of 
MSCs via NF-KB pathway[52]. 

MSC coculture by cardiomyocytes promotes to the car-
diogenic differentiation of these cells. Zinc finger transcripti-
on factors also play role in cardiomyogenic transformation 
of the MSCs. GATA4 is one of the zinc finger transcription 
factors which increasing levels lead to the differentiation to 
cardiomyocytes[53]. It was reported that overexpression of the 
myocardin gene causes induction of expression of cardiom-
yogenic markers on MSCs[54]. Several researches showed that 
adenovectors which carry transcription factors that is requi-
red for MSC cardiogenic differentiation increase differentiati-
on capacity of MSCs into cardiomyocytes. In vitro and in vivo 
studies revealed that transfection of MSCs with adenoviruses 
can develop the differentiation potential of the MSCs [55,56]. 
TGF-beta was shown the most effective protein on smooth 
muscle cell differentiation of MSCs which inhibits proliferation 
of MSCs and induces muscle cell differentiation. GATA6 is im-
portant in smooth muscle cell differentiation and activates the 
expression of smooth muscle cell marker genes[57]. There is still 
need studies to investigate the role of proteins and genes in 
myogenic differentiation of MSCs. 

12.3.5 Endothelial cell differentiation

Asahara et al defined endothelial progenitor cells which 
is mainly originated from bone marrow developed into en-
dothelial cells [58]. Endothelial cells important in lesion repairs 
and angiogenesis. Therefore, strategies for this regeneration 
can solve several clinical problems. Studies showed that inte-
raction between MSCs and endothelial cells can lead to the 
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formation of microvessel like structures[60]. Not only direct inte-
ractions but also paracrine signaling plays role in this differen-
tiation process [61]. VEGF is an important factor in endothelial 
differentiation of MSCs[62]. 

Khaki et al. indicated that VEGF-A is very effective in dif-
ferentiation of MSCs to ECs especially when they transfected 
with VEGF-A expressing plasmids[63]. Oswald at al showed the 
first-time differentiation capacity of the bone marrow derived 
MSCs into endothelial cells in vitro[64]. Wang et al developed 
a method that leads differentiation of MSCs into ECs. They 
used bone marrow derived MSCs which growth into a me-
dium contains VEGF, basic fibroblast growth factor (bFGF), 
insulin like growth factor (IGF), epidermal growth factor (EGF), 
ascorbic acid and heparin[65].

The differentiation potential of MSCs depends on several 
transcription factors, growth factors and proteins. They have 
multi-lineage differentiation potential and therefore they can 
be used in several therapeutic processes as tissue regenera-
tion, inherited disorders, chronic inflammations. Understanding 
of the MSC differentiation mechanisms and molecules that 
promotes this regenerative potential carry us to a new the-
rapeutic world. 

12.4 MSC USAGE IN CELL THERAPY

Migration ability toward secreted cytokines, chemokines 
and growth factors, tissue repair and regeneration capa-
city, immunomodulation ability, anti-inflammatory effects, an-
ti-apoptotic activities by inhibiting programmed cell death, 
neovascularization capacity and antimicrobial effects makes 
MSCs valuable in employing them for several therapies (Figu-
re 3). MSCs can be applied on local/topical as a cell-spray, 
intraperitoneal or muscular injection, intravenous or intra-ar-
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terial and, bioengineered molecules as scaffolds. These routes 
could be chosen according to the therapy and disease [66]. 
Embryonic stem cells (ESCs) induced pluripotent stem cells 
(iPSC) and adult stem cells (mesenchymal stem cells) are ma-
inly used for the therapies. Even ESCs have pluripotency, the 
major limitation of use of ESCs is ethical concerns [67]. iPSCs 
have great potential in cell therapy however tumorigenic po-
tential, genetic mutations, epigenetic abnormalities are major 
disadvantages of usage of iPSCs in cellular therapy. Adult 
stem cells originated from several sources reported as more 
advantageous than ESCs and iPSCs [68].  

Figure 3: Properties and clinical usage of MSCs

MSC based cell therapy is clinically studied mainly in car-
diovascular diseases, neurodegenerative diseases, bone di-
seases, cancers, liver diseases, kidney diseases, autoimmune 
diseases. The regeneration and differentiation mechanisms of 
transplanted MSCs are still unknown however, paracrine sig-
naling have effect on differentiation process[69]. In Parkinson 
disease differentiation of MScs into dopaminergic neuron cells 
have been reported in rat models[70]. In MS, a degenerative 
inflammatory disease of the central nervous system, MSCs 
was indicated to prevent inflammation in animal models[71]. 
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Graft versus host disease (GVHD) is one of the problems 
in hematopoietic stem cell transplantation and in a case re-
port that has been published that the researchers overcome 
this problem by using MSCs. After then usage of MSCs in 
transplantation generated interest [72]. Studies showed that 
MSCs can modulate immune system that is responsible for the 
tissue rejection, and it was reported in murine models that by 
using MSCs rejection of the tissue and organs in skin, cornea, 
kidney, liver transplantations can be prevented [73-76]. 

As seen in transplantation studies, MSCs regulate immune 
response therefore they can be used in autoimmune disor-
ders. In autoimmune diseases, body’s immune cells reacted to 
own cells which causes several problems. Intravenous injection 
of allogenic MSCs reduces mucosal inflammation in ulcerative 
colitis [77].  Moreover beta-cell function preservation was re-
ported by BMMSCs in Type 2 diabetes mellitus [78]. Allogenic 
MSC therapy could have a therapeutic potential in autoimmu-
ne arthritis [79]. The damage of Lupus and Crohn disease on 
kidneys could be suppress by using autologous and alloge-
neic MSCs [80,81].

Immunomodulatory effect of MSCs lead to prevent inf-
lammation symptoms of bone degeneration. One of the most 
common bone degenerative disorders is osteoarthritis. All me-
dications are used for symptom and pain control, therefore 
MSC based studies focused on osteoarthritis long term cure 
[82]. Different phase reports (Phase 1,2,3) were published inclu-
ded BM-MSCs, ADMSCs or UC-MSCs [83-86].  The first report 
of usage of MSCs in liver cirrhosis was published in 2004 and, 
demonstrated the reduction of liver fibrosis by BM-MSCs in-
fusion in murine models [87]. Cirrhosis is an end stage hepatic 
disease caused by hepatitis viruses, alcohol and several liver 
diseases. In many patients, organ transplantation could be the 
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last choice for the treatment of the end stage liver disease. 
Several preclinical studies evaluated the BM-MSCs can inhibit 
inflammatory responses and ameliorate cirrhosis [88,89,90]. In se-
veral phases 1,2,3 studies have been published with different 
MSCs sources and different causatives of liver failure or cirr-
hosis. However further clinical studies needed to be ensured 
the usage of MSCs effectively in liver failures [91-99]. 

Pulmonary diseases can be divided into two as non-infe-
ctious and infectious, and both of which can be ameliorated 
by using MSCs. Asthma, one of the most common non-infec-
tious pulmonary diseases, causes alveolar epithelial damage 
and MSCs have been thought to repair these damages. In 
infectious pulmonary diseases, as acute respiratory distress 
syndrome (ARDS), it was determined that MSC cell therapy 
could be useful to overcome host immune response [100-101]. 
After COVID-19 pandemic spread all over the world and 
started to cause irreversible damages in alveolar cells, MSC 
therapy studies gave rise to treat several SARS-CoV-2 cau-
sed disorders. This RNA virus pathogenesis starts by recog-
nizing of angiotensin-converting enzyme-2 (ACE2) receptor 
by its spike protein and therefore all the ACE-2 positive cells 
could be infected by this virus [102]. In general, ACE2 receptor 
is distributed on alveoles, capillary epithelium and therefore 
the most damaged are of the bodies were lungs. Moreover, 
bone marrow, lymph nodes, immune cells, spleen can also be 
affected by this virus infection [103]. Not only by the receptor 
ligand interactions, but also cytokine storm caused by this 
virus results in pulmonary edema, ARDS, acute cardiac injury 
and death [104]. MSC therapy thought to prevent cytokine 
storm by inhibits the effect of immune cells [105]. Intravenous 
MSC injection could recover the alveolar epithelial damage 
and can cure lung disfunction [106]. However, preparation of 
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MSCs restricts the usage of them in clinical level and at this 
points stem cell banks can be the best opportunity to cure 
acute diseases caused by COVID-19 or any other disorder[107]. 
On the shelf MSC cells could be a good solution to reach 
this therapy choice in clinic and could be used in combination 
with conventional therapies.

12.5 CONCLUSION

MSCs can be applied in several disorders and diseases 
among their features as huge proliferation and multilineage 
differentiation capacity, easily isolation techniques, compatibi-
lity of manufacturing, and paracrine effects. The most studied 
MSCs are derived from UC, BM and AD and researchers 
trying to optimize the usage of biomaterials for MScs from 
different origins. Every type of MSC can be activated or 
inhibited by several proteins and studies focused on these 
molecules as well as miRNA or epigenetic effects on MSC 
production. Clinical trials study on different MSCs types, do-
ses, and combined therapies with conventional treatments. A 
better relationship between pre-clinical and clinical studies are 
mandatory to enhance the MSC therapy. This chapter focu-
sed on the place of the MSCs among stem cells, the origins, 
differentiation capacities and therapeutically usefulness in se-
veral diseases. Further studies required to ensure the potential 
of the regenerative MSC therapy. 
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13.1 INTRODUCTION

Mesenchymal stem cells (MSCs) have immune regulation 
capabilities and are currently under investigation as potential 
therapies for different immunological illnesses. These cells are 
mature, multipotent cells that can maintain themselves and 
differentiate into specific cells like osteoblasts, chondrocytes, 
and adipocytes [1]. It possesses a robust capacity to engage 
with cells of the adaptive and innate immune systems, via 
physical contact or by means of the molecules they secre-
te. Based on their efficacy, stem cells are divided into three 
basic classes: fetal stem cells (FSCs), adult stem cells (ASCs), 
and embryonic stem cells (ESCs). The interior cell mass of 
human embryo blastocysts yields undifferentiated cells known 
as ESCs. ESCs possess the exceptional capacity to undergo 
diversification into the three fundamental embryonic regions, 
namely endoderm, mesoderm, and ectoderm. Nevertheless, 
the utilization of ESCs in medical settings for human embryos 
is restricted due to their pronounced propensity to generate 
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teratomas and the ethical concerns surrounding their eliminati-
on. Conversely, stem cells obtained from fetal and adult tissue 
are becoming increasingly popular due to little ethical con-
cerns. Extra-embryonic tissues, such as Wharton’s jelly, cord 
blood, placenta, amniotic membrane, and amniotic fluid may 
be utilized to extract fetal stem cells. Tooth pulp, adipose 
tissue, bone marrow, and other tissues are common sources 
of adult stem cells (ASCs), which are multipotent cells. These 
cells can form colonies, renew themselves, and change and 
transform into many types of tissues. Stem cells derived from 
fetal and adult tissues can undergo differentiation into other 
cell variants and are commonly referred to as MSCs [2]. MSCs 
can transfrom to cells that come from the mesoderm, but 
they also have the capability to transdifferentiate into cells 
from the ectoderm or endoderm lineages [3]. Although the 
precise markers of mesenchymal stem cells (MSCs) differ ba-
sed on their origin, the surface antigens CD105, CD73, CD90, 
and Stem cell antigen-1 (Sca-1) are widely used to identify 
MSCs. They do not have CD34, CD45, CD11b, MHC II, and 
CD31 [4]. Stem cell research has increased expectations for 
the therapies. 

MSCs are generating enthusiasm in the repair therapy 
area and immune dysfunction-related disorders due to their 
isolatability, robust self-renewal capabilities, and varied diffe-
rentiation capacities. Furthermore, it is devoid of any potential 
difficulties associated with the utilization of MSCs, iPSCs, and 
ESCs. The researchers have been thoroughly researched for 
MSCs’ function in regenerating tissue and their ability to re-
gulate immune-related conditions. Even though they aren’t as 
strong as pluripotent stem cells (iPSCs) or induced embryonic 
stem cells (ESCs), they can replace damaged tissues directly 
through differentiation. Multiple studies have documented the 
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effective stimulation of tissue regrowth, such as in the kidney, 
heart, liver, and pancreas, by utilizing MSCs. Significantly, me-
senchymal stem cells (MSCs) exert control over tissue regene-
ration and diverse immunological diseases by means of their 
immune regulatory characteristics. MSCs play a crucial role in 
immune control by their direct interaction with cells involved 
in both the innate and adaptive immune systems, as well as 
the release of soluble substances and extracellular vesicles 
(EVs) from MSCs. MSCs maintain homeostasis of the immune 
response and modulate inflammatory profiles, hence facilita-
ting the effective management of several disorders associa-
ted with immune cells [5].

13.2 IMMUNE SYSTEM CELLS AND MESENCHYMAL 
STEM CELLS

13.2.1 Adaptive immune cells 

13.2.1.1 T Cells

These cells are frequently present in all tissues throughout 
our body. Hematopoietic stem cell-derived pioneer T cells 
migrate to the thymus via the bloodstream. Mature T cells 
are generated following both positive and negative selec-
tion. Two signals are required for inducing the T cells. The 
signals being referred to are T cell receptor signaling and 
costimulatory signals. Upon activation, CD4+ T cells have the 
ability to undergo differentiation into many subsets, including 
regulatory T cell (Treg) sub types, Th17, Th9, Th2, or T-helper 1 
(Th1). The specific subset that a CD4+ T cell differentiates into 
is determined by the intensity of stimulation it receives and the 
cytokine environment it is exposed to. Additionally, a variety 
of infections stimulate and accelerate the transformation of 
CD8+ T cells into cytotoxic T lymphocytes, which expel disea-
sed cells by releasing cytokines, performs, and granzymes. A 
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vital part of the adaptive immune system that defends from 
illnesses, autoimmune diseases, and malignancies is T cell-me-
diated immunity [6].

The communication between MSCs and T cells and has 
been well investigated. MSCs have been discovered to strong-
ly suppress the growth of T cells in various experimental sce-
narios. In vitro, mesenchymal stem cells (MSCs) generated 
from human bone marrow (BM) substantially suppressed the 
growth of T lymphocytes. MSCs inhibit T cells by secreting 
hepatocyte growth factor (HGF) and transforming growth 
factor-β (TGF-β), which lowers cyclin D levels and increases 
p27kip1 expression. Within T cells, it leads to a halt in cell di-
vision during the G1 phase [7,8]. 

Active T cells can undergo programmed cell death when 
exposed to MSCs; this process is connected to the Fas/Fas 
ligand-dependent pathway and the alteration of tryptophan 
to kynurenine [9,10].

MSCs can not only impact T cell growth and death, but 
also modify the process by which T cells become activated 
and differentiated. Multiple pieces of evidence suggest that 
MSCs inhibit the release of interferon (IFN)-γ and IL-17, while 
promoting the production of IL-10 by T cells. This is achieved 
by opposing the development of Th17 and Th1 cells, hence 
facilitating the development of Treg cells. MSCs exert an indi-
rect inhibitory influence on the activation pathway of effector 
T-cells via regulating dendritic cells (DC) and natural killer 
(NK) cells [11]. Given the excellent mitigation of many inflamma-
tory disorders with MSC transplantation, these findings can be 
extrapolated to multiple in vivo models. The illnesses include 
systemic lupus erythematosus (SLE), experimental autoimmune 
uveitis, graft versus host disease (GVHD), transplant arteriosc-
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lerosis, arthritis and experimental autoimmune encephalomye-
litis (EAE) [4,12]. 

Remarkably, mesenchymal stem cells (MSCs) lack the abi-
lity to inhibit T cells unless they are first activated with par-
ticular inflaming cytokines, such as IL-1β, IFN-γ and tumor 
necrosis factor (TNF-α) [11,13]. Upon being stimulated by these 
inflammatory cytokines, MSCs upregulate the expression of 
cyclooxygenase (COX)-2 and inducible nitric oxide synthase 
(iNOS). This upregulation of expression regulates the immuno-
logical responses of the suppressive prostaglandin E2 (PGE2) 
and nitric oxide (NO) molecules. Furthermore, these MSCs 
secrete proteins such ICAM-1, VCAM-1, CXCR3 ligands and 
CCR5 ligands. It generates a wide range of chemokines and 
adhesion molecules. The chemokines have a crucial role in 
attracting lymphocytes to surrounding damaged regions, hen-
ce assuring their optimal suppressive activity [14,15,16]. 

The induction of soluble immune regulatory molecules and 
adhesion molecules is crucial for the efficient suppression of 
T-cells. Blocking one of them significantly counteracts the inhi-
bitory impacts of MSCs [17,18]. 

Nevertheless, the immunosuppressive capacity of MSCs 
is not consistently attainable, as conflicting research has de-
monstrated that MSCs may fail to suppress or even amplify 
T cell responses in different circumstances. MSCs’ potential to 
modulate immunity relies on the particular kinds and degrees 
of infectious signals to which they are subjected. The study 
examined MSCs’ capacity to regulate the immune response 
by exploring how varying levels of IFN-γ and TNF impact 
their capabilities. The study found that when proinflammatory 
cytokines were present at low levels, murine MSCs produced 
an inadequate amount of NO. Conversely, when proinflam-
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matory cytokines were present at high levels, murine MSCs 
produced a satisfactory amount of NO. The documented ef-
fects of this substance include inhibition of T lymphocytes. The 
capacity for flexibility observed in mice MSCs can likewise be 
applied to human MSCs [19]. The immunosuppressive effect of 
MSCs is influenced by specific chemicals, which vary depen-
ding on the species. Important molecules in mice are iNOS, 
but in humans they are indoleamine 2,3-dioxygenase (IDO). 

In murine models of graft-versus-host disease (GVHD) and 
experimental arthritis, mesenchymal stem cells (MSCs) that 
were treated with iNos-/- (inducible nitric oxide synthase) or 
an iNOS inhibitor were unable to suppress T cells, resulting in 
a lack of therapeutic effects. 

IDO effectively suppressed immunological responses by 
reducing the levels of tryptophan and facilitating the buildup 
of tryptophan metabolites. Human MSC-derived IDO exhi-
bits immunosuppressive effects in numerous animals, much like 
iNOS. Human mesenchymal stem cells (MSCs) also release 
substantial quantities of soluble human leukocyte antigen-G5 
(HLA-G5) to facilitate their immune inhibition capabilities. 
However, there are certain chemicals that both murine and 
human MSCs have in common when it comes to facilitating 
T-cell immunosuppression. PGE2, a molecule of significant im-
portance, has been extensively studied and its role has been 
emphasized in numerous research papers. MSCs produce sig-
nificant quantities of PGE2, which is linked to increased effe-
ctiveness in relieving collagen-induced arthritis and reducing 
the mixed lymphocyte reaction [4,20]. 

13.2.1.2 B cells

B cells serve as effector cells, which is another characte-
ristic feature of the adaptive immune system. These cells, like 
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other blood cells, are developed from hematopoietic stem 
cells and undergo differentiation into B cells at various sta-
ges. After identifying particular antigens through their B cell 
receptors, responsive B cells will multiply and transform into 
memory cells and active antibody-secreting cells, which play 
a role in defending against and preserving immunity to fore-
ign infections. In contrast to conventional B2 cells, which are 
found in many locations, the peritoneum and pleural cavities 
of mice contain larger concentrations of B1 cells. These cells 
efficiently react to natural immunological signals and contri-
bute to the eradication of infections and supplying the host 
with long-term protection. Regulatory B cells, also known as 
Bregs, are a distinct group of B cells that secrete IL-10 and 
possess immune regulating properties in many experimental 
paradigms [4,21]. Both human and mouse MSCs can prevent the 
growth, specialization, and stimulation of B cells. It was shown 
that when MSC is present, B cells had cell cycle termination, 
which inhibited the production of plasma cells, altered their 
ability to release immunoglobulin, and diminished their chemo-
tactic characteristics. The inhibitory function relies heavily on 
soluble components. C-C Motif Chemokine Ligand 2 (CCL2) 
is a chemokine derived from MSCs that has been processed 
by metalloproteinase. It functions by preventing the expres-
sion of Paired Box 5 (PAX5) by inhibiting the activation of 
Signal Transducer and Activator of Transcription 3 (STAT3). 
This expression of PAX5 results in the suppression of immu-
noglobulin synthesis. CCL2 is responsible for mediating these 
effects. It is considered as one of the factors involved in this 
process [4,22].

The work conducted by Crawford et al. demonstrated 
that IL-1 receptor antagonist (IL-1Rα) produced from MSCs ef-
fectively regulates both B cell differentiation and the course of 
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arthritis [4,23]. Cell-cell interaction plays a vital role in inhibiting 
the growth, specialization, and generation of antibodies in B 
cells. This process is linked to the PD-1/PD-L1 pathway. Furt-
hermore, other researches have emphasized the regulation 
of many signaling pathways, including B-lymphocyte-induced 
maturation protein 1 (Blimp1), extracellular response kinase 
1/2, Akt, and p38. MSCs have been found to influence B cell 
responses by inducing the production of Bregs. In humans, 
Bregs are characterized by being CD19+ CD24high CD38high, 
whereas in mice, they are characterized by being CD19+ CD-
1dhigh CD5+. The cells secrete substantial quantities of IL-10, 
resulting in the suppression of immunological responses [39]. 
Indeed, the activation of Bregs by MSCs has demonstrated 
efficacy in the treatment of many diseases in mice models, 
including GVHD, SLE (Systemic Lupus Erythematosus), and 
EAE [2,4,24]. 

Similar to T cells, the activation of MSCs by inflammation 
increases their ability to suppress B cells. The activation of the 
suppressor role of MSCs relies on strong and resilient IFN‐γ 
stimulation. Furthermore, an adequate number of inflamma-
tory signals, specifically signals originating from the bacteria 
Mycoplasma arginini, significantly enhance the capacity of 
MSCs to inhibit B cell antibody production. Conversely, me-
senchymal stem cells (MSCs) that receive inadequate inflam-
matory signals, such as those obtained from lupus-like mice 
or individuals with systemic lupus erythematosus (SLE), are 
unable to effectively limit the proliferation and differentiation 
of B cells. In fact, they may even contribute to an increase in 
the number of B cells that secrete antibodies. 

Hence, it is comprehensible that multiple contradictory 
outcomes were noted, as certain researchers have shown 
that the inclusion of MSCs can amplify antibody production, 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

279

differentiation, activation, and proliferation of B cells. While it 
has been proposed that these discrepancies could be attri-
buted to variations in MSC source, MSC-to-B cell ratio, B cell 
quality, and stimulation, it is important to also take into ac-
count the adaptability of MSCs in response to varying levels 
of inflammatory signals [4,24].

13.2.2 Native Immune Cells and Mesenchymal Stem 
Cells 

13.2.2.1 Naturel killer cells (NK cells) 

Natural killer cells, also known as NK cells, are a subset 
of cytotoxic lymphocytes that play a crucial role in the in-
nate immune response. They migrate in the bloodstream as 
fully-grown cells after beginning life as primitive cells inside 
the bone marrow. They exhibit prompt responsiveness to cells 
infected with viruses, manifest their impact within 3 days of 
infection, and react to the development of tumors. T cells 
have a crucial function in the rejection of transplanted tissue 
and serve a major role in controlling the destruction of cells in 
response to the human leukocyte antigen molecule. Examining 
the fundamental consequences of the relationship between 
MSCs and NK cells is essential because of the growing po-
pularity of MSCs in the medical management of GvHD. The 
proportion of MSC immune system cells is also crucial in the 
role of MSC-mediated NK cells [4,26]. 

These cells function by the process of activation and inhi-
bition on the cell surface, facilitated by receptors that transmit 
signals to the cell. NK cells typically possess regulatory capa-
bilities and are capable of secreting cytokines and chemo-
kines that regulate the immunological response of the host. 
IL-12 is the primary inflaming agent that reacts to invasive 
infections and functions via its receptors with a strong affinity. 
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Related cells including DCs, macrophages, and monocytes 
secrete it. Furthermore, NK cells secrete mainly IFN-γ with the 
IL-12 stimulation. NK cells stimulate the production of IFN-γ, 
which enhances the expression of IL-12 and DCs through a 
feedback loop. The MSCs developed in bone marrow directly 
impede the growth, secretion of signaling molecules, and, in 
certain instances, NK cells’ capability to destroy target cells. 
Interactions between MSCs and NK cells are intricating and 
mostly influenced by NK cell stimulation and the microenvi-
ronment. Essentially, MSCs inhibit the INF-γ, IL-15, and, IL-2 
secretion, while without affecting the NK cells’ cytotoxicity 
upon isolation. Moreover, upon activation, NK cells inhibit 
NK-mediated cytotoxicity when they encounter MSCs through 
cell-cell interaction and the release of IDO, PGE-2, TGFβ1, and 
HLA-G5. According to other studies, MSCs that had obtained 
a license were subjected to IFN-γ. This exposure may have 
been caused by an increase in the expression of Major his-
tocompatibility complex-I (MHC-I) on the cell surface and a 
decrease in the expression of UL16 binding protein 3 (ULBP-
3). As a result, there was an increase in cell proliferation dri-
ven by NK cells. It was asserted that they were shielded from 
being slain. These factors, including elevated synthesis of both 
IDO and PGE-2, provide several ways to decrease the NK 
response to MSCs [2,4,27,28]. 

MSCs have been employed in clinical trials with the ob-
jective of enhancing the attachment of hematopoietic stem 
cells and mitigating or managing acute GvHD. Furthermore, 
the administration of MSCs has a beneficial impact on GvHD. 
Nevertheless, it can also impede the activation of NK cel-
ls. Within this specific framework, investigations conducted in 
a laboratory setting have examined the outcomes resulting 
from the association between NK cells and MSCs. Indeed, 
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studies have demonstrated that the interaction between NK 
cells and MSCs can have significant impacts on the functio-
nality of both types of cells. Although MSCs can hinder the 
growth and activity of newly obtained peripheral blood NK 
cells, they also impede the growth of NK cells subjected to 
cytokines like IL-2 and IL-15. Nevertheless, there is a lack of 
evidence indicating the occurrence of apoptosis or cellular 
demise in this specific inhibition of NK cell multiplication. The 
inhibition seen was dependent on the dosage and was dete-
cted when the ratio of NK cells to MSCs ranged from 1:1 to 
1:1. The decline occurs when the NK/MSC ratio reaches 10:1 or 
above. The suppressive impact is facilitated by soluble subs-
tances generated from MSCs. The inhibitory effect has been 
demonstrated using transwell tests, in which it occurs even 
without direct cell contact [4,24].

Furthermore, MSC not only hinder the growth of NK cells, 
but also diminish their ability to destroy target cells. Specifical-
ly, the cytotoxicity mediated by NK cells is a significant met-
hod for eliminating tumor and virus-infected cells. Additionally, 
it has been demonstrated that this process serves as a quality 
control measure in the production of fully functional dendritic 
cells by excluding those that do not exhibit sufficient quantities 
of HLA class I molecules. The induction of NK-cytotoxicity in 
in vitro tests was significantly influenced by MSC. Curiously, in 
contrast to the situation with NK cell growth, the prevention 
of cytotoxicity stimulation seems to necessitate direct interac-
tion between cells. MSCs prevent MHC-class I- and I+ target 
cells (undeveloped dendritic cells and different tumor cell li-
nes) from being destroyed. Typically, when cytokines stimulate 
NK cells, it results in the creation of new or heightened levels 
of activating receptors on the cell surface. These receptors 
include NKp44, NKp30, and NKG2D. These molecules, inclu-
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ding DNAM-1 and NKp46, as well as other coreceptors, play 
a crucial role in activating NK cells and triggering their ability 
to carry out duties such as killing cells and producing cytoki-
nes [4,24,29]. 

MSCs have been documented to suppress the produc-
tion of NKG2D, NKp30, and NKp44, as well as other cruci-
al substances such as CD132 (IL-2Rγ chain) and coreceptor 
2B4. Specifically, a decrease in CD132 expression reduces the 
sensitivity of NK cells to cytokine stimulation. Hence, it likely 
signifies a further mechanism implicated in the suppressive 
impact. As previously stated, the generation of cytokines is 
the primary function of NK cells. NK cells, when activated by 
triggering signals, have the ability to generate several cytoki-
nes, such as IFN-γ, TNF-α, and IL-10. The cytokine production 
from NK cells cultivated in combination with MSCs decreases 
regardless of the activating signal (which may consist of cyto-
kines such as I, IL-12, IL-15 and L-18) or association with tumor 
cells [2,24,30]. Under transwell conditions, there was also inhibition 
seen, specifically in the context of NK cell growth, indicating 
the involvement of soluble mediators. 

IDO, soluble HLA-G5 (sHLA-G5) and PGE2 play a crucial 
role in suppressing the growth and activity of cytokine-indu-
ced NK cells. When the synthesis of PGE2 was blocked, there 
was a notable improvement in the expansion and toxic effect 
of natural killer cells, indicating the function of PGE2 during 
the inhibitory effect. In addition, it has been observed that 
MSCs secrete sHLA-G5 molecules that suppress the cytotoxi-
city of NK cells. Spaggiari et al discovered that inhibiting IDO 
activity had a substantial effect in restoring the proliferation 
of NK cells. Nevertheless, the cytotoxicity is mitigated by the 
administration of NS-398, an inhibitor of PGE2 synthesis. Re-
markably, the combination of both inhibitors resulted in a ne-
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ar-total recovery of both toxicity in NK/MSC cocultures and 
NK cell growth. The observations suggest that PGE2 and IDO 
play a crucial role in the inhibitory effect of MSCs on NK cells 
and may work together in a synergistic manner. Some soluble 
chemicals can also inhibit the proliferation or cytolytic activity 
of NK cells. More precisely, the process of IDO breakdown 
resulting in a decrease in tryptophan levels may have a more 
significant effect on cell growth, while PGE2 may mainly impe-
de with cells’ capacity to produce cytokines to destroy other 
cells. MSC continuously create PGE2, however when exposed 
to TNF-α or IFN-γ, IDO is freshly expressed. During intera-
ctions between NK cells and MSCs, it is plausible that NK 
cells rapidly secrete TNF-α or IFN-γ, leading to a subsequent 
augmentation in the production of PGE2 and the synthesis 
of IDO. It is widely accepted that IFN-γ functions in initiating 
the immune modulating function of MSCs. Meisel et al. initially 
documented that the expression of IDO was stimulated by 
IFN-γ. as defined in references [2,4,31]. Furthermore, Krampera 
et al. observed that the inhibition of IFN produced by NK cells 
resulted in a partial recovery of NK cell proliferation in NK/
MSC cocultures. Aggarwal et al. showed that the production 
of PGE2 was enhanced when MSCs were exposed to IFN-γ. 
Moreover, IFN-γ may enhance the production of sHLA-G5. 
An important discovery regarding the association between 
MSC and NK cells is that these cells have the ability to elimi-
nate both self-derived and donor derived MSC [2,24,32].

MSCs exhibit reduced or moderate amounts of HLA-class 
I molecules. Alloreactive cytolytic T cells are unable to detect 
them because of this. The absence of costimulatory receptors 
in MSCs is believed to decrease alloreactivity. Clinical expe-
riments have utilized allogeneic HLA mismatched MSCs due 
of this characteristic. Nevertheless, HLA class I molecules are 
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produced by MSCs at low levels, providing them open to NK 
cell eradication. At this point, MSCs produce other substan-
ces that act as activating ligands for NK receptors, such as 
NKp30 ligands including Nectin-2 (ligands for DNAM-1), MICA 
(ligands for NKG2D), ULBP1–4, and PVR, as well as other li-
gands that have not yet been found [2,33]. Due to their pheno-
typic character, MSCs are vulnerable to NK cell-induced cell 
death, regardless of whether they are derived from the same 
individual or a different individual. It is crucial to emphasize 
that the elimination of MSC can only occur when NK cells are 
stimulated by cytokines like IL-15 and IL-2, which increase the 
activity of NKG2D and NKp30 activating receptors. Conver-
sely, when NK cells are newly obtained and in a state of rest, 
they lack the ability to eliminate MSC, even when the ratio 
of NK cells to MSC is high. The killing of MSC is facilitated by 
both an elevation in intracellular calcium leading to the relea-
se of perforin, and the binding of FasL and TRAIL and to their 
respective receptors Fas DR5, and DR4. These receptors are 
expressed by adult and fetal MSC, as indicated by previous 
studies [2, 24, 34]. Pro-inflammatory cytokines, such as IFN, are 
exposed to cells during infection or in the broader context 
of inflammatory reactions, which enhances the expression of 
HLA classes I and II on the surface of MSC cells. The way 
that suppressor NK receptors and HLA class I interact may 
affect how MSCs opened are to destruction by NK cells. The 
classical HLA class I molecules’ allotypic determinants are 
specifically targeted by deadly Ig-like receptors, while the 
non-classical HLA-E molecules are preferentially targeted by 
NKG2A receptors. Effective NK cell driven MSC death can be 
restored by disrupting inhibitory connections with monoclonal 
antibodies [2,24,35].
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13.2.2.2 Dendritic cells (DC)

In the absorption, preparation, delivery, and presentation 
of many antigens, DCs have critical roles. These cells are 
commonly considered the most efficient antigen-presenting 
cells (APCs) in the human immune system. Due to their specific 
role in presenting antigens, these cells are essential in directing 
the adaptive immune system’s responses. There is increasing 
data that suggests that MSCs have strong inhibitory impacts 
on DCs. MSCs and the culture supernatants were found to 
impede DC activation, inhibit DCs’ ability to take up substan-
ces from their environment (endocytosis), and decrease DCs’ 
production of IL-12 during an in vitro experiment. Furthermore, 
MSCs and culture supernatants impeded the maturation of 
DCs and diminished their capability to stimulate alloreactive 
T cells [4].  In 2005, Aggarwal and Pittenger initially documen-
ted that MSCs developed in bone marrow suppressed the 
release of tumor necrosis factor (TNF-α) by CD1c+ myeloid 
dendritic cells (DC), while simultaneously enhancing the synt-
hesis of interleukin-10 (IL-10) by BDCA-4+ plasmacytoid DC. It 
has been demonstrated that MSCs indirectly restrict T cells 
by stimulating regulatory APCs that possess T-cell inhibitory 
capabilities. MSCs may disrupt the normal process of diffe-
rentiating precursor cells into DCs, leading to decreased DC 
function. Indeed, it was noted that the presence of MSC led 
to an increase in CD1a expression and did not cause a dec-
rease in CD14 expression in monocytes that were stimulated 
by granulocyte macrophage colony stimulating factor (GM-
CSF) and IL-4. As a result, the creation of DCs was hindered. 
In addition, lipopolysaccharides (LPS), which promote the ma-
turation of dendritic cells (DCs), also exhibit the costimulatory 
molecules CD80 and CD86, as well as low amounts of the DC 
maturation marker CD83 [24,36]. 
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Cell loss did not occur with the suppression of DC diffe-
rentiation in these experiments. Jiang et al. concluded that 
the cell vitality remained unaffected by MSC, as reported 
in their study [37]. Crucially, the suppression caused by MSC 
can be undone. Therefore, when monocyte-derived cells were 
cultivated together with MSC and then transferred to a new 
culture dish with fresh cytokines, they displayed the charac-
teristics of DC, namely, they no longer had the CD14 mar-
ker, but instead expressed CD83 and CD1a. Nevertheless, the 
combined cultivation tests were performed under transwell 
culture circumstances. 

A separate investigation involved the co-cultivation of 
MSCs and monocytes. Upon isolating MSC from monocyte 
cultures after a period of 2 days, the cells exhibited a dec-
rease in CD14 expression. However, it did not exhibit CD1a 
expression. This suggests that the limitation may not be totally 
reversed and that initial stimulation with MSC is probably 
necessary for the suppressive function. Besides monocytes, 
MSCs can also suppress the formation of dendritic cells from 
CD34+ progenitors. MSCs have been demonstrated to hinder 
the transformation of dermal/interstitial DCs from CD34+ cells 
obtained from umbilical cord blood. While having no effect 
on the development of CD14-CD1a+ Langerhans cells, this blo-
ckage prevents intermediate precursors (CD14-CD1a+) from 
transitioning to CD14+CD1a- cells. Furthermore, the CD14+C-
D1a- fraction exhibited reduced expression of CD40, CD83, 
CD86, and CD80 following LPS activation [38].

Conversely, a third group of researchers stated that MSCs 
had the ability to impede the process of specialization in both 
Langerhans and interstitial/dermal cells. Furthermore, they re-
vealed that MSCs can suppress the growth of DC precursors 
by decreasing their proliferation rate by a factor of three. 
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The variation in outcomes can be partly attributed to the uti-
lization of distinct DC precursors, such as adult bone marrow 
and cord blood derived CD34+ cells, as well as disparities in 
the experimental conditions. A further issue is if MSCs can af-
fect not just the initial stages of DC development but also the 
shift from adolescent DCs to fully developed DCs. Divergent 
findings have been acquired by several groups about this 
matter. Jiang et al. observed that MSC have a limited ability 
to inhibit the development of DCs from monocyte triggered 
by lipopolysaccharide (LPS). In the mixed lymphocyte respon-
se, the resultant cells showed reduced levels of IFN-induction, 
IL-12 production, and allogeneic T-cell growth activation in 
comparison to control competent DC. However, Spaggiari et 
al. demonstrated that MSCs did not impede the maturation 
of DCs caused by LPS. During these investigations, DC that 
were in the process of completing their differentiation and 
were exposed to MSC displayed a typical appearance and 
were discovered to be more efficient in stimulating the mixed 
lymphocyte reaction compared to fully mature DC generated 
using conventional methods. Aldinucci et al. found that imma-
ture DC could not develop functional defensive interactions 
with lymphocytes when subjected to LPS in an environment 
of MSC. This was despite the fact that the DC showed signs 
of maturity and had a normal production profile of IL-12 and 
IL-10.

IL-6 and macrophage-CSF, which are soluble substances, 
have been demonstrated to have a role in the ability of 
MSCs to prevent the monocyte transformation into DCs. An-
ti-macrophage-CSF neutralizing antibodies and anti-IL-6 usa-
ge resulted in the depletion of CD14 during the formation of 
dendritic cells. Nevertheless, the expression of CD1a was not 
regained. PGE2, a distinct product of MSCs that is recognized 
as a crucial mediator of the suppressive impact on various 
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immune cells, has been demonstrated to strongly impede the 
development of DCs. In fact, compared to monocytes alone, 
the supernatants of co-cultures of monocytes and MSCs had 
much higher amounts of PGE2. Additionally, the inhibitory ef-
fect was successfully counteracted by selectively suppressing 
cyclooxygenase-2 activity and PGE2 synthesis. Both the DC 
morphology and activity were restored, confirming this. This 
remarkable result was obtained despite the coculture super-
natants containing higher levels of IL-6. Thus, it indicates that 
PGE2, rather than IL-6, is primarily implicated in the inhibitory 
impact. 

Indeed, studies employing CD34+ cells generated from 
bone marrow as DC precursors have revealed a significant 
role for cell-to-cell contacts, indicating to researchers that dis-
tinct mechanisms might be accountable for disrupting distinct 
differentiation pathways [24].

13.2.2.3 Monocyte and macrophage 

There is a limited amount of research on how MSC affects 
the maturation of macrophages that promote inflammation. 
Nevertheless, all of these investigations demonstrated that 
MSCs hinder the development of the pro-inflammatory M1 
phenotype while facilitating M2 polarization, which possesses 
anti-inflammatory characteristics. 

Kim and Hematti initially documented that MSCs derived 
from human bone marrow have the ability to facilitate the 
development of alternatively activated macrophages. These 
macrophages have an M2 macrophage cytokine characteris-
tic and are distinguished by their elevated CD206 production. 
This profile includes heightened production of IL-10 and redu-
ced production of IL-12 and TNF-.
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M2 macrophages can become polarized in vitro by hu-
man gum-derived MSC, as demonstrated by Zhang et al. [41]. 
Using a model of skin healing in mice that involved removing 
tissue, the researchers found that regularly injecting gum-de-
rived MSCs from humans resulted in the MSCs being present 
at the wound site together with host macrophages. Further-
more, macrophages were oriented in the direction of the M2 
characteristics by the MSCs. Therefore, mesenchymal stem 
cells produced from the gums can decrease inflammation in 
the immediate area by inhibiting the entry of immune cells, 
raising the IL-10 expression and reducing the synthesis of IL-6 
and TNF-α. In a separate investigation conducted by Cultler 
et al., it was demonstrated that umbilical cord-derived me-
senchymal stem cells (UC-MSC) may inhibit the T cell growth 
in cell cultures when exposed to alloantigens [42]. Significantly, 
in these investigations, monocytes that were separated from 
co-cultures of PBMC/UC-MSC showed an elevated CD206 
production, decreased amount of HLA-DR on their surface, 
and a diminished capacity to induce the immune response of 
alloreactive T-cells in mixed lymphocyte reaction assays. The 
immunosuppressive effect of UC-MSC was diminished when 
monocytes were eliminated from PBMC cultures. Therefore, 
we propose that these cells may serve as a crucial mediator 
in the inhibition of T-cell growth caused by UC-MSCs. François 
et al. emphasized the significant contribution of MSC-condi-
tioned monocytes. Research has verified that the removal of 
monocytes from PBMC triggered by anti-CD3/CD28 antibo-
dies causes a reduction in the amount of CD4+CD25+Foxp3+ 
regulatory T cells (Treg) stimulated by the presence of bone 
marrow derived MSCs [43]. In these investigations, it was ob-
served that CD206 and IL-10 are produced as M2 indicators 
by monocytes in the presence of MSC, compared to mono-
cytes cultured without MSC. Various soluble substances have 
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been demonstrated to have a significant role in the M2 po-
larization effect produced by MSC on macrophages. Zhang 
et al. showed that GM-CSF and IL-6 have activity in inducing 
the M2 phenotype by gingival-derived MSCs, using particular 
neutralizing antibodies. Regarding UC-MSC, Cutler et al ob-
served a higher production of PGE2 in co-cultures of PBM-
C-UC-MSC compared to UC-MSC cultures by themselves.  

Furthermore, the application of indomethacin (the PGE2 
suppresor) to UC-MSC before treatment partially counterac-
ted their capacity to regulate the characteristics and activities 
of monocytes. The study conducted by Francois et al. showed 
that IDO activity had an important role in the development of 
CD14+CD206+ immunosuppressive macrophages that produce 
IL-10. Nevertheless, it is important to consider that the bone 
marrow MSCs utilized in the tests had undergone prior “acti-
vation” with IFN- and TNF-. Human MSCs are not known to 
naturally express IDO mRNA. However, their expression and 
activity can be induced by inflammatory cytokines including 
IFN- and TNF-. Thus, it is plausible that IDO could play a role 
if MSCs have been subjected to an inflaming environment [24].

13.2.2.4 Neutrophils

Neutrophils, a type of white blood cell with many nuclei, 
are acknowledged as vital contributors to the process of 
acute inflammation. These cells are plentiful in the circulatory 
system and can be transported to the areas of injury within 
a couple of minutes. Infections are eradicated by neutrophils 
via many techniques including phagocytosis, production of 
chemicals that kill bacteria, and the formation of neutrophil 
extracellular traps. The positive benefits of MSCs on neutrop-
hils were initially documented in 2008. 
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MSCs from human bone marrow in good condition were 
able to successfully prevent inactive or IL-8-stimulated neut-
rophils from dying by programmed cell death. This inhibition 
was mainly facilitated by the release of IL-6 and remained 
effective even at very low ratios of MSCs to neutrophils. In 
the same way, MSCs that were treated beforehand with the 
TLR3 stimulator Poly (I:C) demonstrated strong abilities to pre-
vent cell death in neutrophils. This effect was mainly achieved 
through the joint action of GM-CSF, IFN‐β, and IL-6. MSCs 
can also recruit neutrophils in laboratory settings by releasing 
MIF and IL-8. The veracity of these data was confirmed by 
other in vivo investigations.

Neutrophils have been observed to be efficiently attrac-
ted by MSCs that have been activated with LPS and injected 
under the skin. Furthermore, TNF-α-stimulated or MSCs ge-
nerated from gastric cancer effectively attracted neutrophils 
to the tumor, hence facilitating the spread of the tumor and 
the formation of new blood vessels. It is hypothesized that 
MSCs may aid in preserving the reservoir of neutrophils in 
the bone marrow and assist in resolving infection and inflam-
mation by promoting the movement of neutrophils to sites of 
inflammation. Nevertheless, there are also conflicting results. In 
a vasculitis instance of a mouse, it has been discovered that 
MSCs block the activation of neutrophils, prevent the creation 
of neutrophil extracellular traps, and reduce the excessive 
release of tissue-damaging proteases. As a result, this redu-
ces uncontrolled inflammation and mitigates tissue damage. 
The therapeutic impact of MSCs in this model was achieved 
through the continuous express of superoxide dismutase-3. 

MSCs from various sources effectively restricted neutrophil 
recruitment in an alternate neutrophil type infiltration stimu-
lated by endothelial cells that are induced by cytokines. In 
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addition, it has been demonstrated that extracellular vesicles 
produced from MSCs can also hinder the entry of neutrophils 
into the lung in a lung damage example induced by endo-
toxin. The reasons behind these inconsistencies and the ne-
cessity for additional research in this domain are evident [24].

13.2.2.5 Mast cells

These cells are widely regarded as the primary cells 
responsible for carrying out allergic reactions. They may also 
play a role in inflammatory illnesses, where non-allergic stimuli 
stimulate them and exacerbate autoimmunity, according to 
numerous evidence. The degranulation, inflammatory cytokine 
release, and chemotaxis capacities of mast cells were inhibi-
ted when they were co-cultured with bone marrow derived 
MSCs. This phenomenon occurs as a result of the increased 
expression of COX2 in MSCs. This observation was validated 
in live organisms, since the introduction of MSCs effectively 
suppressed the release of granules from skin mast cells and 
peritoneal cavity of mice. 

MSC inoculation prevented mast cell recruitment and bre-
akdown in an animal instance of atopic dermatitis, a process 
made possible by MSC production of TGF-β1 and PGE2. MSCs 
also inhibited the invasion of mast cells and the production 
of new inflammatory cytokines in a mouse model of touch 
hypersensitivity through the production of PGE2. Remarkably, 
mesenchymal stem cells (MSCs) able to triggered by IgE-sti-
mulated mast cells, resulting in the release of hematopoietic 
growth factors and thymic stromal lymphopoietin. The re-
gulation of lineage commitment and proliferation of CD34+ 
progenitor cells are controlled. Furthermore, mast cells exert 
an influence on MSCs by stimulating their growth and buildup, 
while impeding their specialization by the platelet-derived 
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growth factor stimulation. This mechanism potentially contribu-
tes to the enhancement of the heart regeneration process [24].

13.3 IMMUNE MOLECULES AND MSCs 

In order to engage in tissue healing, MSCs need to be 
in close proximity to different stromal and immune cells. The 
mechanism by which MSCs facilitate tissue healing is intricate. 
MSC-derived immunoregulatory factors have a crucial func-
tion in this context. MSCs have been documented to secrete 
various growth factors and chemicals that modulate the im-
mune system. They investigate how the release of anti-inf-
lammatory chemicals at tissue injury sites is affected by the 
inflammatory microenvironment and find that MSC-mediated 
inhibition occurs in the milieu around MSCs.

The immunological response triggers the production of inf-
lammatory substances, which activate the inhibitory ability of 
MSCs. The onset of tolerance by the immune system coincides 
with the growth of the fetus during gestation, emphasizing the 
critical function of fetal-derived MSCs. Several cells involved 
in both innate and adaptive immunity are suppressed by the-
se multifunctional cells, including B cells, DCs, macrophages, 
as well as diverse effector cells such as CD4+ T cells, NK cells, 
CD8+ T cells, Tregs and natural killer T (NKT) cells.

13.3.1 Indoleamine-2,3-dioxygenase (IDO)

IDO is an enzyme found in the cytoplasm of mammals. It 
plays a crucial role in breaking down tryptophan through the 
kynurenine degradation pathways. IDO is composed of two 
helices with a heme group positioned between them. It is a 
crucial amino acid that facilitates the decomposition of tryp-
tophan through kynurenine. The immunomodulatory impact 
triggered by cells expressing IDO is initiated by a decrease in 
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the nearby level of tryptophan or its derivative. Research in-
volving placental cells has demonstrated their ability to inhibit 
the destruction of fetal cells by maternal T cells during preg-
nancy. The synthesis of IDO in placental cells is responsible 
for this protective effect. Unlike earlier partially genetically 
dissimilar transplants, the developing embryo during pregnan-
cy releases paternal markers that do not induce rejection by 
the mother’s immune system. Dendritic cells can produce IDO, 
which in turn can trigger an immune response that promotes 
tolerance. Su et al proposed that MSCs do not possess an 
inherent capacity to produce IDO, but instead develop this 
capability after being stimulated by the inflaming cytokines 
TNF-α, IL-1β, and IFN-γ. IDO’s involvement in the regulation 
of immune response by MSCs has been recently shown to 
decrease different groups of NK and T cells. 

13.3.2 Human leukocyte antigen-G (HLA-G)

A well-known antigen from class I of the major histo-
compatibility complex is HLA-G. The gene responsible for 
expressing it is located on chromosome 6p21. This differenti-
ates itself from conventional HLA class I molecules due to its 
limited occurrence in particular tissues and a limited diversity 
in the coding area. HLA-G can exist in seven different protein 
variants, which are produced by a specific transcript. There 
exist four distinct kinds of proteins that are attached to the 
cell membrane, specifically referred to as HLA-G1, HLA-G2, 
HLA-G3, and HLA-G4. Furthermore, there exist three distinct 
forms of aqueous proteins, specifically HLA-G5, HLA-G6, and 
HLA-G7. 

The molecule exerts its immunomodulatory ef-
fects by communicating with distinct receptors, na-
mely KIR2DL4 (CD158d), LILRB2 (ILT4/CD85d), and LILRB1 
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(ILT2/CD85j), that are released in varying patterns by immune 
cells. HLA-G can bind to CD8 independently of TCR interac-
tion, resulting in elevated synthesis and release of FasL. This 
can lead to apoptosis triggered by activated CD8+ T cells 
and NK cells. HLA-G has a vital role in facilitating tolerance 
throughout both pregnancy and transplantation. Leukemia in-
hibitory factor (LIF) and IL-10 may increase the production 
of HLA-G in MSCs. The production of HLA-G in immune 
cells has been discovered to be regulated by molecules inc-
luding IFN-β and glucocorticoids. HLA-G has been studied in 
the context of allogeneic solid organ transplantation. It has 
been strongly linked to a decrease in the occurrence of im-
munological rejection in kidney and liver transplants from a 
different donor.

13.3.3 Prostaglandin E2 (PGE-2)

These are chemical compounds derived from arachidonic 
acid (AA) through the action of cyclooxygenase (COX), which 
includes both inducible cyclooxygenase (COX2) and constitu-
tively active cyclooxygenase (COX1) as well as PG synthases. 
PGE-2 can be generated by different cells, such as infiltrating 
inflammatory cells, fibroblast, and epithelial being the primary 
producers of PGE-2 during an immune response. All cell types 
in the body have the ability to manufacture PGE-2, howe-
ver during an immune response, invading inflammatory cel-
ls, fibroblast, and epithelial cells, are the main producers of 
PGE-2. The extensive role of PGE-2 is indicated by the pre-
sence of PGE2 receptors (EP1–EP4) in a variety of cell types. 
Although it exhibits relative stability in controlled laboratory 
circumstances, the presence of albumin accelerates its degra-
dation. Conversely, PGE-2 exhibits a high rate of movement 
within an organism. Moreover, it is rapidly removed from 
tissues and the circulatory system. This attribute of PGE-2 is 
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likely to function during the development of disorders con-
nected to the immune system and indicates a potential area 
of interest for immune modulation. It is crucial to note that 
the influence of PGE-2 on the immunoregulation mediated by 
MSCs usually takes place when it is paired with other drugs 
that depress the immune system. The combination of PGE-2 
and IDO was found to alter the proliferation of T cells, NK cell 
capability to destroy cells, and the production of cytokines in 
human MSCs.

13.3.4 Inducible nitric oxide synthase (iNOS)

iNOS is an enzyme that facilitates the synthesis of nitric 
oxide (NO) within living organisms. Nitric oxide, when present 
in high amounts, exhibits potent immunosuppressive proper-
ties. The calcium level in the cell is essential for all cellular 
activities. Nevertheless, similar to other NO isoforms, its func-
tionality relies on the interaction with calmodulin (CaM). The 
presence of elevated levels of NO has been observed to 
impede immunological responses, however the specific mec-
hanisms behind this effect remain largely unknown. Furthermo-
re, during the initiation process, cytokines such as IFN-γ and 
TNF-α, either itself or in conjunction, trigger the production of 
NO. This exerts a substantial influence on both immunological 
responses. As an illustration, NO specifically targets DCs, whi-
ch play a vital role in developing robust immune responses. 
It was discovered that the inhibition of GM-CSF prevents the 
maturation of rat lung DCs. Likewise, NO hinders the acti-
vity of TNF-α and hampers the process of DC development 
in humans. Substantial quantities of adhesion molecules and 
chemokines are produced by MSCs. Lymphocytes aggregate 
nearby mesenchymal stem cells. The abundant release of NO 
by MSCs is believed to inhibit the activity of immune cells.  
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13.3.5 Interleukin 10 (IL-10)

Both lymphoid and myeloid cells can produce IL-10. While 
it possesses beneficial immunosuppressive properties, it also 
exhibits certain immunostimulatory effects. IL-10 exerts its influ-
ence on monocytes, macrophages, and T cells, resulting in the 
suppression of inflammatory reactions. Therefore, it controls 
the proliferation and specialization of NK cells, T cells, B cells, 
and other immune system cells. Thus, it impacts the body’s 
inflammatory reactions. It can suppress the synthesis of IL-10, 
IFN- γ, IL-2, IL-12, and TNF- α. Additionally, it will decrease 
the expression of HLA class I. While IL-10 is thought to have 
a role in the suppressive effects of MSCs, there is currently no 
evidence showing that MSCs directly produce IL-10. Conver-
sely, it has been discovered that antigen-presenting cells, such 
as monocytes or dendritic cells and the interaction between 
MSCs can induce the production of IL-10.

13.3.6 Other mediators

Upon inflammatory activation by heme oxygenase-1 (HO-
1), leukemia inhibitory factor (LIF), MSCs or other adult stem/
progenitor cells, and inhibitory surface protein programmed 
death ligand 1 (PD-L1) are among the substances that are 
present. Galectins and TGF‐β molecules are synthesized. Ne-
vertheless, additional research is needed to explore the speci-
fic ways in which MSCs suppress the immune system and the 
molecular mechanisms that underlie this process [2,4]. 

13.4 EXTRACELLULAR VESICLES (EVs) AND MSC 
VESICLES 

MSCs possess potent paracrine activities, which serve as 
the primary mechanism underlying their therapeutic actions. 
The paracrine impact can be partially elucidated by the re-
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lease of microvesicles (MVs) or exosomes from mesenchymal 
stem cells, which leads to the transfer of mRNA, microRNA, 
and proteins in a horizontal manner. EVs, which are either 
exosomes released from the endosomal compartment or ve-
sicles shed from the cell membrane, are regarded as a crucial 
feature of the intercellular milieu. EVs are essential for facilita-
ting cell-to-cell contact by serving as carriers for transferring 
information. EVs imitate the behavior of mesenchymal stem 
cells in many experimental scenarios by preventing program-
med cell death and promoting cell growth. In addition, they 
maintain control over the microenvironment with the growth 
factors, cytokines, and chemical compounds. 

These stem cells are multipotent and possess strong im-
munosuppressive and regenerative capabilities, making them 
highly valuable for regenerative therapy. Nevertheless, it is 
imperative to establish common norms or procedures for 
MSCs. Simultaneously, it is equally crucial to seek out safer 
and more efficient implementation strategies. Hence, condu-
cting research focused on exosomes generated from MSCs 
as an alternative holds significant relevance in the present 
day. MCSs release a variety of EVs, including as MVs with a 
diameter of 0.1-2 mm and exosomes with a diameter of 30-
150 nm. Between the targeted cells and MCSs, these EVs may 
function as paracrine agents. Exosomes are the extracellular 
vesicles most frequently utilized in these investigations. 

The discovery of MSC exosomes was initially made by Lai 
et al. Furthermore, the isolated exosomes reduced the size of 
injured cardiac tissue in an animal model of myocardial ische-
mia/reperfusion (I/R) injury.  Exosomes are therefore thought 
to be unique molecules that improve the repair of tissues.  
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MSC exosomes are extensively utilized in clinical studies 
for cellular therapy, specifically for immunomodulation and re-
generative medicine. Mesenchymal stem cell exosomes consist 
of a variety of bioactive substances, including mRNA. These 
bioactive molecules, such as proteins or bioactive lipids, have 
strong therapeutic potential for tissue healing. They achieve 
this by supporting the body’s own stem cells, improving re-
generative properties, preventing cell death, promoting blood 
vessel growth, and modulating the immune system. 

The paracrine effect, a crucial characteristic of MSCs in 
the field of regenerative medicine, was initially documented 
over two decades ago by Haynesworth et al. MSCs have 
been observed to produce and release a substantial quantity 
of growth factors, chemokines, and cytokines, which can have 
a substantial impact on the neighboring cells. Subsequent re-
ports have indicated that these undisclosed elements enhance 
the growth of new arteries, safeguard against lack of blood 
flow and tissue injury, stimulate novel blood vessel generation, 
and enhance the process of blood vessel formation. An addi-
tional illustration of the paracrine impact of MSCs on immunity 
is evidenced by their immune regulating characteristics. MSCs 
may suppress several functions of T-lymphocytes, whereas 
DCs can alter NKs’ and T cells’ cytokine output, causing a 
more resilient and anti-inflammation profile to emerge.

While MSC-based therapies offer some benefits compared 
to ESC and FSC therapies, they can potentially give rise to 
issues related to cell viability, regenerative capacity, immuno-
logical rejection, and tumor formation. To circumvent these 
issues, exosomes can be employed as a cell-free therapeutic 
approach. The limited abundance of proteins on exosome 
membrane greatly reduces the probability of immunological 
failure, even when administered allogeneically. Furthermore, 
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exosomes lack the ability to undergo cell division, thereby 
eliminating any potential for the development of tumors. Thus, 
MSC-exosomes possess a more secure architecture compa-
red to MSCs for clinical purposes. Adult MSCs possess cru-
cial immunosuppressive and immunomodulatory characteristi-
cs, rendering them very appropriate for many regenerative 
applications and organ transplantation. Consequently, it can 
significantly impede the activities of natural immune effector 
cells, specifically targeting MSCs, B cells, T cells, macrophages, 
neutrophils, NK cells, mast cells, and DCs. Additionally, it may 
also aid in preventing graft loss [44,45]. 

EVs play a crucial role in intercellular communication. Alt-
hough exosomes are typically emphasized in this process, 
certain papers may refer to the topic using the broader 
term EV, encompassing all types of extracellular vesicles. Oc-
casionally, these articles may particularly discuss exosomes 
and MVs in detail. Various expressions are employed in this 
section, contingent upon the cited source. Examination of 
exosomes’ mobility and roles in studies has revealed that 
endosomes produce them, kept in multivesicular endosomes 
(MVEs), and discharged by exocytosis. Exosomes are either 
secreted into the extracellular space through the fusion of 
multivesicular bodies (MVBs) with the cell plasma membrane, 
or they are broken down by MVBs and lysosomes. The exo-
some communicates with target cells through three potential 
mechanisms. Membrane fusion facilitates the transmission of 
membrane receptors, proteins, and microRNAs (miRNAs) to 
recipient cells. Furthermore, several entities have the ability 
to transmit signals through protein molecules that bind to re-
ceptors on the surface of receiving cells, such as heat shock 
proteins found in the exosome membrane. Exosomes, which 
contain miRNAs and proteins, may be delivered to target 
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cells through endocytosis. The transfer of exosome content to 
target cells occurs through the activation of receptors and/
or membrane fusion. Exosomes have the ability to activate 
target cells by attaching protein ligands to receptors on reci-
pient cells through the process of receptor binding. Upon en-
docytosis, exosomes transfer their cargo of proteins, mRNA, 
or miRNA into the target cells. While the process of MV pro-
duction may vary, they share common features in terms of 
content and communication with the target cell. MVs have the 
ability to directly activate target cells by binding to receptors 
on their surface. MVs have the ability to transport receptors 
or proteins from one cell to another [46]. 

One advantage of using exosomes is that isolating them 
from MCSs is simpler compared to isolating MCSs. Additionally, 
the time required for production and the cost associated with 
producing exosomes derived from MSCs are reduced com-
pared to those of the parent cells. Exosome therapy is consi-
dered safer than MSC-based therapies due to the absence of 
proliferative capacity in exosomes and the lack of significant 
numbers of markers that can be recognized as antigens by 
the host body, leading to a decrease in immunological rejecti-
on. Moreover, exosome-based regeneration does not include 
any worries about cell survival, and it exhibits long-term stru-
ctural stability even when stored at a temperature of 20°C. 
This makes exosomes an ideal option for cell-free therapy. 
Although there is limited research directly comparing MSC-EV 
treatments to MSC treatments, the prevailing consensus su-
ggests that MSCs are primarily instrumental while MSC-EV is 
more inclined to impact areas of damage. Utilizing MSC-EV 
instead of MSCs offers several benefits, including enhanced 
safety, reduced immunogenicity, and the capacity to surpass 
biological obstacles. MSC-EV usage mitigates the occurrence 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY302

of difficulties arising from the development of abnormal tu-
mors formed from stem cells and the the immune system fa-
ilure. The benefits of MSC-EV and the increasing evidence of 
their therapeutic potential are driving the advancement of EV 
as viable treatment choices. Exosomes released by MSCs via 
paracrine signaling possess similar properties to MSCs, while 
additionally offering the benefits of precise delivery, minimal 
immune response, and enhanced regenerative potential [47]. 
MSC exosomes possess a superior immunological benefit due 
to their elevated amounts of miRNA in comparison to MSCs. 
Additionally, it stimulates inflammatory priming by enhancing 
the expression of miRNA 155 and miR 146. Other investigati-
ons have found that the proportion of regulatory T cells to 
effector T cells rises when the IL-10 cytokine of exosomes 
generated from MSCs increases. Furthermore, research has 
demonstrated that exosomes produced from MSCs have the 
ability to enhance the process of CD4+ T cell differentiation 
towards Tregs, while simultaneously reducing the activation 
of NK cells. The regulatory impacts of MSCs are regulated 
by suppresive factors such as IL-10, iNOS, IDO, PGE2, and 
TGF-β1. Immunosuppressive substances have been proposed 
by researchers to be contained within extracellular vesicles, 
particularly exosomes. Chen et al. found that MSC-mediated 
exosomes have an immunological impact on peripheral blood 
mononuclear cells, targeting T cells. In addition, it enhances 
the release of cytokines that are anti-inflammatory such as 
TGF-β1, while suppressing the production of pro-inflamma-
tory cytokines such as IL-1β and TNF-α. This cytokine profile 
replicates the immunomodulatory impact of MSC. Zang et al. 
found that exosomes produced from MSCs stimulate the de-
velopment of CD4+ T cells into regulatory T cells [48,49]. 
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Multiple research involving exosomes produced from 
MSCs have demonstrated their capacity to modulate the fun-
ction of various immune cells, such as T cells, B cells, NK cells, 
and macrophages. Research has indicated that the healing 
impact of exosomes is facilitated through the transportation 
of mRNA. Several of these factors are involved in the control 
of gene expression, cell division, and immunological response, 
and they contribute to the stimulation of tissue regeneration. 
Studies show that exosomes produced from MSCs are as ef-
fective as MSCs in treating many illnesses, without the poten-
tial hazards for cell transplantation. Placenta is a more abun-
dant source of MSCs compared to other substances such 
as adipose tissue or bone marrow. During pregnancy, the 
placenta acts as an immune regulatory organ, meaning it is a 
‘tolerated allograft’. As a result, this tissue may serve as a su-
perior source of allogeneic stem cells. This difficulty has been 
exemplified in the xenotransplantation of this particular tissue. 
As a consequence, there was a reduced ability to provoke 
an immune response in animals with a fully functional immune 
system. In addition, placental cells do not possess MHC class 
II antigens, which have a role in the rejection of transplan-
ted tissues. The placenta is considered an immune-privileged 
tissue for isolating MSCs due to various factors, including 
those mentioned and others. In a study involving humans 
with cutaneous graft-versus-host disease, exosome-enriched 
EVs were obtained from MSCs generated from the placen-
ta. These exosome enriched EVs were then delivered to the 
patients. Consequently, the patients’ skin exhibited reduced 
hyperpigmentation. Furthermore, there was a reduction in the 
occurrence and intensity of ulcers, wounds, and keratotic and 
atrophic lesions, and there was evidence of improved wound 
healing. In addition, a noticeable enhancement in skin texture 
and moisture levels was noticed following the therapy. Exoso-
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mes, due to their significantly smaller particle size compared 
to their parent cells, are capable of traversing capillaries 
without causing obstruction. Hence, intravenous delivery of 
MSC-derived exosomes proves to be more efficacious com-
pared to the parent cells [50]. The study discovered that when 
exosomes obtained from immature DCs were coupled with 
Tregs, they were able to establish immunological tolerance 
and enhance the survival of a rat liver allograft model [51]. A 
separate investigation involving BM-MSC exosomes revealed 
that their administration resulted in an augmentation of the 
differentiation process of CD4 + T cells into Treg cells. In order 
to promote the formation of Treg cells, which in turn improve 
immunological tolerance during kidney donation, BM-MSCs 
produce exosomes that modify the maturation of CD4+ T cel-
ls. Research has demonstrated that exosomes produced by 
BM-MSCs stimulate immature DCs to release IL-10 [50,52]. 

GvHD is a common complication following allogeneic he-
matopoietic stem cell transplantation (allo-HSCT), where do-
nor T and B lymphocytes from the transplanted graft identify 
and attack antigens in the recipient’s body, occurring in ap-
proximately 50% of cases. Researchers observed a significant 
inhibition of Th17 cell activity and a reduction in pathological 
damage by infusing MSC-mediated exosomes into a mou-
se GvHD model. Exosomes from MSCs extended the lifes-
pan of mice with chronic GvHD and reduced the severity of 
both pathological and symptomatic symptoms. In a GvHD 
model created by infusing mononuclear cells from human 
peripheral blood into treated mice, it was discovered that 
exosomes produced by MSC cells might reduce signs and 
enhance lifespan. Exosomes generated from MSCs stimula-
ted the generation of Tregs both in living organisms and 
in laboratory conditions through pathways involving APCs. 
Mesenchymal stem cells are being increasingly utilized as an 
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alternate strategy for treating GVHD, owing to their ability to 
modulate the immune system and regulate the immunological 
response [53,54,55]. 

Cold ischemia-reperfusion has long been a worry in 
transplantation due to the potential damage it might cause 
to grafts. A study was conducted to induce ischemia reper-
fusion injury in a rat kidney model by introducing MSC-medi-
ated exosomes, and the outcomes were observed. Perfusion 
resulted in a notable decrease in indicators of kidney da-
mage in kidneys that were treated with exosomes delivered 
by MSCs. In addition to BM-MSC-mediated exosomes, ot-
her studies have documented the tumoricidal capabilities of 
exosomes derived from human UC-MSC [56,57,58]. Experiments 
have demonstrated that exosomes produced from UC-MSCs, 
when given after a heart attack, can enhance the number of 
myofibroblasts in the damaged area, encourage the trans-
formation of fibroblasts into inflammatory myofibroblasts, and 
decrease inflammation in laboratory settings [59]. 

Given the numerous benefits of MSC-mediated exosomes, 
significant advancements in the medical domain are undou-
btedly feasible in the future. Exosomes, biomolecules utilized 
for therapeutic drug delivery, exhibit comparable effects to 
synthetic nanoscale carriers (e.g. liposomes, nanoparticles) 
currently employed in drug transfer. However, exosomes pos-
sess biological mechanisms and activities depending on cells. 
Exosomes possess inherent integration with living organisms, 
exhibit enhanced chemical durability, facilitate long-range in-
tercellular communication, and possess innate capacity for 
intercellular fusion and transport. Numerous investigations su-
ggest that exosomes can preferentially interact with cells and 
particular tissues, including the ability to traverse dense tissue 
barriers like the blood-brain barrier [60,61,62,63]. 
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13.5 CONCLUSION        

While MSCs-derived exosomes show promise as a poten-
tial alternative to MSCs in the field of regeneration therapy, 
before they can be utilized in medical settings, a number of 
issues need to be addressed. Currently, exosomes are extra-
cted by categorizing them according to their vesicle size. In 
order to ensure consistent treatment effectiveness for heart 
reconstruction and healing, it is necessary to employ more 
precise isolation techniques if the varying sizes of vesicles in 
exosomes are indicative of various components. Furthermore, 
exosomes are sequestered within MVEs prior to their secre-
tion into the extracellular matrix. Prior to release, it may be 
beneficial to separate exosomes formed from MSCs from 
MVBs in order to obtain purified exosomes. This is because 
exosomes obtained from culture media and blood throu-
gh MSC-mediated processes may contain contaminants from 
other cell types. Furthermore, there is currently a lack of a 
clearly defined technique for analyzing individual exosomes. 
An examination of the cargo contents of an individual exo-
some, as opposed to the total exosome population, will yield 
a more comprehensive comprehension of the specific mec-
hanisms that underlie exosome-based therapies. An in-depth 
analysis of payloads from an individual exosome, as opposed 
to the total exosome population, will yield a more compre-
hensive comprehension of the specific mechanisms that un-
derlie exosome-based therapies [60,61,64].
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14.1 INTRODUCTION

Mesenchymal stem cell is a adult stem cells, which can dif-
ferentiate into may cell types, such as muscle, cartilage, bone, 
and fat are known as mesenchymal stem cell. MSC isolati-
ons from fatty tissue, testicles, umbilical cord blood, placenta, 
bone marrow, pancreas, liver, spleen, amniotic fluid, dental 
pulp, menstrual blood, and many tissues and organs have 
recently been carried [1,2,3]. Their easy isolation, high migration 
capacity, rapid reproduction, and ability to escape an aller-
genic response after transplantation make them prominent 
players in regenerative medicine [4]. These cells are distinguis-
hed by the structure of their retinas and their capacity for in 
vitro differentiation into adipocytes osteocytes, and chondro-
cytes. A singular indicator does not differentiate MSCs from 
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cells that possess comparable fibroblastic features. When cells 
are separated, they are distinguished by their ability to exp-
ress some of the multiple surface markers and some not to 
express them. MSCs generally represent surface molecules 
like CD105, CD90, CD29, CD73, and CD44, while they do not 
have endothelial and hematopoietic surface molecules like 
CD45, CD34, CD31, CD14, and CD11 [5,6]. MSCs can be diverge 
into many cell types that make up tissues. The differentiation 
process of MSCs takes place through complex cellular paths, 
including transcription factors and the organization of gene 
expressions. Transcription factors, extracellular matrix mole-
cules, cytokines, growth factors, and regulate the transforma-
tion of MSCs into mature cell types [7]. For MSCs to establish a 
distinction, particular inducers are necessary, such as certain 
growth factors. Transcription factors may influence the matu-
ration of MSCs into various cell types. The differentiation of a 
particular cell type can be induced through the stimulation of 
transcription factors, which subsequently triggers the expres-
sion of the genes accountable for advancement. This chapter 
will discuss the attributes and operations of transcription fa-
ctors, containing PPARγ, MYOD, RUNX2, NANOG and, SOX9 
which play critical roles in the differentiation process [8,9].    

14.2 MESENCHYMAL DIFFERENTIATION

14.2.1 Adipogenic Differentiation 

For MSCs to differentiate into adipocytes, either the blo-
ckage or stimulation of specific transcription factors is ne-
cessary. An essential transcription factor in the differentiation 
ofMSCs from adipocytes is PPARγ (the adipogenic-specific 
peroxisome proliferation-activated receptor γ). It is known 
that adipogenic transformation of MSCs induces an increase 
in the expression of PPARγ; blocking it inhibits adipogenesis. 
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The isoforms PPARγ2 and PPArγ1 have vital functions in the 
process of development of MSCs to adipocytes. The atta-
chment of PPARy to various substrates triggers the PPARy 
stimulation and suppression [10]. One of these ligands, TAZ, has 
been to act as a common suppressor of PPARγ, thus blo-
cking adipogenic differentiation. Another study showed that 
PPARγ2 on its own or in conjunction with PRDM16 or CEBPB 
supports adipogenic transformation with 90% effectiveness. It 
is also known that the transcriptional inhibitor, which interacts 
with myocyte amplifier factor-2, functions significantly in im-
peding the adipogenic transformation of MSCs by means of 
its relationship with PPARy2 and subsequent inhibition of this 
transcription factor’s activity [7].

EBF-1, also known as the early B cell factor, is a cruci-
al component of transcription process that has a significant 
impact on cellular activity and transformation. It has an im-
portant function in supporting the transformation of MSCs to 
osteocytes and adipocytes. Gene expression analyses have 
shown that PPARy2 and EBF-1 induce two separate gene sets, 
both of which are associated with adipogenic transformati-
on[11].

As a constituent of the zinc finger transcription factor 
family, GATA-2 regulates the growth and development of 
diverse cell strains and hematopoietic stem cells. GATA-2 also 
regulates adipogenic differentiation by preserving hemato-
poietic. The suppression of GATA-2 increases MSC trans-
formation to adipocytes, while its stimulation tends to stop 
adipogenic differentiations. In a same way, the silencing of 
the forkhead transcription factor (Foxa1) enhances the MSC 
transformation to adipocytes, and PPARγ, the key transcripti-
on factors in Adipogenesis, increases C/EBPα expression [12]. It 
was also found that HOXC8 exhibited decreased expression 
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levels throughout the transformation process of MSCs into 
adipocytes. Conversely, overexpression of HOXC8 in MSCs 
hindered the their development to adipocytes [13].

The most widely studied transcription factors have been 
demonstrated in several studies where a group of translation 
factors, including PPARγ1, PPARg2 and EBF-1, play impor-
tant controlling functions in the adipogenic transformation of 
MSCs. In addition, several additional transcription factors have 
important functions in the transformation of MSCs to adipo-
cytes. These include Oct4, Sox2, COUP-II, Dermo-1, Twist-1, 
PRDM16, and CEBPB. But there are also transcription factors, 
such as HOXC8, Foxa1, and GATA2, which have a suppressive 
influence on the MSC transformation to adipocytes [7].

14.2.2 Osteogenic Differentiation

Hormones and transcription factors cooperate at the mo-
lecular level to regulate the development of MSCs into osteo-
cytes. Osterix and CBFA-1/Runx2 are the primary transcription 
factors that are crucial in the transformation of MSCs into 
osteocytes. The transformation of MSCs towards osteocytes 
can be stimulated in a single-layer culture environment by 
incubating them in a differentiating environment containing 
combinations of vitamin D3, bone morphogenetic proteins 
(BMP), transforming growth factor-beta (TGF-β), ascorbic 
acid-2-phosphates, dexamethasone, and β-glycerophospha-
te[7,14]. 

Several transcription factors like β-catenine, osterix, and 
Runt-related transcription factor 2 (Runx2) control transfor-
mation to osteocytes. The Runx gene contains an area for 
DNA binding (runt area) and heterodimer forms of the Runx 
protein. Various studies have shown that Runx2 is necessary 
for osteogenic transformation. The Runx2 transcription factor 
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plays a crucial role in controlling bone development and 
the transformation of MSCs into bone cells. It leads to MSC 
transformation to pre-osteoblast and prevents transformation 
to adipocytes and chondrocytes. The symmetrical division of 
Runx2 mRNA to new cells with post-mitotic symmetric division 
has been found to support osteogenic genealogy and the 
preservation of the osteoblast phenotype. Overexpression of 
the homeobox protein Hox-B7 (HOXB7) has also been shown 
to affect mRNA synthesis of main transcription factor Runx2 
and promote osteogenic transformation. HOXB7 has been 
found to increase osteogenic transformation by upward cont-
rolling Runx2[15]. During bone development Hoxa2 is increased, 
whereas Hoxa9 is downregulated[13].

Runx2 synthesis is controlled by various signal paths, like 
the Notch, BMP, and Wnt signalling routes. BMP interacts 
with BMPR (the BMMP receptor) and stimulates the intra-cel-
lular Smad that can be trasnported to the nucleus and act 
like a transcription factor. Osteogenic differentiation has also 
been deteriorated by the deletion of BMP ligands. BMP9 has 
also been found to support Smad8, 5 and 1 activation and 
transformation to osteocytes in MSCs. Transformation to os-
teocytes needs Smad-Runx2 association. Mutations occurring 
in the C-end region of Runx2 interfere with the Smad-Runx2 
activity, leading to the inhibition of osteogenic development. 
The transcription factor TWIST functions being an afterwards 
effector of hypoxia-induced factor-1α (HIF-1α) and inhibits the 
production of Runx2 in MSCs. This inhibition leads to the cont-
rol of development of osteocytes.  Over-expression of HIF-1α 
increases cell survival, proliferation, and the pro-angiogenic 
gene synthesis. However, the production of osteogenic indica-
tors, containing Runx2 and BMP-2, is also reduced, suggesting 
that overexpression of HIF-1α has no effect on the osteoge-
netic transformation of MSCs[16].
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Osterix is a transcription factor belonging to Sp1 family. 
There are three zinc finger motifs on it. It is known that in the 
absence of osterix, intramembranous or endochondral ossifi-
cation is known to prevent the production of bone trabeculae 
and cortical bone. The lack of expression of osterix in Runx2/
Cbfa1 null mice suggests that osterix functions downstream 
of Runx2. The study determined that Osterix is essential for 
guiding MSCs towards osteoblasts, therefore playing a crucial 
role in the process of bone development [17]. Furthermore, sti-
mulating the Wnt route in MSCs inhibits PPAR-γ and leads to 
the production of Osterix [18].

β-catenin is crucial in the process of MSC development 
into osteoblasts. β-catenin is necessary for osteogenic deve-
lopment and its absence prevents this process, hence enab-
ling MSCs to eventually transform into chondrocytes. The bio-
logical function of β-catenin is controlled by the Wnt route [19]. 
Wnt molecules attach to the LRP5 co-receptor and Frizzled 
receptor, causing β-catenin to build up in the cytosol. Af-
terward, it enters the nucleus and connects with the LEF/TCF. 
β-catenin, a transcription factor, forms a bond with LEF/TCF 
and initiates the process of transcribing the resulting gene [20].

CBF-1α transcription factor is crucial in the process of 
osteogenic maturation of MSCs. Hypoxia in MSCs derived 
from bone marrow leads to a gradual upregulation of CBF-
1α production, hence enhancing the transformation capacity 
of MSCs into osteocytes [21]. The Notch signaling pathway 
controls CBF-1α, facilitating the generation of the Notch intra-
cellular domain (NICD). This process results in the stimulation 
of CBF-1α within the nucleus [7]. Transgenic mice that have an 
excessive amount of NICD experience the development of 
osteosclerotic bone. In contrast, the absence of Notch signa-
ling leads to osteoporosis associated with aging. TNF-α has 
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been discovered to stimulate the process of osteogenic de-
velopment in MSCs generated from the umbilical cord. NF-kB 
route mediates this effect [22,23]. 

Numerous investigations have shown that different transc-
ription factors can either promote or inhibit the osteogenic 
development of MSCs. During bone development, the transc-
ription factor DLX5, which is a member of the homeoprote-
in family, is produced.  Through the action of SOX2, it has 
been demonstrated that DLX5 overexpression inhibits MSCs’ 
ability to differentiate terminally into osteocytes in vitro. The 
Wnt signaling pathway is crucial to the stimulation of MSC 
osteogenic development via the winged helix/forkhead fa-
mily transcription factor Foxc2. As a transcriptional regulator 
involved in the homeostasis, progression, repair, growth, and 
advancement of various malignancies, YAP (yes-associated 
protein) is a co-stimulator directed in collaboration with the 
TEAD family of transcription factors. Research has discovered 
that the process of osteogenic development is improved by 
the influence of YAP.

Osterix and CBFA-1/Runx2 are transcription factors that 
play crucial regulatory functions in the osteogenic develop-
ment of MSCs. Several other transcription factors, such as 
β-catenin, BMP9, HOXB7, HOXA2, YAP, CBF-1α, FOXC2, and 
TNF-α have been documented and investigated for their fun-
ctional involvement in the transformation of MSCs into osteo-
cytes. TWIST and HIF-1α hinder the development of MSCs into 
osteocytes by directly or indirectly interacting with Runx2, so 
exerting an inhibitory effect [7].

14.2.3 Chondrogenic Differentiation 

Although only a few genetic factors have been identified 
that regulate chondrogenesis of MSCs, transcription factors 
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are crucial in controlling the transcription of collagen type II, 
IX, X, and XI, cartilage, and aggrecan attachment proteins, 
that are recognized as indicators for chondrocytes. A supple-
mented environment containing TGF-β1, ascorbic acid, L-glu-
tamine, proline, selenous acid, transferrin sodium pyruvate, 
phosphate, linoleic acid, bovine serum albumin, and dexamet-
hasone induces chondrogenic development of MSCs in vitro. 
During the process of transformation, the physical appearan-
ce of MSCs undergoes a transformation from a fibroblast-like 
structure to a spherical shape [24,25]

Sox9 (SRY-related high mobility group-box gene 9) is the 
primary transcription factor responsible for the transformation 
of MSCs into chondrocytes.  It mediates the expression of im-
portant genes involved in the process of chondrogenesis. The 
protein binds to the promoter of the collagen type 9 gene 
and creates complexes with various other proteins to activate 
the gene’s production [26,27]. Specifically focusing on Sox9 by 
either overexpressing or inhibiting mRNA-145 has been de-
monstrated to lower or raise the mRNA amount of the indica-
tor genes of chondrocytes such as aggrecan, collagen types 
11, 9, and 2. The overexpression of miR-574-3p suppresses 
the activity of Sox9 and the process of chondrogenic trans-
formation in MSCs. Additionally, a significant enhancement of 
chondrogenic differentiation was observed in MSCs transfec-
ted with an interaction of Sox9, Sox6, and Sox5. In addition, 
TNF-α was also shown to increase Sox9 gene transcription. 
Adenovirus-mediated expression of Sox9 and BMP2 in mouse 
embryonic MSCs has also been shown to significantly improve 
the process of chondrogenic transformation in a laboratory 
setting [28,29]

It is known that the increase in FOXO3A expression is cru-
cial in the transformation of MSCs to chondrocytes, especially 
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in this process, down-regulation of miR-29a is also known 
to contribute to the process. Hoxa2 has been shown to be 
downregulated while undergoing chondrogenic differentiation 
of MSCs, and its overexpression results in the inhibition of 
transformation of MSCs to the chondrocytes. Furthermore, 
there have been reports indicating that the genes HOXD13 
and HOXD9 are increased in expression during the pro-
cess of chondrogenic transformation of MSCs. Additionally, 
it has been observed that blocking the activity of the genes 
HOXD13, HOXD11, and HOXD10 hinders the transformation of 
MSCs into chondrocytes [13,30]

Another transcription factor, zinc finger protein 145 
(ZNF145), is involved in the process of MSC transformation 
into chondrocytes. Suppression of ZNF145 limits the process 
of MSCs transforming into chondrocytes, while its excessive 
production promotes chondrogenesis and enhances the levels 
of Sox9 [31]. Studies have demonstrated that Smads act as 
controllers of the process of chondrogenic transformation in 
MSCs. TGF-β1 controls the activity of Smad 2 and 3 during the 
initial phases of chondrogenesis. Smad3 forms a bond with 
Sox9, which consequently hinders the process of chondroge-
nic development. YAP, previously identified as a controller of 
the process by which MSCs develop into bone cells, has also 
been discovered to hinder the transformation of MSCs into 
cartilage cells. STAT3 has been demonstrated to have a cru-
cial function in the determination of MSCs to differentiate into 
chondrogenic generations by activating the STAT3 pathway 
through IL-6. Increased levels of Wnt11 promote the activation 
of genes that regulate the formation of cartilage, and when 
combined with TGF-β, it enhances the process of cartilage 
formation in MSCs [32,33].
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In many studies investigating chondrogenic differentia-
tion of MSCs, it has been found to have distinct master 
regulators, including ZNF145 and Sox9. Additional transcrip-
tion factors, including as Wnt11, STAT3, HOXD13, FOXO3A, 
HOXD11, HOXD10, and HOXD9 have been documented to 
have significant functions in the process of MSC transfor-
mation into chondrocytes. Nevertheless, it is established that 
Hoxa2, Smad3, and YAP hinder the process of MSC transfor-
mation into chondrocytes by directly or indirectly interacting 
with Sox9 [7].

14.2.4 Myogenic Differentiation

14.2.4.1 Skeletal Muscle Cells

The biological dedication of MSCs to skeletal muscle cell 
development relies on the essential suppression or stimulation 
of specific transcription factors. The myogenic transformation 
of MSCs is initiated by the stimulation of certain myogenic 
transcription factors, such as myogenin, Myf-5, MyoD, and 
paired box 3 (Pax3). The transcription factors induce the 
development of the sclerotome and dermo-myotome. Mul-
tiple studies have documented that MSCs can transform into 
skeletal muscle cells when exposed to a substance called 
5-azacytidine, which removes methyl groups from DNA. In 
addition, the process of myogenic transformation has been 
proven through the co-cultivation of MSCs with neonatal car-
diomyocytes, neonatal fibroblasts, and skeletal myocytes [34].

Cells undergo migration toward the dorsomedial end of 
the dermomyotome during the transcription of Pax3 to estab-
lish the myotome and induce myogenic transformation.  Pax7 
and Pax3 belong to the paired box family of transcription 
factors. These entities are recognized as important control-
lers of myogenic development because they have a role in 
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the early formation of striated muscle during the growth and 
repair of skeletal muscle. Previous studies have shown that 
increasing the production of Pax3 in MSCs stimulates the 
development of muscle cells while inhibiting the formation of 
cartilage, bone, and fat, cells in MSCs [35].

Myogenin, MyoD, and Myf-5 are the transcription factors 
belonging to the helix-loop-helix family and have crucial roles 
in the regulation of myogenic transformation. However, Myf-5 
and MyoD are not produced in MSCs obtained from the same 
source; therefore, Myf-5 and MyoD specify distinct muscle cell 
lines in MSCs derived from various sources [7]. MyoD incre-
ase was shown to supress Twist-1 by miR-206 stimulation, 
leading to increased muscle cell transformation. It has also 
been shown that human pluripotent stem cells overexpressed 
with MyoD1 using a vector undergo myogenic differentiation. 
TAZ, which is recognized as a regulator of the transforma-
tion of MSCs into bone and fat cells, was also observed to 
increase the process of muscle cell development mediated by 
MyoD[36]. Signaling variables can stimulate or hinder myogenic 
development.  IGF-II can stimulate myogenic transformati-
on by binding to insulin-like growth factor receptor-1, which 
in turn activates coregulators that are crucial cofactors for 
MyoD. TNF-α plays a controlling function in the process of 
myogenic transformation of MSCs. It inhibits the production 
of the MyoD that is essential for the growth of muscle cells. 
Studies have demonstrated that it can impede the process 
of myogenic transformation by activating NF-κB and TNF-α, 
as well as reducing the IGF-1 signaling pathway. Smad3, a 
member of the Smad family that is controlled by the TGF-β 
receptor, inhibits the process of myogenic transformation in 
conjunction with myogenic transcription factors. There are 
reports indicating that TGF-β-stimulated Smad3 specifically 
inhibits the controlling function of myogenin and MyoD [37,38].
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It has been reported that some transcription factors such 
as MyoD, Myf-5, Pax7, and Pax3 have primary function in 
the transformation of skeletal muscle from MSC. Others, such 
as Myogenin, TAZ and IGF-II, are said to play functions in 
transformation into skeletal muscle. On the contrary, TNF-α 
was reported to have an suppressive effect on trasnformation 
in MSC by the NF-κB pathway [7].

14.2.4.2 Cardiomyocytes 

Numerous transcription factors have been discovered at 
a molecular scale as controllers of the transformation of me-
senchymal stem cells into cardiomyocytes. GATA4, a member 
of the GATA zinc finger transcription factor family, has been 
demonstrated to control the growth and development of 
several cell kinds. MSCs that have been genetically modified 
with GATA4 exhibit a greater level of GATA4 production 
compared to non-modified MSCs when undergoing the pro-
cess of differentiating into cardiomyocytes. This indicates that 
the excessive presence of GATA4 enhances the cardiomyo-
cytic transformation ability of MSCs. Studies have revealed 
that when myocytes are present, MSCs can transform into 
cardiomyocytes, exhibiting a greater level of GATA4 transc-
ription compared to immature MSCs. Studies have shown 
that the process of MSCs transforming into cardiomyocy-
tes is facilitated by the increased expression of GATA4 and 
Nkx2.5. Furthermore, they are essential for the transformation 
of MSCs into cardiomyocytes. Introducing the Wnt11 gene 
enhances the expression of GATA4, which allows MSCs to 
undergo transformation into cardiomyocytes [39,40].

The cardiomyogenic transcription factor and smooth 
muscle cell known as myocardin has two or more important 
serum response factor (SRF) binding sites. Experiments condu-
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cted outside of a living organism have shown that increasing 
the amount of the myocardin gene in MSCs leads to the ac-
tivation of multiple indicators associated with the maturation 
of heart muscle cells. However, it is important to note that 
this increase does not lead to full maturation of heart muscle 
cells, indicating that these genes are involved in the early 
stages of maturation. Animal investigations have shown that 
Thioredoxin-1 (Trx1), which acts as a growth factor regulator 
transcription factor, and antioxidant, can greatly improve the 
transformation of MSCs into cardiomyocytes. Research has 
showed that genetically engineered MSCs, using an adeno-
vector that increases the Notch1 intracellular domain (NICD), 
have enhanced conversion capacity, allowing them to trans-
form to cardiomyocytes [41,42,43].

NKX2.5 and GATA4 are well studied transcription factors 
that play crucial regulatory functions in the transformation of 
MSCs into cardiomyocytes. Notch1, Wnt11, Trx1, and Myocar-
din are additional transcription factors that have been exa-
mined and researched for their activity during transformation 
of MSCs into osteocytes [7].

The process of myogenic transformation was investigated 
using the co-cultivation of MSCs with neonatal cardiomyocy-
tes, neonatal fibroblasts, and skeletal myocytes. It has been 
documented that MSCs possess the capability to transform 
into cardiomyocytes during a treatment period of 2-3 weeks 
with 5-azacytidine. This therapy occurs in a medium enriched 
with 10% FBS and containing low-glucose DMEM [13].

14.2.4.3 Smooth Muscle Cells

TGF-β is the most efficient stimulant for transforming me-
senchymal stem cells into vascular smooth muscle cells. The 
expression of alpha smooth muscle actin (α-SMA), smooth 
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muscle myosin heavy chain (SMMHC), and calponin genes is 
increased by it. Furthermore, it has been demonstrated that 
TGF-β1 suppresses MSC growth and stimulates the develop-
ment of avascular smooth muscle, and that the treatment of 
5-azacitidine with amphotericin B causes MSCs to transform 
into myoblasts [44].

There are several transcription factors commonly reported 
in smooth muscle cell differentiation, including serum response 
factor (SRF), GATA6, and myocardin. MEK inhibitor applica-
tion to MSCs has been shown to upregulate the producti-
on of smooth muscle cell indicators and induce myocardin 
transcription. In addition, sphingosylphosphylcholine (SPC) was 
found to induce the transformation of MSCs into smooth 
muscle cells via a RhoA/Rho kinase-dependent pathway. SPC 
has been shown to upregulate the transcription of myocardi-
um-associated transcription factor. TGF-β activates SRF and 
GATA6 during smooth muscle transformation. This stimulation 
increases the transcription of smooth muscle indicator ge-
nes calponin, SMMHC, SM22-α, and α-SMA in MSCs. PPARγ 
has been shown to suppress the transformation of MSCs 
into myofibroblasts that have many characteristics of smooth 
muscle cells [45,46,47]. Additionally, there have been reports in-
dicating that the introduction of PPARγ-siRNA into MSCs and 
the application of TGF-β led to an augmentation in the pro-
duction of alpha smooth muscle actin (α-SMA). The presence 
of the laminin variant LM-521 in TGF-β-containing medium 
has been reported to promote the transformation of MSCs 
into smooth muscle cells throughout the process of differenti-
ation.  In addition, it was shown that olfactomedin 2 (Olfm2) 
plays a significant role in the transformation of MSCs into 
smooth muscle cells, triggered by TGF-β. Olfm2 was obser-
ved to be increased throughout this transformation process. 
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Suppression of Olfm2 led to a decrease in the production of 
smooth muscle cell indicators, while elevated levels of Olfm2 
enhanced the transcription of these markers [7]. Olfm2 forms 
a bond with serum response factor (SRF) and enhances the 
association between CARG box and SRF, resulting in elevated 
production of smooth muscle cell indicators. 

This section focuses on the primary transcription factors, 
GATA6 and SRF, that have been identified as key contribu-
tors to the transformation of MSCs into smooth muscle cells. 
The upregulation of Olfm2 and administration of an optimal 
dosage of TGF-β were initiated to enhance the production 
of smooth muscle cell indicators throughout the course of 
differentiation.  Furthermore, research has demonstrated that 
the production of PPARγ has a suppressive impact on the 
process of MSC transformation into smooth muscle cells.

14.2.5 Endotelial Cell Differentiation 

Using MSCs to regenerate the endothelial layer can be 
considered as an option. Determination of cellular control-
lers that stimulate MSC transformation into endothelial cells 
(ECs) has also been reported in several studies as important 
for the future of MSC therapy. A recent study showed that 
increase in Sox18 production in MSCs stimulated markers of 
EC transformation [48]. Thus, Sox18 has been found to be a 
critical regulator of the transformation of MSCs into endothe-
lial cells, potentially offer a novel clinical use of MSC therapy 
in the treatment of cardiovascular disorders. Following the 
transformation of MSCs into endothelial cells, the production 
of HOXB3 and HOXA7 was observed to increase, whereas 
the production of HOXB13 and HOXA3 was observed to 
decrease dramatically. Additionally, there have been reports 
indicating that HOXB5 enhances the production of vascu-
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lar endothelial growth factor receptor-2 (VEGFR-II), a crucial 
component in the process of converting MSCs into endothelial 
cells [7,13]. A separate study examining the impact of αNotch 
signaling on the transformation of MSCs into endothelial cells 
and the development of formations resembling capillaries in 
both laboratory settings and living organisms demonstrated 
that the suppression of Notch1 by shRNA caused the produ-
ction of capillary-like formations. Notch1 knockdown resulted 
in a considerable decrease in the production of biomarkers 
unique to endothelial cells. In addition, MSCs that were admi-
nistered with VEGF-A and angiotensin type II (ATII) demons-
trated an increased production of distinct indicators seen in 
endothelial cells, in comparison to MSCs that were administe-
red with VEGF-A alone.

MSCs are highly suitable for tissue regeneration and dif-
ferentiation of cells investigations, making them a top choice 
across other cell types. They are an appealing cell supply 
for transplantation due to their ability to be extracted from 
various tissues. MSCs possess the capacity to transform into 
several cell types, including cardiomyocytes endothelial cel-
ls, smooth muscle cells, osteocytes, chondrocytes, and adi-
pocytes. Furthermore, they can transform into neurons and 
hepatocytes, among other cell lines [8,49,50]. There are distin-
ct protein production patterns linked to each of these cell 
types. Nevertheless, comprehending the processes that dri-
ve the transformation of MSCs into separate lineages poses 
numerous hurdles. These problems involve the determination 
of transcription and signaling elements, as well as the intera-
ction between signaling ways that induce the ability of MSCs 
to renew themselves and transform into certain cell lineages. 
The ability of MSCs to transform into a certain mesenchymal 
line depends on the activation or inhibition of genes that are 
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specific to that line.  In the process of transformation, the 
activation or inhibition of transcription factors takes place via 
distinct signaling paths or via contact with additional transc-
ription elements that serve as coregulators.

The maintenance of transformation of MSC into each of 
the cell lines indicated above is regulated by unique transc-
ription factors that vary depending on the cell line.  Runx2 is 
a crucial transcription element, which has a significant impact 
on the process of osteogenic development. It promotes the 
maturation of osteoblasts while preventing the development 
of adipocytes and chondrocytes. Runx2 production is control-
led by various signaling routes, such as Notch, BMP, and Wnt 
pathways. Sox9 drives chondrogenic transformation.  Nevert-
heless, the presence of Nkx3.2 is necessary for the activation 
of Sox9 and the inhibition of bone development [26]. In addi-
tion, Sox9 can directly engage with and restrain the activity 
of Runx2. This association has the potential to influence the 
durability and ultimate destiny of MSCs in terms of their ability 
to specialize into chondrocytes or osteocytes. The process of 
adipogenic transformation is primarily regulated by PPARγ, 
which collaborates with many transcription factors to enhan-
ce the production of adipogenic biomarkers. The transforma-
tion of MSCs into osteocytes or adipocytes is controlled by 
the association of many transcription factors, such as the cru-
cial transcription factors PPARγ and Runx2. The determination 
of MSCs to transform into osteocytes or adipocytes is also 
controlled by many signaling pathways, such as IGF signaling, 
BMP, Wnt, NELL-1, and Hedgehog.

MSCs have the capacity to transform into fibroblast-like 
cells in a suitable in vitro setting, which contains 50 mg/ml 
ascorbic acid and 100 ng/ml connective tissue growth factor 
(CTGF), according to studies examining the mechanism and 
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function of transcription factors. Additionally, research has 
demonstrated that CTGF can induce the transformation of 
MSCs into fibroblasts. Furthermore, once the cells have diffe-
rentiated, they no longer have the capacity to transform into 
additional kinds of cells. Treatment with CTGF was also ob-
served to decrease the production of MSC indicators STRO-1 
and CD44, while increasing the transcription of fibroblast-spe-
cific protein 1 (FSP-1), an indicator exclusive to fibroblasts. It 
has been demonstrated that fibroblast-like cells derived from 
MSCs are capable of synthesizing extracellular matrix pro-
teins. The fibroblastic transformation of MSCs has significant 
significance in the field of tissue engineering, particularly in 
the context of ligament and tendon repair. Further research 
is necessary to determine the communication routes, critical 
signaling elements, and transcription factors that have a fun-
ction in MSC transformation to the fibroblasts [51].

Several methodologies have been experimented to in-
tegrate transcription factor genes into MSCs for application 
in regenerative medicine. The transfection methods exhibited 
low efficacy and elevated morbidity when transferring the 
DNA plasmid to MSCs. In contrast, viral transduction tech-
niques offer the chance to transmit the DNA plasmid with a 
high level of effectiveness and very little harm. Nevertheless, 
the presence of safety issues about viral transduction prompts 
talks on this matter. Multiple studies have demonstrated that 
the transfer of transcription factors to MSCs enhances and 
sustains their ability to transform into the desired cell line. 

Identification of specific signaling molecules, receptors, 
and transcription factors throughout the transformation is im-
portant in understanding the connection between extracellu-
lar and intracellular signaling routes. It is important to reveal 
the connection between many factors during a differentiation. 
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We now know that there is almost no mechanism involving a 
single factor in cellular processes. Besides these factors, the 
cellular microenvironment plays an important role. Therefore, 
in vitro studies are limited to fully understand the mechanism. 
To better understand the mechanisms of action of the transc-
ription factors described here, in vivo studies are needed in 
which microenvironments appropriate to the MSC source are 
taken into account.

14.3 ALTERNATIVE SPLAYS IN MESENCHYMAL STEM 
CELL DIFFERENTIATION

Identifying the precise molecular processes that control 
the development of MSCs in living organisms is crucial for 
correctly foreseeing the results of MSC-based cell treatment 
in a clinical setting. The equilibrium between extrinsic signaling 
pathways and the collective or separate effects of hormones, 
growth factors, and cytokines regulates the induction or inhi-
bition of transcription factors that dictate the destiny of MSCs 
and the development of progenitor cells into fully specialized 
cell types. We have mentioned these transcription factors in 
detail above. Alternative splicing (AS) mechanisms, which we 
will talk about below, have received less attention than stu-
dies on these transcription factors, but they have a significant 
place in the control of these factors. Gene expression studies 
conducted in the early stages of differentiation into MSC have 
found an inconsistency between the transcription factors in-
volved in this process and the expression of the genes they 
regulate. The findings indicate that other processes that are 
regulating transcription, such as post-transcriptional control, 
may be necessary. Furthermore, recent research has demons-
trated that pre-messenger RNAs (pre-mRNAs) that produce 
important transcription factors, which are necessary for the 
first determination of cell lines in mesenchymal stem cell (MSC) 
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transformation, experience alternative splicing (AS). This pro-
cess results in the production of numerous protein variants 
with varied functions.  The pre-mRNAs of the adipogenic and 
osteogenic transcription factors PPARγ and RUNX2 undergo 
alternative splicing (AS), resulting in the production of nume-
rous mRNA variants. These mRNA variants subsequently give 
rise to protein variants that possess controlling function [34].

Girardot and colleagues showed that Sox9, the key regu-
latory molecule for chondrogenesis, controls the modificaiton 
of many genes during chondrogenic differentiation without an 
impact on their expression [52]. Researchers discovered that 
this control takes place by means of direct interaction betwe-
en pre-mRNAs and Sox9, as well as other RNA-binding pro-
teins (RBPs), rather than via changing the amounts of target 
RBPs and indirectly influencing alternative splicing. Furthermo-
re, it has been discovered that over 33% of the regulators 
governing neural and ES (Embryonic Stem Cell)-specific AS 
are transcription factors. This implies that many transcriptional 
factors may have multiple roles during both neural and ES 
transformation.  An intriguing finding from the study is that 
regulatory transcription factors govern AS and dictate the 
cell’s destiny during development by directly attaching to the 
target pre-mRNA. The rate of transcriptional extension has 
a well-established relationship with pre-mRNA splicing. It not 
only affects AS, but also influences the overall transcriptional 
rate in the AS [53].

14.3.1 Alternative Splays and Regulation Mechanisms

Altenative splicing is one of the significant control proces-
ses of gene transcription. It enables cells to produce multiple 
mRNA and protein isoforms from a precursor mRNA to inc-
rease their functional capacity. AS occurs in nearly all human 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

335

genes, and AS varies widely among human tissues. This indi-
cates that there may be a relationship between tissue-specific 
structure and function and AS-regulated gene expression [54]. 
The development of RNA sequencing (RNA-Seq) methods are 
important for general biological roles of AS in gene expres-
sion.

The process of enzymatically cutting introns from the pre-
cursor mRNA and recombining exons is defined as splicing. 
Introns always start with GT bases and end with AG bases. 
However, these bases alone are not sufficient to recognize 
the intron. The third and important intron sequences are tho-
se defined as the “branch region” present at the end of the 
intron, a maximum of 40 nucleotides away from the AG end. 
Basically, splicing takes place in 3 steps;

• Cleavage at the exon-intron border in the 5’ direction 
(donor region)

• G nucleotide in the donor region approaches an A nuc-
leotide in the branch region and a lasso is formed.

• Cleavage at the exon-intron border in the 3’ direction 
(acceptor region) and recombination of exons

Many small nuclear RNA (sn-RNA) complexes take part in 
splicing. The spliceosome, the biggest macromolecular comp-
lex in the cell, catalyzes this apparently straightforward che-
mical reaction. This huge mechanism is comprised of around 
300 protein components and RNA [55]. In AS, splicing in the 
precursor mRNA occurs in various ways. For example, various 
mature mRNAs are formed from the precursor mRNA as a 
result of alternative selection of the 5’ or 3’ splicing site or 
alternative splicing by skipping one, two or sometimes more 
exons. Therefore, they encode various related proteins. The 
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control of AS is governed by the interplay between cis-ac-
ting elements and trans-acting factors, particularly RNA-bin-
ding proteins (RBPs). Trans-acting factors engage with distinct 
constituents of the spliceosome while it is being formed on 
the newly synthesized mRNA. The additional splicing elements 
mentioned are different types of cis splicing enhancers found 
in the precursor mRNA. These include intronic splicing silencers 
(ISPs), intronic splicing enhancers, exonic splicing silencers, and 
exonic splicing enhancers. The small nuclear ribonucleoprotein 
(snRNP) complexes are responsible for identifying and ack-
nowledging efficient sequence elements. The production of 
these RNA-binding proteins (RBPs) is specific to certain tissues 
and stages of development. The level of transcription of key 
RBPs in each cell influences the proportion of variants, which 
in turn regulates if a specific exon is present in the mRNA [35].

14.3.2 Direction Of Stem Cells with AS

In studies showing that AS has a significant function in 
the pluripotency-differentiation axis in ESCs, a different short 
FGF4 isoform, FGF4si, was found to attenuate FGF4 activity 
with a new fibroblast growth factor 4 (FGF4) and thus induce 
ESC [56]. Transcription factor FOXP1, Tcf3, RNA binding motif 
protein 24 (RBM24), and Sal4paired box 6 (PAX6) different 
isoforms formed by AS have also been found to play a role 
in the embryonic process. Recent studies have shown that 
RNA binding domain protein 4 (RBM4) controls AS of PKM 
(Pyruvate kinase M) pre-mRNA, thus promoting neural diffe-
rentiation of hMSCs [57,58].

Genome-wide RNA-seq analyzes showed that a specific 
AS process exists in ESCs and a general AS alteration is seen 
in transformed ESCs. In contrast, the overall AS system in 
transformed cells has been shown to revert to the pluripotent 
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state throughout the reprogramming of the stem cell. Althou-
gh these findings do not exactly show that AS plays a key 
role in differentiation, they do suggest that it may contribute 
to the general gene expression profile. Moreover, the identifi-
cation of diverse AS processes in MSCs derived from old and 
young donors indicates that AS is a prevalent factor in mo-
dulating the transcriptome profile throughout transformation, 
as well as in different cell and tissue types. The modulation of 
MSC development by AS has been acknowledged as an ext-
ra process that regulates the exact identification of maturati-
on and cell destiny the into a specific cell type. pre-mRNAs of 
crucial transcription factors, which play a role in determining 
the destiny of cells by regulating the transcription of target 
genes downstream, undergo AS, resulting in the emergence 
of alternative variants.  The variants have distinct functions in 
the process of MSC development through diverse molecular 
pathways [35].

14.3.3. Control Of Osteogenic Transformation by AS

Stimulation of RUNX2 is required during the initial oste-
ogenic period and is subsequently suppressed during oste-
ocyte development. Four different RUNX2 mRNA isoforms 
have been found in studies suggesting that AS may have a 
function in regulating osteogenic transformation; Δ5Δ7, Δ7, 
RUNX2Δ5, RUNX2, and WT. Two of these variants were ge-
nerated through the exclusion of exon 5, resulting in RUNX2 
variants that do not possess nuclear placement and so lose 
their ability to carry out transcriptional functions.  Conversely, 
there is a third mRNA variant called RUNX2Δ7 that produces 
a variant of RUNX2 with a deletion in the area near the ac-
tivation site at the end of the protein. The RUNX2Δ7 protein 
variant is found in the nucleus and has comparable binding 
capacity and transcriptional function for the osteocalcin (OC) 
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gene as the wild-type (WT) RUNX2. The patterns of transc-
ription of the two variants (WT and RUNX2Δ7) vary betwe-
en osteocytes and chondrocytes [59]. Chondrocytes produced 
from hMSCs have approximately similar levels of transcription 
for the variants. In contrast, osteocytes produced from hM-
SCs exclusively have the WT variant. The amount of WT to 
RUNX2Δ7 is a crucial factor in determining the cell destiny 
of hMSCs. The WT/RUNX2Δ7 ratio exhibits variation in many 
types of osteoblast-like cells, such as hMSC-differentiated os-
teocytes, osteosarcomas, and primary osteoblasts obtained 
from human donors. This suggests that the ratio of these two 
variants could serve as a possible indicator for osteocytic 
malignancies [35].

A further significant discovery is that OSX (Sp7) is an ob-
vious target gene of RUNX2 that plays a role in guiding the 
development of pre-osteoblasts into mature osteoblasts and 
enhancing bone formation by regulating the production of 
various osteogenic genes, such as BGLAP, BSP-1, COL1A, and 
SPARC [60]. 3’ alternative splicing of exon 3 causes two mRNA 
variants encoding peptides of 431 (Sp7L) and 413 (Sp7S) ami-
no acids in length. These variants are differentially produced 
in numerous tissue and cell types, particularly between chond-
rocytes and adult and fetal osteoblasts [61].

The variants of vascular endothelial growth factor A (VE-
GF-A), a versatile growth factor that has been demonstrated 
to enhance the process of MSC transformation into bone 
cells by stimulating mineralization inside the cells themselves 
and boosting the formation of new blood vessels in the sur-
rounding tissue, have been shown to be regulated in different 
conditions. It is also known that AS and some isoforms of VE-
GF-A, which are regulated especially under mechanical stress, 
regulate osteogenic differentiation [62].
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14.3.4 Regulation Of Chondrogenic Differentiation by 
AS

The results demonstrated in alternative splicing studies ge-
nerally come from mouse models. One of these genes is 
Sox9, which plays a crucial role in controlling the develop-
ment of cartilage. It has been demonstrated that Sox9 acts 
as a stimulator of genes involved in cartilage formation by 
connecting with a specific protein called p54nrb in an isolated 
area of the cell nucleus. In the interchromatin area, there is a 
paraspeckle, which is a ribonucleoprotein structure. It is belie-
ved to serve as a storage site for a certain group of mRNAs, 
functioning as a control system for gene transcription.  The 
work explores the potential role of Sox9 in directly controlling 
alternative splicing. The data suggest that Sox9 may possess 
two distinct functions: transcriptional and splicing [63].

A variant of TATA-binding protein-associated factor 4 
(TAF4) has been identified as an additional control system 
connected with AS. This variant of TAF4 inhibits the growth 
of MSCs and enhances the transformation of hMSCs into 
chondrocytes, as reported by Park et al. in 2020. It has been 
demonstrated that TAF4 pre-mRNA generates four distinct 
TAF4 mRNA variants. According to reports, there is a direct 
correlation between the potential for transformation and the 
transcript level of TAF4ΔTAFH in hMSCs. Additionally, ove-
rexpressing TAF4ΔTAFH in hMSCs inhibits the growth of MSCs 
and specifically enhances chondrogenic transformation.

14.3.5 Regulation Of Adipogenic Differentiation by AS

Studies examining the variety of 3’-UTR configurations of 
recently formed transcripts that are attached to polysomes 
throughout the process of adipogenesis. have found that 
changes in 3′-UTR elongation or shortening after the initiation 
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of adipogenesis are controlled by different mechanisms. The-
se changes in the 3′-UTR were found to affect the expression 
levels and intracellular localization of molecules that have a 
key role in adipogenesis[64].

Recently, an innate PPARγ variant with significant nega-
tive properties has been identified that regulates the functi-
on of the key transcription factor PPARγ in the process of 
adipogenesis. Skipping exon 5 in AS results in a shorter iso-
form, PPARγΔ5, that lacks the entire ligand-binding domain. 
Studies have demonstrated that it is capable of fighting with 
WT PPARγ by engaging with an undiscovered coreceptor, 
resulting in a decrease in adipogenic transformation of hM-
SCs. Notably, there is a significant correlation between the 
PPARγΔ5/PPARγ ratio in human adipose tissues and the BMI 
index. This indicates that the amount of the PPARγΔ5 variant 
may be associated with adipose tissue malfunction.

LPIN1 was first identified as a protein linked to illnesses 
involving the breakdown of adipose tissue and is primarily 
found in adipose tissues. During the process of adipocyte 
development from pre-adipocytes to mature adipocytes, two 
distinct forms of LPIN1 pre-mRNA, namely LPIN1a and LPIN1β, 
have been found [31]. Although it is not clear whether LPIN1 
variants control adipocyte transformation, it is considered 
that they may have a function in regulating adipocyte trans-
formation[65].
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15.1 INTRODUCTION

Multipotent mature stem cells with the capacity for self-re-
juvenation are designated as mesenchymal stem cells (MSCs). 
They are derived from the mesoderm during the embryonic 
stage and can be found in the bone marrow, adipose tissue, 
spinal cord, placenta, lungs, liver, and skin among other tissu-
es[1]. These multipotent cells, characterised by the expression 
of stem cell/progenitor cell markers, have the ability to trans-
form into a variety of cell types, including osteocyte, adipose, 
chondrosite, hepatosite, enocyte or myogenic strains[2,3]. The 
process of differentiation of MSCs into specific cell types is 
regulated by the complex interaction of signalling pathways 
and transcription factors. The signall pathways involved in 
these processes include Notch, transforming growth factor-β 
(TGF-β)/bone morphogenetic protein (BMP), MAPK/p38, Hed-
gehog, Wnt/β-Catenin, and fibroblast growth factors.[4]. When 
the differentiation process begins, a series of transcription 
factors are activated that regulate the expression of specific 
genes necessary for differentiating. For example, the differen-
tiation of MSCs to osteoblasts is regulated by the activation 
of transcription factors such as RUNX Family Transcription 
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Factor 2 (RUNX2) and Osterix, which activate genes involved 
in bone formation. Similarly, the differentiation of MSCs to 
adipots is controlled by transcription elements like Peroxiso-
me proliferator-activated receptor γ (PPARγ), which activates 
genes that play a role in adipogenesis[5]. During the phases 
of both differentiation and self-renewal of MSCs, the opening 
and closing of different set of genes at the transcriptional 
level is achieved not only through transcriptal regulators, but 
also through their interaction with epigenetic regulators. So, 
in addition to the fact that gene expression is regulated by 
transcription factors, epigenetic changes also have a crucial 
function in MSC differentiation. 

The process of modifying a phenotype by altering the 
transcription of mRNAs with no effect on the DNA region is 
known as epigenetic modification. These changes can persist 
throughout cell division, as the cell can remain throughout its 
lifetime, and can be passed on over generations in a particu-
lar cell descent[6]. In order to preserve cell and niche home-
ostasis, epigenetic modifications take place in cells in response 
to external environmental stimuli and cellular intrinsic here-
dity. Numerous processes, such as histone modifications, DNA 
methylation, chromatin reorganization, and gene changes via 
non-coding RNA, can lead to epigenetic alteration (Figure 1)[1].
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Figure 1: Epigenetic mechanisms that play a role in optimal stem 
cell differentiation

15.2 EPIGENETIC MECHANISMS 

15.2.1 DNA methylation

This mechanism can suppress gene expression by pre-
venting transcription factors from physically binding to DNA. 
DNA methylation mainly occurs in the islands of cytosine 
phosphate guanin (CpG), which is located next to the cy-
tosine guanine. A methyl group is added from S-adenosy-
lmethionine to the cytosine residues in the DNA by means 
of DNA-methyl transferases [7]. DNA methylation models are 
created during embryonic development and can be altered 
throughout life by environmental factors. Variations in DNA 
methylation models can control gene accessibility and impact 
transcription factors’ capacity to bind to particular DNA regi-
ons.  For example, when the cytosines in the promoter area 
are methylated, the methyl-CpG binding proteins physically 
block the transcription factors from attaching to them due to 
their increased affinity, which prevents the gene from being 
expressed. Furthermore, methyl-CpG binding proteins convert 
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chromatin into a closed structure by histone deacetylase ac-
tivity, involving additional proteins that binds together and 
form a complex. Therefore, the transcription of the gene is 
suppressed as transcription factors do not reach the promo-
ter region. It is widely recognized that promoters with low or 
often methylated CpG content control how DNA methylation 
affects gene expression, which is dependent on CpG density.
[6,8]. 

Research has indicated that variations in DNA methylation 
models, a type of epigenetic mechanism, can impact MSC 
function and differentiation capacity. MSCs from different tis-
sue origins, such as adipose tissue, muscle and bone marrow, 
are known to share similar methylation patterns across the 
genome. The promoter regions of specific genes that involved 
in osteogenesis, adipogenesis and chondrogenesis have been 
shown to be hypomethylation during MSC differentiation[9,10]. 
Decreased levels of DNA methylation can lead to high os-
teogenic differentiation capacity in MSCs derived from bone 
tissue, and impaired osteogenous differentiating capacity for 
MSC from fatty tissue.

The methylation pattern of the CpG regions is preserved 
and modified by DNA methyletransferases (DNMTs). DNMT1 
functions to copy the DNA methylation model during DNA 
replication from the parent’s DNA chain to the newly synt-
hesized chain[11].  The deacetylation of DNMT1 through Sirtuin 
protein 6 (SIRT6), which has a crucial function in cell transfor-
mation, prevents DNA hypermethylation in the NOTCH1 and 
NOTCH2 genes, leading to their transcriptional upward regu-
lation, thereby promoting osteogenic differentiation of MSCs 
derived from adiposis[12]. In vitro studies, when MSCs were 
treated with 5aza-2′-deoxycidine (5azadC), a DNMT inhibitor, 
before they were cultivated in the osteogenic environment, 
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DLX5, Runt-related transcription factor 2 (RUNX2), COL1a1, 
Osterix (OSX) and Osteocalcin (OCN) have been shown to 
significantly promote osteogenetic differentiation due to the 
decrease in the methylation of genomic DNA, along with a 
rise in the transcription of osteogenic genes[10,13]. The differenti-
ation potential of MSCs is also regulated through the methy-
lation of promoters of other gene-specific genes.  Stemness 
genes such as octameral binding transcription factor (OCT4) 
and NANOG have been shown to be hypomethylated in 
non-differentiated stem cells directly through DNMT1, but met-
hylated at a high rate during differentiation[10,14,15].

DNMT3a and DNMT 3b are known de novo as DNMT 
and have been shown to regulate the osteogenic, adipogenic 
and chondrogenic functions of MSCs by altering the exp-
ression of associated genes. Interestingly, during the in vitro 
chondrogenic differentiation of MSCs, a significant increase in 
DNMT3A and DN MT3B has been observed. Over-expression 
of DNMT3A increases gene expression of type II collagen, 
significantly increasing chondrogenesis in MSCs, while 5-AzaC 
or siRNA and loss of function of DN MT3A have been obser-
ved to inhibit chondrogenic differentiation of MSC. Therefore, 
DNA methylation also plays an important role in regulating 
chondrogenic differentiation in MSCs[16].  

15.2.2 Histone modifications

Proteins called histones aid in the packing of DNA into a 
compact structure known as chromatin. A post-translational 
alteration of one of the side chains of an amino acid in a his-
tone protein is known as a histone modification. Histone modi-
fications such as acetylation, methylation and phosphorylation 
can change the physical feature of chromatin and control 
the accessibility of DNA to transcription factors, depending 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY354

on the amount and type of modification [6]. These changes 
can occur individually, in sequence or in combination. Of 
these alterations, histone acetylases (HAT) and deacetylases 
(HDAC) regulate the acetylation of histones, which is linked to 
gene activation. Histone acetylation is the process by which 
HATs facilitate lysine acetylation, eliminate the positive load 
from the lysine, and encourage DNA relaxing from histones. 
HDACs inhibit the addition of acetyl group to histone by 
catalyzing the removal of the acetyl group. Histone methy-
lation from histone modifications can activate or suppress 
gene expression depending on the modified specific histone 
residues. Histone demethylases (HDMs) and histone methylt-
ransferases (HMTs) regulate the histone methylation, which 
happens in the N-terminals of H3 and H4 subunits of arginine 
or lysine residues. Histone phosphorylation usually occurs in 
areas associated with centromeric function, chromosome con-
centration, and transcriptional activation[8]. 

During MSC differentiation, histone changes such as acety-
lation, methylation and phosphorylation are crucial in control-
ling gene expression. These modifications can cause changes 
in the structure and accessibility of chromatin, affecting the 
binding capability of transcription factors to specific DNA 
sequences. Some histone modifications may support the dif-
ferentiation of MSCs to certain cell types, while others may 
prevent differentiations. Together with histone modification, 
which plays a role in differentiating osteoblasts from MSCs, 
DNA methylation has been shown to regulate the expression 
of several genes associated with MSC’s osteogenic potential, 
as well as the regulation of different stages of osteoblastic 
differentiation[10]. 

Treatment studies with HDAC inhibitors show that HDAC 
activity is essential forming the self-renewal, multiple potential, 
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and differentiation potential of MSCs[17]. A decrease in the 
levels of histone acetylation in the osteogenic differentiation 
of MSCs is observed, and this reduction is associated with 
the concentration of chromatin in certain regions to rest-
rict the transcription of genes that are involved in cellular 
differentiation and the potential for differentiating to other 
cell strains. In addition, many of the genes that activated 
transcription during differentiation are more densely present 
in acetylated histone regions[18]. Studies have some positive 
effects on adipogenic differentiation under certain conditions 
of BMPs, which are thought to inhibit adipogenous differen-
tiation. Furthermore, it has been demonstrated that the BMP 
signal pathway controls the acetylation of H3K9 to promo-
te osteogenic differentiation[19].  Valproic acid-induced HDAC 
suppression in MSCs derived from fatty tissue or spinal cord 
has been shown to block adipogenic and chondrogenic diffe-
rentiation; on the other hand, in MSCs derived from adipose 
tissue and bone marrow, valproic acid has been observed to 
induce osteogenic differantiation by histone hyperacetylation. 
Shen and Ark.  In their study using CHIP-seq techniques, they 
observed a decrease in H3K4 methylation during osteogenic 
transformations of normal osteoblasts and ROS17/2.8 osteo-
sarcoma cells, and an increase in the H3C9 acetylation [20,21]. 

Overall, in vitro studies have shown that treatment of histone 
hyperacetylation through HDAC inhibitors supports osteoge-
nic differentiation in MSCs, and that the increase in histone 
acetylation through HAT modules the actions of the oste-
ogenetic main regulator RUNX2[10].  HDAC6 hypoacetylation 
in the RUNX2 promoter has also been shown to decrease 
osteogenesis in aging mice BMSCs, while decreased methy-
lation levels at the RUNX2 promoter H3K9me2, and induces 
osteogenic differentiation of the BMSC[16].   
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H3K4 and H3K36 histone methylation is a positive oste-
ogenic factor in MSC differentiation, while H3K36 and H3K9 
histone Methylations are defined as a negative osteogenetic 
factor. HDMTs and HMTs regulate the addition of methyl 
groups to histone in the residues of arginine and lysine in 
these histone straps. The two main HMT family genes have 
counter-functions, such as silencing or enabling its activation. 
Histone methylation is catalyzed by the Polycomb Repressor 
Complex 2 (PRC2), which is mostly composed of the Enhancer 
of Zeste 2 (EZH2)[16]. The inactivation of EZH2 by the major 
kinase CDK1, which controls the transition of the cell cycle 
from G2 phase to M, causes a decrease in the methylation of 
histone H3 (H3K27) in the RUNX2 promoter in lysine 27, the-
reby inducing osteogenic differentiation. Consequently, CDK1 
and EZH2 are play a key role for MSC osteogenic differen-
tiation[10]. 

Histone demethylases (HDMTs) are enzymes that remo-
ve methyl groups from residues of certain lysine in histone 
tails. Some histone demethylases have been observed to be 
significantly up-regulated following osteogenic induction. In 
vivo or in vitro studies, inhibition of HDMTs has been found 
to block osteogenic differentiation while inducing adipogenic 
differentiation[22].

15.2.3 Chromatin remodeling 

Re-modelling the nucleosomes, which are the building blo-
cks of chromatin, modifies the accessibility of DNA to transc-
ription factors. This process is known as chromatin remode-
ling. Chromatin re-modelling occurs with the separation of 
genomic DNA from the nucleosome, and repositioning of the 
DNA circuit on the nuclear mebrane without altering the total 
number of DNA histone connections. Gene expression is regu-
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lated through a variety of protein complexes that can move, 
remove or re-shape nucleosomes[8]. 

ATP-dependent chromatin changes may determine the 
level of transcription of a specific gene as one of the main 
factors affecting the state of chromatin. ATPase and ATP-de-
pendent chromatin remodeling complexes, composed of mul-
tiple subunits, form various chromatin remodeling complexes 
with different functions as a result of different combinations 
of subunits. ATP-dependent chromatin remodeling complexes 
are essential for MSC self-renewal and multilineage differan-
tiation. SWI/SNF, ISWI, KKH, INO80/SWR are known to have 
played a role in MSC differentiation[23]. SWI/SNF family mem-
bers have been shown to have a role in the osteogenesis 
process of BRG1, BAF47, BAF200, BAF180, BRD7 and have 
an effect on the adipogenesis. In environments that promote 
adiposite cell differentiation, MSCs have been observed to 
accelerate the acquisition of mature phenotypes associated 
with the activation of differential markers by over-expression 
of BRG1 from ATP-dependent reconstruction complexes[24].  In 
a different study, the lower regulation of BRG1 increases met-
hylation in the promoter of the NANOG core transcription 
factor through DNMT1 and Rb, and transcriptionally supp-
resses the NANOG. The over-expression of BRG1 induces the 
BRG1-expression in the NANOG promoter, so that with the 
involvement of the HDACs the chromatin gets stuck[23]. A par-
ticipant in the SWI/SNF complex, the polybromous BAF is a 
re-modeler of an ATP-dependent chromate that plays a role 
in multi-cellular development.  The polybromous BAF (PBAF) 
component Pbrm1 plays a role in regulating differentiation of 
mesenchymal stromal cell osteolineage by integrating PBAF-
bound chromatin reconstitution and BMP/TGF-β signaling[25]. 
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Observations of degraded mineral accumulations in MSCs 
where the INO80 chromatin re-modelling complex was silen-
ced, in osteogenic induction conditions, showed a reduction in 
bone formation in implantable mice with INO80[26]. Exogenous 
induction of CHD7 from ATP-dependent chromatin re-mo-
delling enzymes has been shown to induce osteogenic dif-
ferentiation of MSC[27]. However, SWI/SNF has been shown 
to co-operate with miRNAs to participate in adipogenic dif-
ferentiation. verexpression of miRNA378 contributes to the 
development of adipose tissue by accumulating triglycerides 
and activating lipogenic genes like GLUT4 and PPARγ2[23,28].

15.2.4 Non-coding RNA gene regulation 

Small non-encoded RNAs (sncRNAs), non-long encoded 
rna (lncRNA), micro RNA (miRNA) and circular Rnas (circR-
NAs) can control gene transcription by interacting with the 
target mRNA, inhibiting their translations or promoting their 
degradation. Non-coding RNAs bind to the chromatin and 
alter its structure, which controls the expression of genes as 
well.

miRNAs, which are non-coding RNAs, bind to target ge-
nes’ 3’-unconverted regions, such as those of transcription 
factors, receptors, and kinases, to control the translation of 
proteins or the stability of messenger RNA. miRNAs can be 
modified with a number of epigenetic processes, including 
histone modifications and DNA methylation; they participa-
te in epigenetic processes by influencing important epigenic 
modification enzymes, like DNMTs and HDACs. miRNAs have 
a function in controlling MSC differentiation. Targeting the 
RUNX2 gene of miR-204 and mir-211 has been demonstrated 
in studies to control the osteogenic and adipogenic diffe-
rentiation of MSCs[5]. MiR-30e, on the other hand, has been 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

359

found to directly modulate the signal pathway of the protein 
6/β-catenin/TCF associated with the canonical Wnt/LDL re-
ceptor by suppressing osteoblast differentiation. miR‐124 has 
been shown to be a negative controller of bone cell deve-
lopment and bone creation in living organisms by focusing 
on the transcription factors DlX2, DlX3 and, Dlx5 which play 
a role in osteoblast differentiations[29].  miR-20a targets Crim1, 
Bambi and, PPARγ, which are negative controller of BMP 
pathway, and jointly regulates the osteogenesis of hMSCs, 
promoting osteogenic transformation of human mesenchymal 
stem cells[30]. In vitro studies have shown that upward regula-
tion of miR-143/145 can lead to differentiation of MSCs into 
flat muscle cells (SMCs)[31].

The ERK-MAPK signal path supports adipogenesis and 
osteogenesis through phosphorylation of transcription factors 
associated with MSC differentiation and is the only signal path 
that is active in all three lineages (adipogenic, osteogenous 
and chondrogenic) during MSC differentiation. By controlling 
the expression of SPRY2, a recognized regulator of the re-
ceptor tyrosine kinase (RTK) signal line during human mesen-
chymal stem cell development, MiR-21 has been demonstrated 
to modulate the ERK-MAPK signal pathway[32]. A different 
study demonstrated that miR-21 uses the TGF-β/Smad sig-
nal pathway to promote adipogenesis during MSC develop-
ment[33]. miR-22 is effective on osteoblast differentiation and 
adipogenic differentiations. The excess expression of miR-22 
suppresses HDAC by suppressing adipogenic differentiation 
of human adiposis stem cells (hADSCs)[34]. 

The transcripts longer than 200 nt that have no or very 
little ability to encode proteins are known as long non-coding 
RNAs, or lncRNAs.  Through a variety of mechanisms, lncR-
NAs can suppress transcriptional levels of gene expression.  
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lncRNAs are involved in epigenetic processes as modular 
scaffold of DNA methylation and histone modification comp-
lexes. There is evidence to show that long noncoding RNAs 
(lncRNAs) are more influential than microRNAs in regulating 
the osteoblast differentiation of MSCs, and that they are a 
pioneer in MSC differentiation[4]. The transcriptome microtissue 
analysis showed that lncRNAs are expressed differently in 
adipose derivative stem cell (ADSCs), optimum human bone 
marrow stem cells (BMSCs), and osteogenically transformed 
and non-differentiated MSCs, and have control functions in 
the transformation mechanism[35]. For example, MODR, MA-
LAT1 (metastasis-associated lung adenocarcinoma transcript 
1), and H19 lncRNAs have been shown to promote osteogenic 
differentiation, Hotair (HOX transcript antisense RNA), DANCR 
(differentiation antagonizing non-protein-coding RNA) and 
MEG3 (maternally expressed 3), HoxA-AS3 (HoXA cluster 
antisense RNA 3), MIAT (myocardial infarction- associated 
transcript), POIR, MIR31HG (MIR31 host gene), and AK028326 
lnc RNAs have been demonstrated to inhibit the process of 
osteogenetic differentiation.  In a different study, the down-re-
gulation of ANCR by lncRNA promoted osteogenic differen-
tiation via controlling the expression of RUNX2 and targeting 
histone methyltransferase EZH2[36]. It has been demonstrated 
that lncRNA HIF1a-AS1 promotes addition of acetyl groups to 
the histone proteins, which increases the osteogenic formation 
of BMSCs and raises HOXD10 expression[37].

However, some lncRNAs are known to be pioneers in 
regulating the expression of miRNA genes. H19 has a func-
tion in control of TGF-β1/Smad3/HDAC4/5 via miR-675, thus 
regulating the osteogenic differentiation of human MSCs.[38]. 
The lower regulation of HOTAIR led to a decrease in the ad-
dition of methyl groups to the miR-17-5p promoter, and the 
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reduction in the transcription of SMAD7, resulting in increased 
miR17-5p expression, and induced osteogenic differentiation[4]. 
In chondrogenic differentiation, ZBED3-AS1 (ZBED3 antisense 
RNA1), lncRNA HIT and DANCR (differentiation antagonizing 
non-protein-coding RNA) have been found to be useful[21]. 

15.3 CONCLUSION

In general, epigenetic restructuring has a crucial function 
in regulating the behavior of MSCs and increasing their the-
rapeutic potential. Epigenetic processed such as non-coding 
RNAs, histone modifications, and DNA methylation can re-
gulate the expression of key genes involved in the regulati-
on and differentiation of MSC function. Understanding these 
mechanisms is crucial for the potential use of MSCs. Overall, 
while epigenetic mechanisms are still being explored to inc-
rease the therapeutic potential of MSCs, there is promising 
evidence that they may be useful in increasing the safety and 
effectiveness of MSC-based treatments.
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16.1 INTRODUCTION

Mesenchymal stem cells (MSCs) are the multipotent cells 
that renew themselves and differentiate to any type of the 
cell in the body (multipotency). They are mainly present in 
bone marrow, but they can be isolated from umbilical cord, 
lung, fat, blood, placenta, liver, and skin tissues. These cells 
can be identified according to their positive and negative 
markers [1]. These markers are significant especially for their 
accurate identification.

MSCs can be induced for in vitro osteogenesis, adipoge-
nesis, and chondrogenesis. The environmental dynamics such 
as extracellular matrix (ECM) have a crucial role in the dif-
ferentiation of the stem cells. They create the optimal dyna-
mic niche for their differentiation and proliferation providing 
other components such as collagen, fibronectin, etc. [1].  ECM 
is an active complex which includes various macromolecules 
allowing signal transduction for the development and diffe-
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rentiation of the stem cells. ECM allows stem cell adhesion to 
the niche and signal transduction between the cells and their 
microenvironment, acts as a growth factor source, determines 
the cell behavior, regulates tissue rigidity, and determines the 
future of the cells [2].

In recent years, MSCs have had a potential for their 
usage in cellular therapies and regenerative medicine due 
to their abundance and easy isolation procedures from va-
rious tissues as well as their self-renewal and mutlipotency. 
Understanding of their relationship between their dynamic 
microenvironment may further allow the simulation of stem 
cell microenvironment in vitro conditions. It may also be used 
for the development of novel products for cellular therapy.

16.2 MSC SELF- RENEWAL AND DIFFERENTIATION

The multipotent MSCs can differentiate into various cell 
lines such as cartilage, bone, muscle, and adipose cells. They 
are significant supporters of tissue repair and homeostasis. 
Their destiny to develop into the other cell lineages and to 
proliferate depends on the regulation of major genes and 
related signal transductions [3]. MSCs collaborate with micro-
environmental elements in vivo. Physical characteristics such 
as cell shape, external mechanical pressures, and ECM are all 
involved in stem cell fate determination. It is critical to recog-
nize that environmental signals in the niche do influence stem 
cell activity. The extracellular matrix (ECM) is one of the most 
critical specialized components. A plethora of studies have 
provided insights into how stem cells perceive signals from 
the ECM and respond to these signals at the molecular level, 
which ultimately controls their fate. Because stem cells can 
modify the niche in response to signals from it, relationships 
with it are bidirectional [1].
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16.3 EXTRACELLULAR MATRIX IN MSC MICROEN-
VIRONMENT

ECM is non-cellular part of the tissues and organs consis-
ting of more than 200 glycoproteins and 300 proteins. These 
binding proteins are detected by cell membrane integrin re-
ceptors, which bind to the matrix and attract focal adhesion 
proteins and cytoskeletal components to establish permanent 
adhesions capable of transmitting and transducing force [4]. 
All of the cells in our body are connected to ECM. The con-
tent and quantity of the ECM vary from tissue to tissues[5]. In 
fetal heart tissue, for example, fibronectin is the most predo-
minant ECM component. During development, the percentage 
of fibronectin declines, and type I collagen remains the most 
prevalent ECM element in adult heart tissue [4]. Although ECMs 
are available in a variety of forms, the two most common for-
ms are basement membrane and interstitial ECM. Basement 
membranes are highly specific, flat laminar ECMs composed 
primarily of core proteins structured into sheet-like connecti-
ons of associated ECM components such as collagen IV, la-
minins, and proteoglycans (for example, perlecan). Basement 
membranes are found beneath epithelia and surround most 
metazoan organs.  Collagens and non-collagenous proteins 
(e.g., fibronectin, elastin, laminin, and tenascin) of interstitial 
ECM assist to the fibrous connections of ECMs, whereas pro-
teoglycans and water serve to their extracellular spaces [5].

One of the primary constituents of ECM are glycosami-
noglycans (GAGs), the majority of which connect with core 
proteins to create proteoglycans, as well as collagen and 
non-collagenous proteins. The number and location of the-
se elements will dictate the physicochemical properties of a 
particular ECM, i.e. collagen fibers have high tensile strength, 
whereas GAGs have the negative charges that attracts po-
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sitive ions and draws water through osmosis [1]. In addition, 
GAGs are also significant inducers and modifiers of several 
signaling pathways, including SMAD, WNT, Mitogen-Activated 
Protein Kinases (MAPK), PI3K/Akt, Receptor Activator of NF-B 
Ligand/osteoprotegerin, and various inflammatory pathways 
[6]. Fibrillar fibronectin (Fn) is another initial ECM that a va-
riety of cells effectively build after damage, either by taking 
plasma Fn or by generating their own. It is essential for 
wound repair, as well as the reconstruction of tissues in touch 
with implants and early embryonic development [7]. Fn can be 
classified as plasma (pFn) and cellular fibronectin(cFn). cFN 
may be important in MSC development and differentiation [8]. 

ECM has turnover capability to maintain homeostasis. 
This turnover is controlled by various proteinases. The most 
common proteinases are Matrix Metalloproteinases (MMPs). 
MMPs affect cytokines, growth factors, cell receptors, che-
mokines as well as ECM. This may lead to deactivation of 
signaling molecule, development of an antagonistic role, or 
enhanced activity. MMPs are also required for tissue signaling 
and ECM dynamics [1]. 

16.4 ECM ROLE IN MSC DEVELOPMENT AND DIFFE-
RENTIATION 

Mechanical pressure on the ECM plays a role in MSC dif-
ferentiation. Mechanical pressure on the ECM plays a role in 
MSC differentiation. On rigid surfaces, transforming growth fa-
ctor-beta (TGF-β) stimulates MSC development into a smooth 
muscle lineage. MSC maturation into osteogenic, adipogenic 
and chondrogenic lineages is aided by soft matrix. However, 
matrix flexibility may not be limited to a single lineage. Other 
biochemical factors such as TGF-β are essential to define a 
distinct differentiation pathway. The rigidity of the ECM is re-
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gulated by matrix turnover. This turnover is influenced by the 
proper ratio of tissue inhibitors of metalloproteinases (TIMPs) 
and MMPs [9]. 

16.4.1 In Adipose Tissue

Fibronectin, collagen type I, V, and VI are abundantly 
secreted in pre-adipocytes. In a similar way, ECM is mostly 
constituted of laminin complexes, collagen I, IV, V, VI, and 
fibronectin in mature adipose tissue.  All collagen types are 
abundant in this tissue, but only type II collagen is little exp-
ressed. In previous studies, it was reported that MMPs also 
have direct roles in adipogenesis. The expression levels of 
some MMPs (MMP-2, MMP-3, MMP-7, MMP10, MMP-11, MMP-
12, and MMP-13) was found to be high in mature adipocytes, 
whereas the others were low expressed (MMP-16, TIMP3, and 
TIMP4) [1]. In addition, fibronectin plays a crucial role in adi-
pocyte development. The ECM is abundant in fibronectin in 
early stages, whereas cortical actin components are more in 
mature adipocytes (Figure 1) [10]. 

Figure 1:  ECM rigidity and matrix components during differentiation 
of MSCs
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16.4.2 In Chondrogenic Tissue

Due to its ECM structure, the articular cartilage is elastic 
and resistant to the environmental conditions. The ECM con-
tains mostly collagen XI, fibrillary kollagen II, and collagen 
IX. Aggrecan is also abundant providing the resistance. This 
ECM also allows the cell-ECM interaction via integrins on the 
cell surface. The chondrocytic development route of MSCs 
begins with high levels of collagen I and fibronectin synthesis. 
Then, collagen type XI, IIb, and IX are expressed by these 
cells (Figure 1). During this process, the roles of MMPs are also 
crucial. MMP-9 and MMP-13 triggers the cellular condensa-
tion and contributes to the differentiation. However, MMP-2 
increases the expression of fibronectin and integrins leading 
to the inhibition of cellular condensation [1]. Dexamethasone, 
β-glycerolphosphate, and ascorbic acid are used for in vitro 
osteogenic differentiation of MSCs. 

16.4.3 In Osteogenic Tissue

Collagen and hydroxyapatite are the main components 
of ECM in osteogenic tissue. During the development and 
differentiation, there is an active interaction between ECM 
and osteocytes. This also provides mechanical induction for 
the differentiation and development [11]. MMP-2, MMP-13, and 
MMP-14 are important for the proper development and fun-
ction of bone [1]. During the development, osteoblasts pro-
duce fibronectin-1 and collagen type I contributing to the 
osteoblast mineralization.  Fibronectin-1 was also found to be 
an effective regulator for in vitro osteogenic differentiation 
(Figure 1) [12]. 
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16.5 CONCLUSION

Especially the rigidity of ECM physically affects the MSC 
development and differentiation. For instance, hydrogel is a 
scaffold that contains a single ECM molecule such as colla-
gen [13]. Thus, the scaffold material is crucial for the in vitro 
development and differentiation of MSCs. In addition, decellu-
larized ECM of in vitro MSC cultures can be used to maintain 
in vitro MSC cultures themselves [12]. miRNAs should also be 
considered during the cultivation, because they regulate fun-
ctions of the components in ECM such as MMPs [14].  
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17.1 INTRODUCTION

Regenerative cell-based therapies are considered as en-
couraging approaches for many disorders as well as kidney 
diseases. Stem cells have been demonstrated to have thera-
peutic potential in healing of renal injury, protecting kidney 
function and structure. Stem cells are undifferentiated, fibrob-
last-like cells that can regenerate and, in the right conditions, 
develop into a variety of specialized cell types [1]. 

Stem cells can be classified into groups with regard to 
their origins. These are [2,3,4]:

a. Embryonic stem cells, 

b. Fetal stem cells,

c. Adult stem cells 

d. Induced pluripotent stem cells 

Stem cells can be classified according to their differentia-
tion potentials as well:
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17.1.1 Totipotent stem cells 

Totipotent stem cells can differentiate into any organ in 
the body, including placenta or umblical cord[1]. The zygote 
and the blastomers of the early embryo are considered as 
totipotent[1]. 

17.1.2 Pluripotent stem cells 

Pluripotent stem cells can form any of the three germ line-
ages of the human body including endoderm, mesoderm and 
ectoderm, except for placenta or umblical cord[1].  They are 
found on the inner surface of the blastocyst. The two primary 
types of pluripotent stem cells are induced Pluripotent Stem 
Cells (iPSCs) and Embryonic Stem Cells (ESCs)[1].

17.1.3 Multipotent stem cells 

The potential to develop into a variety of restricted cell 
types is possessed by multipotent stem cells.  Hematopoietic 
stem cells and mesenchymal stem cells are the most well-
known examples for multipotent stem cells. For instance, MSCs 
can differentiate into cells of mesenchymal cell lineages such 
as osteocytes, chondrocytes, adipocytes, and so on [1,5].

17.1.4 Unipotent stem cells

Unipotent stem cells have the lowest potency and they 
can differentiate into only one cell type [1,2]. Renal stem/
progenitor cells, for instance, can only develop into particular 
kidney cells [1]. Mesenchymal stem cells (MSC) are undiffe-
rentiated multipotent adult cells that are characterized by 
a potential of clonogenicity, high proliferation, self-renewal, 
multidirectional differentiation into cells of mesodermal ori-
gin, regenerating organs with certain lesions and by inducing 
paracrine effects [6,7,8]. MSCs interact with resident cells and 
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secrete soluble substances to regulate tissue healing in ad-
dition to their progenitor characteristics. At present, the cells 
under the most extensive investigations in experimental and 
clinical studies are MSCs [9]. The kidney diseases that those 
studies are conducted on are acute kidney injury (AKI), ische-
mic nephropathy, renovascular diseases, chronic kidney dise-
ases (CKD), diabetic nephropathy, lupus nephritis and kidney 
transplantation [10].

ISCT (International Society for Cellular Therapy) suggested 
minimal criteria for MSCs to standardize the isolation of MSCs 
from humans in 2006 as follows [7,11]: 

1. Adherence to plastic under standard culture conditions

2. Expression of CD73, CD90 and CD105 surface molecu-
les, 

3. Being negative for CD45, CD34, CD14 or CD11b, 
CD79alpha, CD19 or HLA-DR 

4. Capacity for differentiating into osteoblasts, adipocytes 
and chondroblasts in vitro. 

MSCs enhance proliferation, decrease renal inflammati-
on, endoplasmic reticulum stress and apoptosis via secreting 
proangiogenic and trophic factors, suppression of proinflam-
matory, fibrotic and apoptotic cytokines and through pa-
racrine mechanisms[12,13]. In summary, MSCs have anti-fibrotic, 
pro-angiogenic, anti-inflammatory, pro-repair, anti-apoptotic, 
and immunomodulatory effects (Figure 1). 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY378

Figure 1: Both mesenchymal stem cells and their membrane-bound 
vesicles (extracellular vesicles and exosomes) have anti-inflamma-
tory, anti-fibrotic, anti-apoptotic, pro-angiogenic, pro-repair, prolife-
rative and anti-oxidative effects through cytokines.

As MSCs lack major histocompatibility complex-II expres-
sion, MSCs were thought to allow for transplantation without 
the use of immunosuppression. However, accumulating studies 
over the years have suggested that these cells are not as 
privileged as they were thought to be [12]. Although they can 
be transplanted as allogenic or autologous as well with dif-
ferent advantages and disadvantages (Table 1), more studies 
are needed to determine whether allogeneic or autologous 
MSCs are more desirable in a transplantation setting, and 
autologous MSCs administration appears as the safest policy. 
In addition, whether these cells should be obtained from BM 
or AT should also be decided.

Table 1: Advantages and disadvantages of autologous and alloge-
nic MSC transplantation

Advantages Disadvantages

Autologous
1. Low immunogenicity 
2. No risk of infection
3. More ethical

4. Takes long to prepare (long in 
vitro culture cycle)

Allogeneic
5. May be produced from 
healthy young donors in 
large quantities

6. Higher immunogenicity
7. Shorter cell survival
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17.2 CHARACTERISTICS OF MSC TREATMENT

17.2.1 Source 

They were originally identified in the bone marrow (BM) 
stroma by Friedenstein and his colleagues [15]. Later on, as 
bone marrow procurement is an invasive procedure and the 
amount, differentiation capacity and lifespan of bone mar-
row-derived mesenchymal stem cells decrease with the age 
of the donor [16], many other sources that MSCs may be ob-
tained from were defined (Table 2). Among them, umbilical 
cord, amniotic fluid or placenta derived cells are difficult to 
obtain. On the other hand, adipose-tissue (AT) derived stem 
cells are much more accessible as the collection of fat tissue 
is less invasive, and yields higher cell numbers in comparison 
with bone marrow (BM) (Table 3). 

Table 2: Special characteristics of MSCs.
Sources of MSCs: Cells that MSCs can 

transform into:
Transplantation route of 
MSCs:

Bone marrow
Adipose tissue
Peripheral blood
Umbilical cord
Amniotic fluid
Placenta 
Urine
Dental pulp 
Testis
Lungs
Skeletal muscles

Osteoblasts
Myoblasts
Cardiomyocytes
Renal parenchymal cells

Intravenous
Arterial
Intraperitoneal
Local injections

Table 3: Properties of MSCs from different sources [Modified from 
Ref14]. 

Immune activity Proliferative potential
Bone marrow + +
Adipose tissue ++ ++
Umblical cord +++ +++
Placenta +++ +++
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 17.2.2 Potency

MSCs may be transformed into different cells (Table 1). 
MSCs have the ability to develop into mesangial cells, en-
dothelial cells, tubular epithelial cells and podocytes in the 
kidneys[8]. 

 17.2.3 Route of delivery

MSCs may be transplanted by different routes (Table 1). 
Intravenous administration provides easy access and has 
been widely used in clinical trials[17]. On the other hand, MSCs 
obtained intravenously have the ability to proliferate into 
many organs such as the kidneys, lung, skin, liver or thymus, 
with engraftment levels varying from 2.7% to 0.1[18]. In other 
words, in kidney disease models, following systemic injection, 
most of the cells entrap in the lung and other organs, and a 
very small amount of them home in injured kidneys[19]. Renal 
arterial injection of MSCs resulted in retention rates of 10 
to 15%[12, 20,21]. Furthermore, injection to the abdominal aorta 
resulted in occlusion in the vasculature in case the cell sizes 
do not fit as seen in injection of human MSCs to rodents [22]. 
Direct renal arterial injection of MSCs has been shown to be 
more effective than intravenous injection in stimulating renal 
regeneration. On the other hand, local injection of MSCs into 
the renal parenchyma plays a positive role in renal repair[23,24], 
but this route is a challenging method to translate into clinical 
practice[8,12]. 

 17.2.6 Dose

The optimal dose of MSCs is often empirical in experimen-
tal models of CKD, with doses ranging from 0.5 × 106 to 10 × 
106[20,26]. Although the doses are different, MSCs were reported 
to be safe and beneficial in most of the studies. Nevertheless, 
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the higher the doses are used, the more efficient results can 
be achieved[12], thus increasing doses is strongly recommen-
ded in clinical trials. 

 17.2.5 Timing

Prophylactic MSC injections such as MSC treatment before 
kidney transplantation revealed no benefit compared to the 
control group in previous studies. This has been explained by 
the lack of microenvironment like ischemia or inflammation 
needed to react by the MSCs[26]. 

 17.2.6 Homing

Previously MSCs were thought to be able to localize to 
the injured parts of the body. However, this ability is limited 
in MSCs and they need mediators like adhesion molecules, 
chemokine receptors or cytokines to precisely localize to the 
damaged tissues[8]. CD44 and hyaluronic acid expression, 
CXCR4 and CXCR7 secretion and preconditioning with insu-
lin-like growth factor-1 resulting in upregulation of the CXCR4 
expression have been shown to mediate MSCs to injured 
kidneys[12]. As infused MSCs respond well to homing signals, it 
is promising that preconditioning of MSCs may enhance their 
homing to injured tissues.  

 17.2.7 Engraftment

Some studies suggest that MSCs may engraft the impaired 
tissue and may differentiate into tubular cells or mesangial 
cells in kidney, however it was also demonstrated in drug-in-
duced acute kidney injury and ischemia-reperfusion-injury mo-
dels that renal engraftment is not essential to attain beneficial 
effects on kidney as paracrine effects of MSCs are more 
important than integration into target cells[20,21,27-30].
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17.2.8 Safety profile

The adverse events after treatment with MSCs are simi-
lar to the control groups in most of the animal models and 
clinical studies [26]. Although no severe adverse reactions or 
tumorigenicity have been defined for MSC transplantation as 
seen in embryonic stem cells, none of the MSCs on market 
has ever been approved by FDA (US Food and Drug Admi-
nistration). 

 17.2.9 Proliferation / Thriving

MSCs have the ability to induce the proliferation of renal 
glomerular and tubular cells. They cause tubular cells to pro-
liferate and undergo apoptosis by secreting proangiogenic 
and trophic substances, respectively [13, 20]. It has been shown 
that MSCs reduce apoptosis via declining the expression of 
caspase-3 [31].

17.3 EXTRACELLULAR VESİCLES (EVs)

To avoid the immunologic disadvantages of MSC transplan-
tation and enhance the paracrine mechanisms, cell-free the-
rapies have been emerged. For that purpose, extracellular 
vesicles (EVs) have been used. EVs are membrane-bound, 
nanoscale vesicles made up of microvesicles (100-1000 nm) 
and exosomes (30-150 nm). They contain proteins, lipids, car-
bohydrates, and nucleid acids (DNA, miRNA, RNA). EVs have 
anti-inflammatory, pro-angiogenic, anti-fibrotic and anti-a-
poptotic, anti-oxidative effects and proliferative just like MSCs 
(Figure 1). Because EV injections are highly stable, permea-
bility, immunogenicity, and cytotoxicity-free, they could be a 
safe substitute for cell-based therapy[32].

MSC-derived EV administration has therapeutic efficacy, 
which is equivalent to MSC[33] and successfully avoids the 
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drawbacks of MSC-based treatment[32]. Their small size en-
dows them to avoid the pulmonary entrapment and to pe-
netrate deeply[34]. Unsettled difficulties about EVs are isolation 
and purification problems and insufficient tracking tools to 
follow injected EVs[32]. The optimal origin, dose, or route is not 
determined yet for EVs as well.  

17.4 STUDIES ON KIDNEY DISORDERS CONDUCTED 
WITH MSC OR MSC DERIVED EVS

17.4.1 AKI 

Acute kidney injury (AKI) is defined as a rapid increase 
in serum creatinine concentration with or without decreased 
urine output[35]. The underlying pathogenic components are 
diminished renal tubular injury, renal perfusion, tubulointersti-
tial inflammation and decreased glomerular filtration rate [36]. 
AKI can result from many different etiologies such as sepsis, 
nephrotoxic drugs and major surgery. Drug-induced nephro-
toxicity or ischemia/reperfusion injury (IRI) models are used 
for preclinical AKI studies. 

The drug-induced nephropathy may either be caused by 
direct toxicity to the tubular cells, which results in acute tubular 
necrosis or may be caused by immune-mediated injury, which 
results in interstitial nephritis[36]. Well known nephrotoxic drugs 
frequently used in the clinical setting are cisplatin, aminogl-
ycosides amphotericin B, antiviral agents (cidofovir, adefovir 
or tenofovir) and radiocontrast agents. Nephrotoxicity mostly 
occurs in the proximal renal tubules[14]. Cisplatin-induced AKI is 
a common animal model to study drug-induced nephrotoxi-
city.  In drug-induced AKI, cytoskeletal structure of the proxi-
mal tubular epithelial cells is lost and necrosis and apoptosis 
occurs[14,37,38]. The histological features of drug-induced AKI 
are luminal dilation, cytoplasmic simplification, and increased 
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cytoplasmic eosinophilia. Due to the inflammation induced by 
necrosis and oxidative stress, tubular damage accelerates.

In IRI induced AKI models, kidneys are exposed to re-
nal hypoxia, hemodynamic changes, endothelial and tubular 
cell injury. These leads to oxidative stress and inflammatory 
response, which causes cell damage and apoptosis.  Ische-
mia/reperfusion injury models represent surgical procedures 
like kidney transplantation or partial nephrectomy and clinical 
problems including hypovolemic shock, dehydration, hypoten-
sion and acute tubular necrosis. 

There are subtle differences in the immune processes be-
hind ischemia reperfusion damage- and drug-induced acute 
kidney injury (AKI). More research is needed to improve the 
immunomodulatory effects of MSCs in both drug-induced and 
IRI-induced AKI. 

It has been demonstrated that favorable effects observed 
after MSCs administration in experimental AKI models are 
mainly endorsed to the secretion of the EVs and releasing 
bioactive cytokines and trophic factors acting in a paracrine 
fashion[37].

17.4.2 Experimental Studies on MSC

There are many experimental studies about MSC treat-
ment in AKI models. The most recent meta-analysis[36] based 
on 50 studies showed that MSC therapy may improve the 
kidney and renal functions of rats with AKI. In any route or 
dose, the results were significantly better in rats treated with 
MSC compared to the placebo groups. However, intravenous 
route was more successful than that of intrarenal or arterial 
MSC transplantation, and higher doses were more effective 
than that of low-dose transplantation[36].
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17.5 Clinical Trials on MSCs

Although there are 7 more clinical trials registered on 
ClinicalTrial.gov to evaluate MSC treatment in AKI, only two 
of them have been completed yet (Table 4) [35,39,40]. Both of 
the studies were on patients with ischemic AKI after cardiac 
surgery. Both of the studies demonstrated safety of MSC 
administration. The first study included 16 cases that received 
intra-aortic single dose of BM-derived MSC during surgery 
and resulted in a reduction of AKI to 0% vs. 20% in the control 
group [39]. The second study was a multicenter study including 
27 centers conducted on 67 cases receiving intra-arterial 
BM- derived MSC 48 hours after surgery and 68 control ca-
ses. The study demonstrated that MSC treatment showed no 
difference for renal recovery or mortality [40].

Table 4: Clinical trials to evaluate MSC treatment in AKI.
Author [ref] (clinical trial 
registration number) N MSC 

origin Route Outcome

Tögel FE & Westenfelder 
C[39] (NCT00733876) 16 BM Intra-

aortic
safe and well tolerated with 
renal recovery

Swaminathan M [40] 
(NCT01602328) 67 BM Intra-

arterial

safe and well tolerated but 
not different from the 
control group

MSC: Mesangial stem cells, AKI: acute kidney injury, BM: Bone mar-
row

17.5.1 Studies with EVs

Many preclinical experiments collected in recent two re-
views/meta-analyses conducted on rodents with only IRI and 
with all forms of AKI revealed that stem cell or progenitor 
cell derived ECVs may improve IRI[32] and renal functions, 
inflammatory response and cellular apoptosis in rodent AKI 
models[41], respectively.
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17.5.2 Renovascular diseases

17.5.2.1 Experimental studies on MSCs

A recent meta-analysis of sixteen preclinical studies 
showed that MSC therapy could result in higher levels of IL-
10, microvascular density, RBF, GFR, and Scr and lower levels 
of Scr, MCP-1, PRA, TNF-α and IFN-γ. Renal fibrosis may get 
better in the interim following MSC treatment[41].

17.5.2.2 Clinical Trials on MSCs

There are only 3 clinical studies in cases with AKI (Table 
5).  Although MSC therapy cannot be recommended for AKI 
in clinical care yet, the cell-based therapy is becoming more 
attractive for physicians[42].

Table 5: Clinical trials on MSC treatment in AKI
Authors [ref] Year of 

publication
N MSC 

origin
Route Outcomes

Kim SR [43] 2021 13 AT Intra-
arterial
(renal 
artery)

p21+ urinary exosomes 
were elevated compared 
to control group, and only 
slightly improved by MSC, 
whereas p16+ exosomes 
remained unchanged

Abumoawad 
A [44]

2020 19 AT Intra-
arterial
(renal 
artery)

Mean RBF and GFR signi-
ficantly increased, hypoxia, 
renal vein inflammatory 
cytokines, and angiogenic 
biomarkers, mean systolic 
blood pressure significant-
ly decreased after MSC 
infusion

Saad A [45] 2017 14 AT Intra-
arterial
(renal 
artery)

Cortical perfusion and 
RBF both in the intervened 
and contralateral kidney 
increased, and renal hy-
poxia decreased after 
MSC infusion

MSC: Mesenchymal stem cell, AT: adipose tissue, RBF: renal blood 
flow, GFR: glomerular filtration rate.
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17.5.2.3 Studies with EVs

There are few studies on EV treatment in animal models 
of AKI (Table 6).  

Table 6: Animal studies on EV treatment in AKI models
Authors 
[ref] 

Year of 
publication

MSC 
origin

Animal Route Outcome

Hong 
S.[46]

2023 AT pig Intra-
renal 

Autologous EVs attenuate 
cardiac injury in experi-
mental RVD more effe-
ctively than their parent 
MSCs, 

Ferguson 
CM.[47]

2021 AT pig Intra-
renal

MSC-derived EVs elicit a 
better preservation of the 
stenotic kidney microvas-
culature and greater atte-
nuation of renal injury and 
fibrosis compared to PTRA

Ishiy 
CSRA[48]

2020 AT rat IV 
(tail 
vein)

EVs produced beneficial 
results but with lower effi-
cacy than MSCs.

Zhang 
L[49]

2020 AT pig Intra-
renal

Improved stenotic-kidney 
GFR and RBF, and decrea-
sed renal release of MCP-
1 and IL-6, normalized 
cardiac diastolic function, 
attenuated LV remodeling, 
cellular senescence and 
inflammation, and impro-
ved myocardial oxygenati-
on and capillary density

Eirin A 
[50]

2018 AT pig Intra-
renal

restored the renal micro-
circulation and in turn he-
modynamics

AT: adipose tissue, EV: extracellular vesicle, RVD: renovascular di-
asease, MSC: mesenchymal stem cell, PTRA: percutaneous translu-
minal renal angioplasty, GFR: glomerular filtration rate, RBF: renal 
blood flow, MCP1: monocyte chemoattractant protein-1, IL-6: inter-
leukin-6, LV: left ventricle
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17.5.3 CKD

CKD is a progressive and irreversible loss of kidney func-
tion, which is a rising health problem worldwide. It is charac-
terized by fibrosis that might lead to end stage renal disease. 
One prevalent route to end-stage renal disease (ESRD) is 
by chronic glomerular and tubulointerstitial fibrosis, which is 
frequently linked to apoptosis, oxidative damage, and micro-
vascular rarefaction.

17.5.3.1 Experimental studies on MSCs

There are numerous experimental studies about MSC tre-
atment in CKD. A meta-analysis including studies conducted 
on rats, mice and pig animal models revealed that cell-based 
therapies improve renal function and structure[51].

17.5.3.2 Clinical Trials on MSCs

Endothelial progenitor cells (EPCs) and MSCs have similar 
reparative functions in chronic kidney disease. However, alt-
hough there are several clinical studies on the use of EPCs 
both in adults and children with CKD and/or dialysis, studies 
with MSCs are limited[52]. More studies in patients with CKD 
are needed to assess the efficacy of cell-based regenerative 
therapy, particularly of MSCs. 

17.5.3.3 Studies with EVs

A meta-analysis including mostly MSC derived ECVs for 
experimental CKD models including 26 rodent or porcine mo-
dels has determined that EVs improved glomerulosclerosis 
and interstitial fibrosis and slowed down renal damage in a 
dose and time dependent manner[53]. Experimental CKD mo-
dels were induced by unilateral ureteral obstruction, hyper-
tension, diabetes, toxic-CKD or 5/6 nephrectomy. 
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17.5.4 Diabetic Nephropathy

17.5.4.1 Experimental studies on MSCs

In a recent review including 40 preclinical studies on 992 
rodents about treatment with MSC, non-MSC, umblical cord/
amniotic fluid cells and cell-derived products in diabetic kid-
ney disease resulted in improvement in kidney functions and 
reduced kidney injury[54]. In a previous meta-analysis on 32 
preclinical studies mainly including rat models and only 1 mon-
key model and 1 clinical study established that MSC may pro-
vide glycemic control, and reduce Scr, BUN and urine protein 
excretion[55].

17.5.4.2 Clinical Trials on MSCs

There are clinical trials with identification numbers planned 
to assess the safety and efficacy of MSCs in patients with 
diabetic kidney disease[56]. However, although some of them 
have been completed, none of them have been published yet. 
The completed studies just can only demonstrate that alloge-
nic MSCs are safe. To use MSCs in clinical practice, the safety 
and efficacy profiles should be determined.

17.5.4.3 Studies with EVs

Mesenchymal stem cell derived exosomes enhance diabe-
tic kidney diseases in rodents and podocytes[57].

17.5.5 Lupus Nephritis

Systemic lupus erythematosus is the prototype of the au-
toimmune diseases. It may involve several organs, but most 
decisive for the prognosis is the kidney involvement. Unfortu-
nately, kidney involvement may lead to CKD. MSC administra-
tion is a widely used treatment option for both experimental 
and clinical lupus nephritis. SLE is hypothesized as a potenti-
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ally MSC-mediated disease and different from those of other 
diseases, allogeneic rather than autologous MSC transplan-
tation may be preferred as a more beneficial treatment of 
choice for patients with SLE[58].

17.5.5.1 Experimental studies on MSCs

There are numerous studies conducted on mouse models 
of SLE most of which were found efficient and summarized in 
Table 7 (Table 7). 

Table 7: Experimental studies on MSCs in lupus nephritis

Authors [Ref]
Year of 
publication

MSC 
origin

Animal Outcomes

Hoseinzadeh 
A[59] 2023 BM mouse

Beneficial with a time and 
microenvironment dependent 
manner

Chun S[60] 2022 BM mouse
Determines the safe doses for  
MSC

Matsuda S[61] 2022 AT mouse Only if enhanced with LWMH
Bukulmez H[62] 2021 BM mouse 10-fold higher survival rates

Liu J[63] 2019 PL mouse
Ameliorates renal injury and 
inflammation

Zhang Z[64] 2019 UC mouse
Prevents podocyte injury via 
anti-inflammatory process 

Mai S[65] 2018 UC mouse
Hydroxychloroquine unexpec-
tedly decreased the therapeu-
tic effects of MSCs 

Yang X[66] 2018 BM mouse
MSC treatment may relieve 
lupus nephritis

Choi EW[67] 2016 AT mouse
Treatment efficacy based on 
miRNA expression

Jang E[68] 2016 BM mouse
Decreased levels of autoanti-
bodies and proteinuria 

Thiel A[69] 2015 Emb mouse
Co-culture of MSCs with 
LPS-stimulated lymphocytes 
enhance their immune effects

Li Y[70] 2014 BM mouse
Genetically transferred 
OXR1 enhanced the effects of 
BMCs.
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Li Y[71] 2013 BM mouse
Kallikrein transduced MSCs 
modulate inflammation and 
oxidative stress 

Ma X[72] 2013 BM mouse
MSCs inhibit lupus nephritis by 
suppressing B-cell activity

Choi EW[73] 2012 AT mouse

MSCs ameliorate serological, 
immunological and histologi-
cal findings and better results 
may be observed in an earlier 
stage.

Chang JW[74] 2011 UC mouse

MSCs ameliorate lupus neph-
ritis via immunosuppression 
rather than direct engraftment 
and differentiation.

Gu Z[75] 2010 UC mouse

MSCs ameliorate lupus neph-
ritis by inhibiting MCP-1 and 
HMGB-1 production and eng-
raftment in kidneys.

Youd M[76] 2010 BM mouse
MSCs are not beneficial in 
lupus.

BM: bone marrow, MSC: mesenchymal stem cell, AT: adipose tis-
sue, LWMH: low-molecular weight heparin, PL: placental, UC: umbi-
lical cord, MSC: mesenchymal stem cells, Emb: Embryological, LPS: 
lipopolysaccharide, MCP-1: monocyte chemoattractant protein-1, 
HMGB-1: high mobility group box 1.

17.5.5.2 Clinical Trials on MSCs

A meta-analysis including 8 clinical studies on 213 patients 
with lupus nephritis, MSC improved disease activity, comple-
ment levels and urinary protein excretion [77]. The most recent 
meta-analysis on MSC treatment including 12 studies on 586 
cases also concluded that MSC improves the disease activity 
and kidney function with a favorable safety profile [78].

17.5.5.3 Studies on EVs

There are only few studies conducted on treatment of 
lupus nephritis treated with EVs (Table 8).
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Table 8: Studies on EVs in lupus nephritis
Authors 
[Ref]

Year of 
publication

MSC 
origin

Outcomes

Zhang M[79] 2022 BM
Anti-inflammatory and anti-apoptotic 
effects

Sun W[80] 2022 UC
Anti-inflammatory and immunomodula-
tory effects

EV: BM: bone marrow, UC: umbilical cord

17.5.6 Kidney Transplantation

Mesenchymal stem cells increase regulatory T (Treg) cells, 
which in turn induce kidney transplant tolerance. Exosomes of 
bone marrow mesenchymal stem cells (BMMSC-Ex) stimulate 
the differentiation of Treg cells.

17.5.6.1 Experimental studies on MSCs

A few studies on the topic is summarized in Table 9 (Table 9).

Table 9: Experimental studies on MSCs in kidney transplantation
Authors 
[Ref]

Year of 
publication

MSC 
origin Outcome

Luo 
Y[81] 2023 PER

Periost derived MSCs exerted stronger 
immunoregulation provided with Treg diffe-
rentiation by inhibiting the mTOR pathway.

Xie 
HC[82] 2023 BM

MSCs prevent renal transplant rejection 
by facilitating a proliferation-inducing 
ligand phosphorylation to induce IL-
10+ B-regulatory cells

Wang 
ZG[83] 2021 BM

EVs improved acute rejection by transfer-
ring long non-coding RNAs to dendritic 
cells.

Casiraghi 
F[84] 2019 BM

Tx of MSCs on the day of Renal tx is safe 
and complement is crucial for MSC recru-
itment into the kidney allograft.

MSC: mesenchymal stem cells, PER: periostal, BM: bone marrow, 
Treg: regulatory T cells, EVs: Extracellular vesicles
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17.5.6.2 Clinical Trials

In a metaanalysis of 4 studies published in 2021, MSCs 
were used as induction therapy in 197 kidney transplant pa-
tients and it was safe and provided less CNI exposure and 
less infection in the first post-transplant year [85]. There are 
many unpublished but registered studies exist about MSC tre-
atment in kidney transplantation (Table 10).

Table 10: Clinical trials on MSC treatment in kidney transplantation

Authors 
[Ref]

Year of 
publication n MSC 

origin Route Clinical Benefit

Wei 
Y[86] 2021 23 BM IV

MSCs can delay the de-
terioration of allograft 
function, probably by 
decreasing DSA level and 
reducing DSA-induced 
injury in recipients with 
cABMR 

Dreyer 
GJ[87] 2020 10 BM IV

HLA selected allogene-
ic MSCs 6 months after 
transplantation is safe 
and feasible.

Erpicum 
P[88] 2018 10 BM IV

Safe and efficaous. Im-
proved early allograft 
function.

Sun et 
al[89] 2018 21 UC IV Safe and efficaous.

Pan et 
al[90] 2016 16 BM IV

MSCs permits the use of 
lower dosages of nephro-
toxic calcineurin inhibitors 
following renal transplan-
tation.

Reinders 
M[91] 2013 6 BM IV

Safe and efficaous in tx 
recipients with subclinical 
rejection. Findings are 
suggestive of systemic 
immunosuppression.
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Peng 
Y[92] 2013 12 BM

1st dose: 
intraarterial 
during tx
2nd dose: IV

MSC may help reduce 
immunosuppressive treat-
ment.

Perico 
N[93] 2013 2 BM IV

MSC treatment resulted 
in increased number of 
Tregs and control of CD8 
T cell functions.

Lee H et 
al.[94] 2013 7 BM Intraosse-

ous

Treatment could not pre-
vent acute rejection in 
almost half of the cases 
and mixt chimerism could 
not be determined.

Vanikar 
AV 
et al.[95]

2012 916 AT ND

MSC May help minimize 
immunosuppressive re-
duction and patient and 
graft survival at the end 
of 4 years. 

Tan J 
et al.[96] 2012 159 BM IV

autologous MSCs com-
pared with anti-IL-2 re-
ceptor antibody induction 
therapy resulted in lower 
incidence of acute reje-
ction, decreased risk of 
opportunistic infection, 
and better estimated re-
nal function at 1 year

BM: bone marrow, IV: intravenous, MSC: mesenchymal stem cell, 
DSA: donor specific
IS: immunosuppression, ND: not determined, UC: umbilical cord, AT:   
adipose tissue

17.5.6.3 Studies with EVs:

Studies on EV treatment in kidney transplantation has 
been summarized in Table 11 (Table 11)
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Table 11: Studies on EV treatment in kidney transplantation

Authors Year of 
publication

MSC 
origin Outcome

Wu 
X[97] 2022 BM

EVs Treg promoted cell differentiation and 
induced immune tolerance via long non-co-
ding RNAs

Kubat 
GB[98] 2021 BM Mitocondria isolated from MSCs protect 

against IRI in kidney tx.
Wang 
ZG[99] 2021 BM EVs improved acute rejection by transferring 

long non-coding RNAs to dendritic cells.

MSC: mesenchymal stem cells, BM: bone marrow, EVs: extracellular 
vesicles, Treg:    regulatory T cells, IRI: ischemia-reperfusion injury.

17.6 CONCLUSION

Preclinical studies have established a safe and efficacious 
profile for MSC treatment in kidney diseases and transplan-
tation, however, the number of clinical studies are limited with 
conflicting results and unknown long-term effects. Lately, EVs 
are emerging as efficacious alternatives to MSCs. They are at 
least as effective and have much fewer side effects.

Although much progress has been made, there are still 
many difficulties for translation to clinical studies. The fact that 
the kidneys have a high structural complexity and it is hard to 
differentiate the injected MSCs to the targeted cells is already 
challenging in itself. Timing is another hard issue to overcome. 
For instance, as preparing MSCs ready for injection would 
take time, renal injury should be detected as soon as possible 
in AKI and efficient biomarkers are needed to establish that. 
In addition, the appropriate amount and frequency of dosing, 
the optimal route of delivery or timing of MSC injections for 
optimal survival, homing and engraftment, the best option for 
ensuring thriving or tracking of injected cells are not deter-
mined yet. 
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Nevertheless, despite these obstacles, it is obvious that 
MSCs treatment will have a great future as the treatment 
of choice in kidney diseases. Changing cellular microenviron-
ment, preconditioning or gene modifications are promising 
initiatives to improve homing capacity and paracrine ability 
of MSCs. For better clinical response, the patients most likely 
to benefit from MSC treatment should be carefully identified 
as well as the optimal dose and route.
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18.1 INTRODUCTION

Discovery of molecular components in the CRISPR system, 
making history as the first time two women have been awar-
ded the Nobel Prize in Chemistry [1]. Emmanuelle Charpentier 
and Jennifer Doudna awarded by the Nobel Prize in Chemistry 
in 2020.  Firstly, CRISPR was discovered in the DNA sequen-
ces of E. Coli bacteria by Ishino et al. from Osaka University, 
Japan in 1987 [2]. However, it was Charpentier and Doudna’s 
pioneering work that unlocked its full potential. Although the 
significance of CRISPR in the bacterial cell was unknown at 
the time of its discovery, sequencing DNA fragments took 
months back then. The CRISPR system’s biological function 
remains unclear. Nevertheless, early studies have demonst-
rated a high degree of polymorphism in CRISPR loci among 
different strains of the same pathogenic bacterial species. 
Therefore, scientists have proposed utilizing this information 
to genotype bacterial strains of M. Tuberculosis and later S. 
Pyogenes. This approach has successfully identified bacterial 
strains in clinical conditions [3,4].

In 1995, Francisco Mojica made a significant discovery. 
He identified similar nucleic acid sequences in the archae-
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al genome of H. Mediterranei [5]. This discovery shed light 
on the CRISPR loci and their functional importance, leading 
to further research. Mojica confidently identified similarities 
between elements in archaea and DNA repeats previously 
found in bacterial genomes, providing compelling evidence 
for their functional role. The atypical loci contain foreign DNA 
fragments and play an integral role in the immune systems of 
both archaea and bacteria [6]. In 1995, different two centers 
independently reached to similar point. They unequivocally 
demonstrated that viral DNA, separated by short palindromic 
repeats, serves as a library for potentially harmful genetic 
information [7,8]. The system was initially hypothesised to work 
through RNA modification. However, Marraffini and Sonthe-
imer’s publication demonstrated experimentally for the first 
time that the prokaryotic immune system targets foreign DNA. 
Therefore, this system could be a potential tool for genomic 
editing in the laboratory[9]. Later studies have shown that cer-
tain CRISPR systems work directly with RNA molecules. This 
allows for the selective deactivation of specific transcripts 
within the cell[10, 11, 12].

18.2 GENERAL MECHANISM

CRISPR/Cas mechanisms are a diverse microbial immune 
system used by most of the archaeas (90%) and some part 
of eubacterias (40%) to protect themselves from viruses and 
plasmids. These systemsallow the cell to distinguish ‘foreign’ 
DNA from its own. CRISPRs are composed of CRISPR loci 
consist of highly conserved short repeated sequences, sepa-
rated by short spacer sequences of similar size (Figure 1). It is 
important to note that CRISPR loci should be written in a con-
sistent manner throughout the document. The sizes of CRISPR 
repeats and spacers range from 23 to 47 base pairs and 21 
to 72 base pairs, respectively.  The bacterial genome may 
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contain more than one CRISPR locus. Spacer sequences are 
diverse and hypervariable, even among closely related stra-
ins. These unique sequences come from viral or plasmid DNA 
and when new spacers are added, they allow for recognition 
and destruction of new matching viral or plasmid genomes [13].

Figure 1: CRISPR-CAS gene locus

CRISPR loci are associated with a conserved sequence 
called ‘Leader’, which is located upstream of the CRISPR in 
the direction of transcription [14]. To function, CRISPR requi-
res a set of CRISPR-associated (Cas) genes, typically found 
adjacent to the CRISPR and encoding Cas genes encode 
proteins with diverse functions, including nucleases, helicases, 
and polymerases, that are required for the immune respon-
se. The CRISPR immune system relies on the cooperation of 
multiple Cas proteins [15]. Kumar provides an analogy for the 
CRISPR mechanism: imagine the Earth is under attack by an 
alien species for which no earthly weapon is effective. In this 
scenario, someone collects parts of the aliens and develops 
a new weapon unique to them, storing some parts for future 
reference. Similarly, the CRISPR mechanism collects and stores 
genetic material for future use. When a bacterium is attacked 
by a bacteriophage, it lacks a defence mechanism. To add-
ress this, a small Cas protein takes a piece of the bacteriop-
hage’s DNA and integrates it into the CRISPR site. From there, 
a crRNA (CRISPR RNA) is synthesized. The complementary 
sequence involved in bacteriophage invasion is recognized 
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and cleaved by proteins, including others [13]. 

The general mechanism of CRISPR takes place in three 
distinct stages (Figure2):

i. Adaptation

ii. Expression and maturation (Biogenesis)

iii. Intervention (Targeting)[16]

Figure 2: General Mechanism of CRISPR-CAS System

18.2.1 Adaptation

The adaptation process is almost identical for the different 
CRISPR classes, but biogenesis and targeting differ between 
classes [13]. Cas proteins confidently bind to double-stranded 
DNA upon encountering the protospacer adjacent motif du-
ring the adaptation step. This results in the formation of two 
double-stranded breaks at that site. The protospacer, which 
is released as a fragment, is then incorporated into the DNA. 
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The CRISPR sequence confidently acquires spacers, mostly 
after the leader sequence in the proximal repeat units, be-
coming a Spacer. This process is also confidently known as 
Spacer acquisition or incorporation. Spacers can be acquired 
through pure acquisition or differential acquisition pathways. 
In the pure acquisition pathway, the pathogen acquires spa-
cers from foreign DNA it has encountered before. In the 
differential acquisition pathway, the CRISPR-Cas system re-
cognizes and integrates foreign DNA that the organism has 
not previously encountered, requiring the effector proteins 
Cas1 and Cas2. 

The pathogen has already attacked in the primed acquisi-
tion pathway. It is crucial to understand that various CRISPR-
Cas systems have distinct adaptations. For instance, in the 
type I-F system of P. Aeruginosa, where Cas1 and Cas2 are 
absent, supplementary machinery is necessary to acquire 
spacers. Similarly, Cas4 is required for adaptation in type I-B 
systems. In type II-A systems, Cas9 integrates new spacers 
using Cas1, Cas2, and csn2. Cas9 and csn2 proteins have 
significant functions in integration of spacer. Cas9 identifies 
the PAM site in the protospacer, while in type III-B systems, 
Cas1 is coupled to reverse transcriptase also recruits both 
RNA and DNA. In type I-E systems, the frequency of spacer 
acquisition increases with the presence of the interference 
complex. Following spacer acquisition, crRNA processing and 
maturation occur [17].

18.2.2 Expression and Maturation Phase (Biogenesis)

The intermediate crRNAs undergo further modification th-
rough the trimming of the 3’ tag using nucleases, resulting in 
the formation of mature crRNA.  The mature crRNA compri-
ses a complete spacer region at the 5’ end and a repetitive 
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region at the 3’ end, which takes the form of a hairpin like 
shape and stays bound to the Cas6 protein via the 3’ end. 
The other parts are bounded via the 5’ spacer and utilized 
for choose of target [18].

For class II systems, the biogenesis process involves two 
phase of catalysis made by RNase III: one for repeats and 
another for spacers. The Cas9 RNA duplex is stabilized by 
tracrRNA, a non-protein-coding RNA that interacts with the 
repeat structural unit of the pre-crRNA transcript. Host dsR-
NA-specific RNase III specifically recognizes and cleaves the 
RNA duplex, resulting in the intermediate crRNA, which is then 
processed by nucleases. Type II systems feature a mature 
crRNA without the 5’ nucleotide tag and with a 20 nucleotide 
repeat sequence element. Notably, the type II system of Ne-
isseria meningitidis deviates from the dual RNA mechanism [17].

18.2.3 Intervention Phase

Interference is the last step in adaptive CRISPR immune 
system. Here, CRISPR effector recognises the target DNA (or 
RNA) via attach mature crRNA (function as a guide RNA) 
and cleaves it using effector nucleases. Class-I systems need 
CASCADE (CRISPR-associated complex for antiviral defence) 
to function. Class-II systems need just a single complex for 
target interference. No new content has been added. Class 
II systems need just a single complex to interfere with the 
target. Type I, II and V systems detect PAM sites and have 
different target interference requirements.  Type III systems 
use a 5′ tag to distinguish the self and non-self to prevent 
self-targeting. The mechanism of interference’s type I systems 
involves the CASCADE complex and the Cas3 effector. The 
language has been made more concise and unambiguous, 
and sentences have been restructured for better coherence 
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and sequential logic. Grammar, spelling and punctuation have 
been checked and corrected. The protein is recognised by 
the crRNA-directed CASCADE complex, which recognises the 
PAM site on the target DNA via the Cse1 large subunit [17].

The PAM site recognition triggers DNA unwinding and 
the subsequent bounding of the CASCADE complex to the 
target.  The DNA, crRNA, and proto-spacer region then form 
the R-ring shape, inducing structural changes in the CASCADE 
complex. The Cas3 protein causes a cleavage in the target 
by unwinding the RNA-DNA duplex in the 3’-5’ direction and 
cutting the DNA with a nuclease. In type II interference, the 
tracrRNA: crRNA duplex directs Cas9 to the target for a 
double-stranded DNA cut. Type III systems involve identifying 
the The Cas10-Csm (type III-A and type III-D), Cas10-Cmr 
(type III-B and III-C), and Cas7 (Csm3 and Cmr4) proteins ca-
use a cleavage in the target RNA and ssDNA using RNA-a-
ctivated DNases. The Csm/Csr complex binds to the comp-
lementary site in the genome with precision and accuracy, 
demonstrating the remarkable capabilities of these proteins[17].

18.3 CURRENT USE OF CRISPR-CAS 9 TECHNOLOGY

DNA restriction enzymes were discovered in the 1970s 
during bacteriophage research. They cut DNA by recognising 
specific sequences, revolutionising molecular biology. CRISPR 
systems also cut specific DNA sequences but can adapt to a 
wider range than restriction enzymes. DNA and RNA molecu-
les can be programmed for specific targets.  Although comp-
lex, they offer more flexibility than specialized DNA sequences 
that rely on restriction enzymes to target specific sequen-
ces[19]. CRISPR loci were first discovered for typing bacterial 
isolates, such as Mycobacterium and Yersinia[20]. Later, these 
loci became widely used for genotype analysis of industrially 
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important bacteria and determining the common origin of 
bacteria with the same CRISPR loci. The CRISPR adaptive im-
munity system was discovered thereafter. The CRISPR system 
was used in Streptococcus thermophilus bacteria in the dairy 
industry to produce more efficient, long-lived, and phage-re-
sistant mutants[21]. It not only contributes to viral resistance 
but also has the potential to protect bacterial species against 
the insertion and replication of unwanted genetic material, 
such as plasmids carrying antibiotic resistance genes or di-
sease-causing capabilities. This feature allows for the control 
and direction of the spread of genetic material that carries 
undesirable characteristics of microorganisms[22]. Emmanuelle 
Charpentier and Jennifer Doudna led a research team that 
developed a genome editing concept using the CRISPR Type 
II system of the bacterium Streptococcus pyogenes. They 
combined crRNA (CRISPR RNA) and tracrRNA (Transactiva-
ting CRISPR RNA) in this study.

The process involved combining molecules to create a 
single RNA molecule known as sgRNA (Single guide RNA). 
This was then combined with the Cas9 nuclease enzyme to 
form a complex. The sgRNA-Cas9 complex was then targeted 
to specific genomic regions based on standard Watson-Crick 
base pairing rules and used to perform the cutting process. 
This study was a breakthrough in genomic manipulation as it 
allowed for precise recognition and editing of specific genetic 
regions[23]. The CRISPR-Cas9 system is now the most popu-
lar DNA editing tool due to its effective design for targeting 
specific regions. It has been widely used for performing gene 
editing studies have been conducted on various organisms, 
including mammals. This has made it an important tool for 
understanding genetic structures and making precise genetic 
changes.
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Wu and his team are one of the pioneering researchers 
using the CRISPR system to treat cataract, a genetic disease, 
in mouse embryos. In their work, they specifically targeted 
cataract disease caused by mutations in the Crygc gene. This 
genetic disease is based on mutations that cause a loss of 
function that leads to vision problems. In their research, they 
injected mouse embryos with Cas9 mRNA, which enables the 
production of Cas9 nuclease, and an sgRNA that corrects 
the Crygc allele with the targeted mutation. In this way, they 
ensured that the wild-type (normal) allele was used instead of 
the allele with the targeted mutation. This study demonstrated 
the successful use of CRISPR technology at the embryonic 
stage in mice for the potential treatment of genetic diseases 
[24]. A study by Yin and colleagues used the in vivo CRISPR-
Cas9 genome editing system to successfully treat Tyrosinae-
mia Type 1 disease in mice in the postnatal period. Inherited 
Tyrosinaemia Type 1 is a genetic disease which mechanism 
of this disease is deficiency of the enzyme FAH (fumaryla-
cetoacetate hydrolase), which causes to the accumulation of 
cytotoxic metabolites and death of liver cells. In the study, a 
vector containing Cas9 nuclease and a specific sgRNA was 
used. This vector was delivered together with a mould DNA 
molecule via hydrodynamic tail vein injection into the liver 
of mice. This delivery of the vector led to correction of the 
genetic defect in the mutant fumarylacetoacetate hydrolase 
allele and stabilisation of the protein. As a result, toxicity in 
liver cells was reduced, and weight loss of the mice was no-
ticeably reduced. This study demonstrated that CRISPR-Cas9 
technology is a promising approach in the treatment of gene-
tic diseases [25]. Cas9 has the potential to treat viral infections. 
It has been shown to effectively target and inactivate the 
genetic material of viruses such as HIV and Hepatitis B, redu-
cing their infection capacity and controlling disease spread. 
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This is a significant development that may pave the way for 
new and effective strategies for treating viral diseases have 
been developed[26, 27, 28].

An ex vivo study used gene editing based on the CRISPR-
Cas9 system to combat human immunodeficiency virus (HIV) 
infection. Through the cycle of virus, HIV-1 integrates into the 
genome of target cells, resulting in viral infection. During this 
step, HIV infection is transcriptionally silent, causes a latent 
infection. Latent viruses are often found in long-lived cells and 
can persist even with strong antiretroviral drugs. Researchers 
are currently testing two approaches using genome editing 
technologies to combat latent HIV infection [29]. The initial 
approach aims to eliminate HIV DNA by targeting the viral 
genome sequence with nucleases. The Liao team conducted 
a study on targeting the highly conserved repeat regions in 
HIV-1 in infected CD4+ T cells using the CRISPR-Cas9 system. 
This approach aims to disrupt the virus genome by expres-
sing the CRISPR-Cas9 vector targeted to the repeat regions 
in the virus genome of the relevant cell line. The production 
decreased and the latently replicating viruses were elimina-
ted. Furthermore, researchers have demonstrated that HIV 
reservoir cells, obtained from pluripotent stem cells in which 
CRISPR-Cas9 vectors targeted HIV-1 repeats, are also resis-
tant to new HIV infections [26]. The second approach used 
gene editing to modify the chemokine receptor 5 (CCR5) 
gene, which is a coreceptor required for HIV-1 T-cell infection. 
Mandal and colleagues used CRISPR/Cas9 system to impair 
the function of receptor in CD34+ haematopoietic stem cells 
and progenitor cells (HSPC). The authors used CRISPR/Cas9 
vectors to target CCR5 and demonstrated a 30% efficien-
cy in knocking it down in HSPCs. They also noted that the 
CCR5 knockdown HSPC clones maintained full multi-cell line 
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potential after xenotransplantation in mice and had only a 
small number of side target mutations [27]. Lin and colleagues 
demonstrated that the CRISPR-Cas9 gene editing method 
can be used to treat hepatitis B virus (HBV) infection, which 
can cause liver cirrhosis and cancer in many patients. While 
antiviral therapies have been developed for HBV, they are 
not always effective. In patients with chronic HBV, these the-
rapies often do not achieve to eliminate the HBVfrom the 
liver due to the stability of the covalently closed circular DNA 
(cccDNA) responsible for viral replication. A 2014 study mo-
delled HBV infection in mouse liver by introducing an HBV 
expression vector via the tail. The CRISPR-Cas9 system was 
injected into mice with modelled HBV infection to target the 
HBV sequence. This achieved disruption of cccDNA and a 
subsequent decrease hepatitis B surface antigen in serum [28].

18.4 CONCLUSION

The discovery of molecular components in the CRISPR 
system made history as the first time two women have been 
awarded the Nobel Prize in Chemistry. Emmanuelle Charpen-
tier and Jennifer Doudna were awarded the Nobel Prize in 
Chemistry in 2020.  CRISPR was first discovered in the DNA 
sequences of E. Coli bacteria by Ishino et al. from Osaka 
University, Japan in 1987. Although the significance of CRISPR 
in the bacterial cell was unknown at the time of its discovery, 
Charpentier and Doudna’s pioneering work that unlocked its 
full potential.

Although CRISPR-Cas systems are primarily known for 
their interference with foreign genetic material, they also play 
a role in other cellular processes, such as virulence regulation, 
genome evolution, and DNA repair. However, the mechanis-
ms behind these alternative functions are still poorly unders-
tood and require further research.
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In the coming period, research and applications in the 
field of gene editing will continue to grow. This process will 
intersect with technology areas such as machine learning, live 
cell observation, and sequencing. The combination of bioge-
netics and engineering disciplines will further enrich and en-
hance CRISPR tools, providing solutions to current challenges 
and enabling a wider range of applications. CRISPR techno-
logy has a wide range of applications, from basic science to 
applied research. The future innovation of CRISPR technology 
will be shaped by scientific curiosity and the desire to benefit 
society, as was the case in the beginning of CRISPR gene 
editing technology.
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Stem cells are unspecialized cells capable of unlimited 
division giving rise simultaneously to a stem cell (a charac-
teristic known as self-renewal) and a daughter cell or transit 
progenitor cell, with limited proliferative capability, committed 
to highly specialized cell populations losing their stemness 
property [1,2] Stem cells are classified according to their diffe-
rentiation potential and origin [3,4]. There are different stages 
of specialization: totipotent, pluripotent, multipotent, oligopo-
tent and unipotent, each being associated to a decreasing 
capability of differentiation, which means that a unipotent 
stem cell has a reduced differentiation capacity as compared 
to a pluripotent one[5]. Totipotent stem cells are capable of 
differentiating into any cell of the body. Totipotency has the 
highest potential for differentiation and allows cells to form 
both embryonic and extra-embryonic structures. An example 
of a totipotent cell is the zygote. This cell can later deve-
lop into one of the three germ layers or form the placenta. 
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Approximately 4 days after fertilization, the inner cell mass 
of the blastocyst becomes pluripotent.  This structure is the 
source of pluripotent cells [5]. Pluripotent stem cells are the 
progenitors of cells belonging to all germ layers but not 
extraembryonic structures, as the placenta. Multipotent stem 
cells have a lower capability of differentiation than pluripotent 
stem cells and can only differentiate into specific cell lineages. 
An example are hematopoietic stem cells, which can deve-
lop into different types of blood cells. After differentiation, 
a hematopoietic stem cell becomes an oligopotent cell. Its 
differentiation capabilities are therefore limited to cells of the 
same lineage. Unipotent stem cells are characterized by a 
reduced capability of differentiation, being able to form only 
one cell type, also dividing repeatedly. This feature makes 
them a promising candidate for therapeutic use in regenerati-
ve medicine (5). Based on their origin, cells are subdivided into 
embryonic stem cells and adult stem cells. The last are able 
to differentiate into the specific cell population of the tissue in 
which they reside responsible for cell turnover to balance the 
loss of cells that occurs physiologically or in case of damage 
during the normal life of an organism [4,6,7]. Adult stem cells 
or Adult mesenchymal stem cells (MSCs) are multipotent stem 
cells that are able to differentiate into all the cell types that 
make up the tissue from which they are derived; they are 
usually in a dormant state and, if necessary, are recruited and 
begin to divide and differentiate [7,8,9,10]. MSCs can be obtained 
from different tissues as dental pulp, placenta, adipose tissue, 
skin and Wharton’s jelly and can be used in regenerative 
medicine[11,12,13,14,15].

ADSCs (adipose-derived stem cells) resident in the adi-
pose tissue, can be isolated by different methods. Stem cells 
isolated from adipose tissue represents an excellent source 
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of mesenchymal stem cells. The main advantage of ADSCs, 
as compared to other sources, is that they can be harves-
ted during surgical procedures with noninvasive techniques 
[16,11,13]. These cells, found in the stromal vascular fraction (SVF) 
of adipose tissue, play a central role during adipogenesis 
as they can differentiate to generate mature adipocytes [17]. 
ADSCs exhibit several superficial markers typical of mesen-
chymal stem cells as CD9, CD10, CD13, CD29, CD44, CD49d, 
CD49e, CD54, CD55, CD73, CD90, CD105, CD106, CD146, 
CD166, and STRO-1 ((stromal precursor antigen-1) and are 
negative for the hematopoietic cell lineage markers CD14, 
CD19 (B4), CD34, CD45, CD16, CD56, CD61, CD62E, CD104 
and CD106 and are also negative for the endothelial cell (EC) 
markers CD31 and CD144 [18]. Another source of mesenchymal 
stem cells is the skin. Skin stem cells on the basal layer, are 
mesenchymal stem cells (MSCs) responsible for keratinocyte 
differentiation and enrolled to restore tissue homeostasis af-
ter injury [15,19]. Stem cells in the skin play an important role in 
enabling tissue homeostasis, as they replacing elements that 
are continuously lost during the course of tissue turnover or 
after damage [20]. There are different groups of skin stem cells 
responsible for the maintenance and repair of the different 
part of the skin, including the interfollicular epidermis, hair 
follicles, and sebaceous glands [19]. Skin stem cells, as well as 
those identified in other tissues, represent an important re-
source for regenerative medicine studies, in fact they show a 
mesenchymal phenotype and are able to differentiate toward 
a specific lineage, as osteogenic and adipogenic, under sti-
mulation. The cells show positivity for all mesenchymal surface 
markers (CD73, CD90, CD105) and are negative for CD31 
and CD45 [15]. Another important source of mesenchymal stem 
cells is Wharton’s jelly, a gelatinous tissue, primary connective 
tissue, found in the umbilical cord, containing mesenchymal 
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stromal cells (MSCs), first described in 1656 by Thomas Whar-
ton [21,22].

Stem cells derived from WJ-MSCs are an excellent source 
of multipotent stem cells, easily obtained from waste ma-
terials. Stem cells derived from WJ-MSCs are an excellent 
source of multipotent stem cells, easily obtained from waste 
materials. These cells show a young phenotype and great 
plasticity. They are able to differentiate into osteogenic and 
adipogenic lineages when exposed to specific stimuli. Moreo-
ver, the WJ cell population expresses MSCs, specific features, 
showing plastic adhesion and expression of CD90, CD73 and 
CD105 [23,24,25,14]. The pluripotency capability of stem cells can 
be assessed by gene expression evaluation of the stemness 
markers SOX2, OCT4 and Nanog. These factors are highly 
expressed in embryonic stem cells and are known for their 
ability to influence the regulation of cell fate. Aberration in the 
expression of Sox2, Oct4 and Nanog can affect cell prolifera-
tion and proper differentiation, which can lead to morphologi-
cal abnormalities [26]. p53 being a protein with a suppressive 
function regulates the expression of Sox2, Oct4 and Nanog 
and helps in maintaining stem cells in an undifferentiated sta-
te. Long-term in vitro culture along with the influence of the 
tissue-specific environment may influence the expression of 
these genes. Observations on the dynamics of these changes 
may help determine the best strategy in MSC production for 
potential use in cell therapy [27].

Senescence is a cellular response characterized by a stab-
le cell cycle arrest that limits the proliferative potential of cells. 
To date, 4 types of senescence have been distinguished: rep-
licative senescence, oncogene-induced senescence, stress-in-
duced premature senescence, and developmental senescence 
[28]. An important point of regenerative medicine is the loss 
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of the regenerative potential of stem cells during aging, whi-
ch is related to cellular senescence and ROS production [29]. 
The molecular control of stem cell fate and senescence is 
regulated mainly by two different pathways, telomerase-inde-
pendent and telomerase-dependent. In the telomerase-inde-
pendent senescence pathway, epigenetic events, as histone 
modification, have been implicated. It follows that genes affe-
cting chromatin remodeling and regulation of gene expressi-
on may be directly involved in decisions influencing stem cell 
fate, including self-renewal and senescence [30].  Telomerase 
is a specialized ribonucleoprotein composed of telomerase 
reverse transcriptase (TERT), an intrinsic template RNA (TR) 
and several associated proteins. Its main function is to sta-
bilize telomeres, which shorten along with each cycle of cell 
division, thereby protecting chromosomes from end-to-end 
recombination and fusion. Telomerase is expressed in highly 
proliferating cells throughout the developing embryo, whereas 
it is reduced with cell differentiation [31].

Studies on tumor cells and engineered somatic cells ove-
rexpressing telomerase have shown that this enzyme can 
confer an immortal phenotype. Therefore, the development of 
a tool able to reverse the molecular mechanisms underlying 
stem cell senescence in vitro could pave the way for acces-
sible stem cell expansion strategies, improving the outcomes 
of cell therapy efforts [32]. Within this context, it was recently 
shown that Bmi1, a member of the Polycomb and Trithorax 
family repressor group, is an essential factor for self-renewal 
of adult murine hematopoietic stem cells and neuronal stem 
cells, acting as a repressor of senescence. The pluripotency 
transcription factors Nanog, Oct4, Sox2 and cMyc, along with 
polycomb repressive complexes, have also been identified to 
regulate pluripotency and differentiation of stem cells [33]. The 
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regenerative capability of MSCs is not only related to the 
source of the tissue (adipose tissue, bone marrow, placental 
fetal membranes, amniotic fluid), but also to the age of the 
tissue donor, as stem cells also undergo cellular senescence[34].
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Stem cells can be isolated from different tissues, covering 
different isolation method procedures. The procedures of iso-
lating adipose tissue components converge in the standard 
methods, based on enzymatic digestion. These methods are 
designed to separate the two easily recognized fractions, 
mature adipocytes and the stromal vascular fraction (SVF). 
However, it is well known that SVF comprises preadipocytes, 
endothelial cells, pericytes, fibroblasts, adipose tissue-derived 
stem cells (ADSCs), and hematopoietic stem cells. After colla-
genase digestion, mature high-fat adipocytes are separated 
as a floating layer. All cells remaining after removal of mature 
adipocytes constitute the SVF. The adipose tissue is was-
hed repeatedly with sterile phosphate-buffered saline (DPBS) 
containing 200 U/mL penicillin and 0.1 mg/mL streptomycin 
to remove blood cells. The tissue is dissociated into small 
fragments with a scalpel, followed by enzymatic digestion 
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with 0.1% type I collagenase for 60 minutes at 37°C in Hanks’ 
balanced salt solution under continuous gentle agitation. En-
zyme is neutralized with 10% fetal bovine serum (FBS) and 
filtered (70 μm cell filter), the samples are then centrifuged at 
600× g for 10 min to separate distinct cellular fractions. The 
supernatant obtained was composed of mature adipocytes 
and the pellet fraction was made up of the SVF compo-
nents, in which ADSCs were presumably present. Adipocytes 
were transferred to basal medium (BM), Dulbecco’s modified 
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 200 mm l -glutamine, and 200 U/mL penicillin—0.1 
mg/mL streptomycin. Cells are resuspended in basic medium 
(BM), plated in 12 cm2 culture flasks and transferred to a 37°C 
incubator with 5% CO2 and saturated humidity [1].

Skin biopsies are usually used for isolation. The biopsies 
are reduced into small fragments of approx 2 mm x 4 mm 
in a Petri dish with the help of a sterile scalpel. The tissue 
fragments were placed on the bottom of a 35-mm culture 
plate, three to five pieces per well with specific culture medi-
um (SC-medium): DMEM supplemented with 15 percent fetal 
bovine serum (FBS), 0.1 mM β-mercaptoethanol, 1 percent 
L-glutamine, 1 percent nonessential amino acids, 200 U/m3 
folic acid, 200 U/ml penicillin and 0.1 mg/ml streptomycin. The 
cultures are transferred to 37 °C at 5 % CO2 [2].

During isolation, a mixed population of cells is obtained, 
so a positive selection of stem cells is made using a primary 
monoclonal antibody (usually for mesenchymal stem/stromal 
cells anti cKit), then the cell suspensions are magnetically 
labeled in columns with a secondary antibody directly conju-
gated to MicroBeads [1]. Flow cytometry analysis is used for 
characterization, which is capable of evaluating mesenchymal 
markers. The sample is fixed with 1% formaldehyde for 10 min 
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at room temperature, the cells are permeabilized using per-
meabilization buffer for 30 min at 4 °C. After a washing step, 
cells are incubated with primary antibodies directed against 
CD 34, CD114, CD73, CD90, CD105, CD45 and CD31 (all at 1 
μg/106 cells) for 1 h at 4 °C and with 1 μg of fluorescein iso-
thiocyanate-conjugated secondary antibody (FITC) for 1 h at 
4 °C in the dark. After washing, cells are analyzed on a flow 
cytometer by collecting 10,000 [1].

Stem cell differentiation is controlled by the activation of 
a specific transcriptional program, involving several transcrip-
tional and epigenetic factors, including miRNAs. For examp-
le, for adipogenic differentiation, there are several adipocy-
te-specific genes that are activated during adipogenesis [6]. 
Fatty acid binding protein (FABP), also known as aP2, is a 
lipid-binding protein that acts as an adipokine in regulating 
systemic metabolism. Lipoprotein lipase (LPL) is the main en-
zyme involved in the uptake of fatty acids from lipoproteins 
and de novo lipogenesis. Acyl-CoA thioesterase 2 (ACOT2) 
also plays a role as an auxiliary enzyme supporting efficient 
fat burning through a thermogenic mechanism. For example, 
white adipose tissue (WAT) stores energy as fat storage and 
produces adipokines and prostaglandins while brown adipose 
tissue (BAT) dissipates heat through fat metabolism and high 
mitochondrial activity. Brown, as well as the similar kind of 
adipose tissue related to adulthood, the so called beige, show 
strong mitochondrial activity. In particular, beige adipose tis-
sue result from de novo differentiation of adipocytes by stem 
and progenitor cells or transdifferentiation of white adipocy-
tes following a process called “browning.” [4].

Several signaling pathways and epigenetic factors contri-
bute to the regulation of MSC differentiation into specific phe-
notypes. It is widely demonstrated that many bioactive mo-
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lecules regulate adipogenic differentiation and the expression 
of key transcription factors, as for example vitamin D, which 
is well known for its ability to counteract adipogenesis and 
induce osteogenesis [5]. Within this context, the combination of 
vitamin D and metformin has also been shown to counteract 
adipogenic differentiation of ADSCs by modulating vitamin D 
metabolism and the expression of specific epigenetic factors[6].

REFERENCES

1. Basoli V., Santaniello S., Cruciani S., Ginesu GC., Cossu ML. et al. 
Melatonin and Vitamin D Interfere with the Adipogenic Fate of 
Adipose-Derived Stem Cells. Int J Mol Sci. 2017 May 5;18(5):981. 
https://doi.org/10.3390%2Fijms18050981 

2. Bellu E., Garroni G., Balzano F., Satta R., Montesu MA. et al. 
Isolating stem cells from skin: designing a novel highly efficient 
non-enzymatic approach.  2019 Dec 30;68:S385-S388. http://
dx.doi.org/10.33549/physiolres.934373 

3. Cruciani S., Garroni G., Pala R., Barcessat ARP., Facchin F. et al. 
Melatonin finely tunes proliferation and senescence in hema-
topoietic stem cells. Eur J Cell Biol. 2022 Jun-Aug;101(3):151251. 
https://doi.org/10.1016/j.ejcb.2022.151251 

4. Cruciani S., Garroni G., Pala R., Coradduzza D., Cossu ML. et al. 
Metformin and vitamin D modulate adipose-derived stem cell 
differentiation towards the beige phenotype. Adipocyte. 2022 
Dec;11(1):356-365. https://doi.org/10.1080/21623945.2022.2085417 

5. Makki K., Froguel P., Wolowczuk I. Adipose tissue in obesity-related 
inflammation and insulin resistance: cells, cytokines, and chemoki-
nes.  2013 Dec 22; 2013:139239. https://doi.org/10.1155/2013/139239 

6. Cruciani S., Garroni G., Pala R., Cossu ML., Ginesu GC. et al. 
Metformin and Vitamin D Modulate Inflammation and Autop-
hagy during Adipose-Derived Stem Cell Differentiation. 2021 Jun 
22;22(13):6686. https://doi.org/10.3390%2Fijms22136686

 



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

439



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY440



CURRENT APPROACHES IN 
TRANSPLANT IMMUNOLOGY

441


