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ARTICLE INFO ABSTRACT

Adaptive immunity has gained importance in transplant immunology for years, based on models in which T-cells
orchestrate the immune responses during rejection. Most recently, researches revealed that innate immune cells,
Graft including mast cells (MCs) also play a pivotal role in allograft rejection. MC mediated immunoregulatory re-
MaSt. cells sponses influence the innate and adaptive immune responses. Their capability to produce an array of both pro-
I(\)/[edlator_s . inflammatory and anti-inflammatory mediators, expressing a wide range of costimulatory molecules in addition

rgan rejection to acting as antigen-presenting cells (APCs), make them effective immune cells far beyond their classical role as
primary orchestrator cells of allergy. Activated regulatory Tcells (Treg) cells contribute to MC recruitment into
grafts by releasing interleukin (IL)-9. Tregs are capable of stabilizing MCs and suppressing IgE mediated de-
granulation through interaction of Treg expressing OX40 with MCs expressing OX40L. MCs in turn release
transforming growth factor (TGF)-P and IL-10 which possess suppressive properties. Thus, these cells can sup-
press the proliferation of T-cells and support the generation of Tregs. MCs in addition to orchestrating immune
responses in grafts by cell-to-cell interactions with variety of immune cells, cause histologic changes, mainly
fibrosis by releasing mediators such as histamine, fibroblast growth factor-2 (FGF-2), TGF-$, chymase, and
cathepsin G. The role of MCs in transplant rejection remains controversial. The accumulation of MCs in rejected
grafts suggests that they play a role in preventing graft tolerance, and contribute to the progression of chronic
rejection of allografts. However, high expression of MC-related gene products in tolerant grafts and their known
interaction with Tregs on the other hand, support the notion that they are an integral component in achieving
peripheral tolerance.
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1. Introduction

Mast cells (MCs), the granular immune cells develop from CD34%/
CD117 + *compatibility pluripotent progenitor cells (MCps) mobilized
from the bone marrow (Elieh Ali Komi and Bjermer, 2019). Trafficking
of MC progenitors to end organs is strictly controlled by chemokine
network and a wide spectrum of adhesion molecules expressed by MCps
and cells of residing tissues; for instance, a4f7 and a4f31 integrins
expressed by MCps and vascular cell adhesion molecule-1 (VCAM-1) by
endothelium mediate the trafficking of MCps into the lung tissues
(Elieh-Ali-Komi and Cao, 2017; Komi et al., 2017; Summers et al.,
2011). Various factors modulate MC growth and survival, including
stem cell factor (SCF)-the main MC growth factor also known as C-KIT
ligand, interleukin (IL)-3, IL-4, IL-9, IL-33, transforming growth factor
beta (TGFf), and nerve growth factor (NGF) (Reber et al., 2015).
(Fig. 1) IgE-dependent reactions, including exaggerated allergic re-
sponses to inhaled antigens are the hallmarks of these cells (Heib et al.,

2007). After MC activation, they release preformed and de novo syn-
thesized mediators including histamine, leukotrienes (LTs), pros-
taglandins (PGs), proteases like tryptase, and numerous cytokines
(Komi et al., 2017; McLachlan et al., 2003). MCs are capable of mod-
ulating and shaping the adaptive immune response, e.g. through tumor
necrosis factor alpha (TNF-a)-mediated induction of T cell prolifera-
tion. Moreover, MCs with HLA-DR expression directly activate T cells
through presenting native antigens to human CD4* T cells
(Jungraithmayr, 2015).MCs are also necessary in maintaining periph-
eral tolerance in case of skin and solid organ transplantation. In-
vestigation of MCs kinetic during organ transplantation showed that
early after establishment of tolerance, MCs migrate from the graft to the
draining lymph nodes (LNs). After the efflux, MCs reenter the tolerant
graft and accumulate in naive tissues (Bond et al., 2015). The immune
system of recipients during the allograft rejection is able to recognize
the graft as foreign tissue and immune responses are triggered owing to
a complicated network of immune cells (Libby and Pober, 2001).
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Bone marrow

Fig. 1. MC development from CD34 © /CD117 * progenitor cells and their
controlled trafficking from bone marrow to tissues. MC progenitors (MCps)
after being produced by bone marrow are released in blood circulation through
which they reach to the target organs by the help of a controlled ligand-integrin
based trafficking. MCps after reaching organs differentiate in MCs under in-
fluence of variety of cytokines, mainly SCF.

Allograft rejection depends on the ability of host T cells to react to the
polymorphisms encoded within the major histocompatibility complex
(MHC) and multiple minor histocompatibility loci (Walsh et al., 2004).
In the absence of immunosuppression, a rejecting vascularized allograft
is characterized by infiltration of host leukocytes, which finally leads to
the necrosis of the graft cells and inducing of thrombosis in graft ves-
sels. Such response in hosts with no previously exposure to graft al-
loantigens, is called acute rejection, which generally is observed within
1-2 weeks after transplantation (Libby and Pober, 2001). During acute
allograft rejection, infiltration of variety of immune cells mainly
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monocytes, T cells, B cells and natural killer (NK) cells to the graft is a
common observation (van den Hoogen et al., 2017). In acute rejection,
MCs support the survival of grafts by promoting the im-
munosuppressive properties of Treg cells and also by inhibition of the
effector T cells; conversely, in chronic rejection, MCs have a damaging
function especially by releasing profibrotic mediators (Kritas et al.,
2013). The main effector mechanisms described in the rejection process
involve antibodies, Th1 cells, and cytotoxic CD8* T cells. Additionally,
alternative mechanisms of rejection orchestrated by innate immune
cells have been also reported. Moreover, Tregs and MCs play a role in
local inflammation associated with rejection (Alegre et al., 2007;
Wakabayashi et al., 1986). Activated Treg cells release high amounts of
IL-9 that supports the MC growth and activation. IL-9 plays a key role in
MC recruitment and activation in tolerant tissue (Lu et al., 2006; Sayed
and Brown, 2007). In order to better understand the mechanisms of
action of MCs, and their interactions with other components of the
innate and adaptive immune system, we briefly summarize other im-
portant cell populations and their responses to organ allografts.

2. Innate response during allograft rejection

Despite the central role of adaptive immune responses for the me-
chanism of allograft rejection, early pro-inflammatory signals and in-
nate cell responses, before the initiation of T-cells, are critical factors in
initiation of allograft rejection (Land, 2007; Murphy et al., 2011).

2.1. Dendritic cells

Alloimmune response to a vascularized organ transplant requires
trafficking of dendritic cells (DCs) to the secondary lymph nodes. When
derived from the allograft, DCs act as potent inducers of an allor-
esponse. Immature DCs express CXCR1, CCR1, CCR2, and CCR5 which
are associated with inflammation. During maturation, expression of
these receptors decreases. Conversely, the expression of chemokine
receptors CCR4, CXCR4, and CCR7 that help the mature DCs to the
lymphoid environments increases. They migrate to secondary lymphoid
organs, including lymph nodes, spleen, and mucosal lymphoid tissues to
present their MHC-associated antigens to activate naive T and B lym-
phocytes (Nelson and Krensky, 2001). Immature DCs can promote tol-
erance as they express insufficient levels of T cell costimulatory mole-
cules including CD80/86 and CD40 and low level of MHC complex.
Moreover, they release low levels of pro-inflammatory cytokines such
as TNFa and IL-12. Lacking sufficient costimulation, these cells may
induce T cell anergy or even apoptosis (Walsh et al., 2004).

2.2. NK and NKT cells

Infiltration of NK cells in cardiac and renal allografts occurs just
after transplantation before T cell infiltration. NK cells released inter-
feron gamma (IFNy) promotes the expression of MHC class I and class II
by allogeneic endothelial cells, and makes them more susceptible to
attacks by alloantigen-specific T cells when recruited to the graft
(Pratschke et al., 2009). In the presence of type I IFNs, NK cells support
the maturation of DCs by producing IFN-y and TNF-a. NK cells play a
role in elimination of immature DCs but not the mature DCs, aug-
menting antigen presentation and activation of naive T cells. One
possible mechanism by which NK cells contribute in rejection is their
capability of killing Tregs (Murphy et al., 2011). Increase in T cells
number and the decrease in NK and CD3*/CD56 * NKT cells has been
observed following liver transplantation implying on a hepatic im-
munity shift from innate to adaptive responses (Werner et al., 2011).
This reduction in cell counts may be associated to activation-induced
cell death and loss of specific NKT cell surface markers (Wilson et al.,
2003).
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2.3. Macrophages and monocytes

Investigation of leukocyte accumulation in human grafts revealed
that macrophages make up 38-60% of these cells (Liu et al., 2016).
According to the heterogeneity of macrophage phenotypes or polar-
ization, they are three groups of macrophages, naive (MO), classically
activated macrophages (M1) that possess pro-inflammatory properties
and alternatively activated macrophages (M2) with anti-inflammatory
activity (Elieh Ali Komi et al., 2018; Wang et al., 2019). While M1
subpopulation releases pro-inflammatory mediators, including TNF-a,
M2 macrophages release anti-inflammatory mediators, mainly IL-10
(Knudsen and Lee, 2016). The population of graft infiltrating macro-
phages are provided either from donor that are transferred to the re-
cipient upon surgery or from recruitment of recipient monocytes under
influence of chemo-attractants, mainly monocyte chemoattractant
protein-1 (MCP-1), CCL2, CX3CL1 and macrophage inflammatory pro-
tein-1a (MIP-1a). Moreover, monocytes are capable of infiltrating the
graft parenchyma with the aid of the platelet endothelial cell adhesion
molecule-1 (PECAM-1) and CD99 (Liu et al., 2016). The shift of mac-
rophages to the M2 state occurs in the presence of MC and eosinophil
derived IL-4. M2 macrophages release growth factors including TGF-f3
and platelet-derived growth factor (PDGF), which act as key mediators
of fibrosis during wound healing (Liu et al., 2016; Loke et al., 2007).
Macrophages and monocytes produce IL-1, IL-6, TNF-a which prevent
the induction of Tregs, while promote differentiation of inflammatory
Th17 cells (Li, 2010). Interestingly, platelets may involve in allograft
rejection by expressing and shedding CD154 molecules. CD154 is ex-
pressed by activated T cells and acts as the ligand for CD40, a
molecule promoting B cell and antigen presenting cell (APC) activa-
tion. Activated human platelets shed CD154 through which induce APC
activation in vitro (Xu et al., 2006). (Fig. 2)

3. Adaptive response and allograft rejection
3.1. Bcells

CD20" B cells and plasma cells infiltration of allografts has been
reported to correlate with irreversible acute rejection. B cells are cap-
able of damaging grafts by releasing graft specific antibodies.
Moreover, upon their infiltration they present graft-derived antigens to
alloreactive T cells population via the process of allorecognition (Alegre
et al.,, 2007; Ingulli, 2010). The efficiency of anti-CD20 monoclonal
antibody (rituximab) in some forms of transplant rejection, suggests
involvement of these cells in both acute and chronic allograft rejection
in beyond their involvement in differentiation into the HLA antibody
producing plasma cells. CD20* /CD69 * B lymphocytes invade 57% of
endomyocardial biopsies from transplanted patients with grade 2R re-
jection (Sorrentino et al., 2006).

3.2. T CD4" cells

Graft microenvironment and peripheral lymphoid organs partici-
pate in differentiation of CD4™ T cells to different effector cells in-
volved in rejection. In presence of IL-12p70 cytokine, Thl cells dom-
inate and participate actively in delayed-type hypersensitivity (DTH)
and also IFN-y-dependent macrophage activation. Th2 cells play a role
in IL-5-dependent eosinophilic rejection when exposed to IL-4.
Interestingly, under influence of cytokines including, IL-6, IL-23 and
TGF-f, Th-17 cells rise in number that may mediate neutrophilic re-
jection whereas in presence of TGF-f, the formation of Tregs is sup-
ported and these cells promote allograft acceptance mainly through IL-
9-dependent MC recruitment. Thl and Th2 cells are capable of in-
hibiting Th17 differentiation. Tregs might favor Th17 responses by
production of TGF-f in presence of inflammatory signals such as IL-6
(Alegre et al., 2007). Both CD8* and CD4* T cells are able to recognize
donor MHC class I and II respectively (Angaswamy et al., 2013). The
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Fig. 2. Contribution of innate immune cells in rejection and acceptance of
graft. iDCs migrate from graft to lymph nodes and activate B and T cells.
Monocytes after being attracted to grafts by chemokines, mainly MCP-1, CCL2,
CX3CL1, and MIP-1a differentiate to macrophages. Monocytes and macro-
phages producing IL-1, IL-6, and TNF-a suppress Tregs, contribute to differ-
entiation of ThO cells to Th17 cells. Moreover, macrophages under influence of
MC and eosinophil derived IL-4, differentiate to M2 phenotype, which con-
tribute to fibrosis by producing TGF-$ and PDGF.
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allorecognition pathway is based on the ability of T cells to directly
recognize intact non-self MHC molecules expressed by donor (Alegre
et al., 2007). In contrast, the indirect pathway presentation of processed
donor antigens occurs by the help of the recipient APCs to recipient T
cells. Moreover, in recently described ‘semi-direct’ pathway recipient
APCs acquire intact donor MHC molecules in a native configuration via
cell-to-cell contact and activate host T cell responses involved in
chronic rejection. The direct pathway is more active in early post-
transplant events leading to acute allograft rejection, while the indirect
pathway provides more sustainable source of allogeneic stimulation
culminating in chronic rejection (Angaswamy et al., 2013). Memory
CD4™ T cells act as effector cells upon reactivation, and activate donor-
reactive effector CD8* T cells (Benichou et al., 2017).

3.3. TCD8

CD8™ T cells are an effective cytotoxic effector lymphocyte popu-
lation during the process of graft rejection. They are capable of re-
cognizing peptides displayed by MHC class I molecules. Moreover, their
activation requires a costimulatory second signal, and an IL-2 signal.
CD8* T cells proliferate and mature after activation into specific al-
loreactive effector cells that release perforin, granzyme, and toxic cy-
tokines, mainly TNF-a (Buckley, 2003).

3.4. Tregs

CD4*CD25 * FOXP3™ regulatory T Cells (Tregs) suppress CD4 ™"
and CD8" T cell immune responses through variety of mechanisms
including cytolysis, inhibition of cytokine production, e.g. IL-10 and
TGF P, induction of apoptosis in effector T cells and inhibition of APCs
(Whitehouse et al., 2017). In this context, not surprisingly therapies
based on Tregs ability of inducing the tolerance have recently gained
attention (Chandran et al., 2017; Whitehouse et al., 2017). Tregs ben-
efit from various potential suppressive mechanisms to control immune
responses. For instance, their expressed CD25 depletes IL-2 from T-cells
surrounding microenvironment. Expressing CD39 and CD73 as ec-
to—enzymes, Tregs convert pro-inflammatory extracellular adenosine
triphosphate (ATP) into adenosine monophosphate (AMP) by CD39 and
then convert AMP into anti-inflammatory adenosine by CD73. Fur-
thermore, they express CTLA-4, that binds to CD80/CD86 expressed by
APCs. Such interaction blocks their binding to CD28 through which T
-cell activation is limited (Romano et al., 2017). (Fig. 3)

4. Early evidence of MC association in transplant immunology

Moore et al. (1971) reported that increased levels of histamine in
the urine of patients after renal transplantation were correlated with
the rejection process. This finding suggested that the use of anti-hista-
mine molecules may be of value, at least in the early post-transplant
period (Moore et al., 1971). Further investigations showed a rise in
producing intracellular histamine by histidine decarboxylase in rat skin
allografts when compared with autografts (Dy et al., 1981). Table 1
summarizes primary evidence implying the role of MCs in transplan-
tation immunology.

5. Role of MCs in transplant biology

MCs play a key role in Treg dependent peripheral tolerance.
Activated Tregs produce IL-9, that acts as a MC growth and activation
factor. The cytokine is also involved in MC activation and recruitment
to tolerant tissues (Elieh Ali Komi and Grauwet, 2018). Interestingly,
Tregs contribute to stabilize MCs and suppress IgE mediated de-
granulation through interaction of OX40 and OX40L (de Vries et al.,
2009b). MCs in turn contribute to the immunosuppressive state through
release of TGF-f, IL-10 and specific proteases. Tregs increase cAMP and
inhibit calcium flux in MC degranulation through 0X40-OX40L
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Fig. 3. Contribution of specific immunity in rejection and acceptance of
graft. Tregs contribute to establish a suppressive microenvironment in grafts by
applying a variety of cell-to-cell interactions and expressing surface receptors
including CD25, CD39, and CD73. ThO cells differentiation to other subsets is
determined by the presence of cytokines and the cytokine profile of differ-
entiated cells determines the type of cells involved in rejections.

interaction both in vitro and in vivo. MCs produce IL-10 and TGF-f3
which can suppress T-cell proliferation and generate Treg (de Vries
et al., 2009a). MCs not only produce TGF-B but also regulate its level
and activity through releasing chymase from the extracellular matrix
(ECM). TGF-B possesses pro-fibrogenic and immunosuppressive prop-
erties (Boerma et al., 2007). Indeed, mediators including histamine,
FGF-2, TGF-f3, chymase, and cathepsin G, (two latter mediators activate
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Table 1
Primary evidence implying the role of MCs in transplantation biology.
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Biopsy type Results

Reference

Renal allografts necropsy specimen

In all patients treated with azathioprine and prednisone

Colvin and Dvorak (1974)

MCs were increased in number (more than tenfold above normal) in the cortical
interstitium and occasionally invaded renal tubules.

Post-transplant endomyocardial

Infiltration of MCs during the first week after transplantation was observed and

Li et al. (1992)

increased number of MCs and granules were correlated with fibrosis.

Renal allografts from patients with acute interstitial
rejection

Transbronchial biopsies of patients with acute rejection
and patients with bronchiolitis obliterans

Transplanted livers with end-stage chronic rejection and
livers with acute cellular rejection

Renal allograft biopsies from patients with acute renal
transplant rejection (ARTR)

A positive correlation was found between the number of MCs and the time since
transplantation, the severity of interstitial fibrosis, and interstitial edema.
Increasing grades of acute rejection were associated with the number of MCs.

In patients with chronic rejection MCs were hyperplastic especially surrounding
inflamed and damaged bile ducts within portal tracts.

MCs are one of the constitutive cell types in the interstitium in ARTR. Interstitial
expression of a-SMA showed that MCs have a role in the development of early

Lajoie et al. (1996)
Yousem (1997)
O'Keeffe et al. (2002)

Danilewicz and Wagrowska-
Danilewicz (2004)

interstitial fibrosis in renal allografts.

Transplanted livers with different grades of acute
rejection, and with end stage chronic rejection
Kidney allografts

Tryptase* /c-Kit™ MCs were strongly correlated with acute liver allograft rejection
grades and chronic liver allograft rejection.
Strong correlation was found between the number of MCs and the graft interstitial

El-Refaie and Burt (2005)

Papadimitriou et al. (2013)

fibrosis and time post-transplantation.

latent TGF-B or increase angiotensin II levels by converting angiotensin
I in tissues) are capable of inducing fibrosis. These mediators activate
fibroblasts by which they induce collagen synthesis (Jahanyar et al.,
2008). Upregulation of CPA, MCP1, MCP5, and MCP6 have been re-
ported frequently in accepted allografts. MCP6 is involved in tolerance
and inflammation reducing the local IL-6 concentration (de Vries and
Noelle, 2010). IL-6 and TNF-a synergistically act in favor of allograft
rejection (Shen and Goldstein, 2009). MC-derived TNFa is involved in
the recruitment of DCs to sites of inflammation (de Vries and Noelle,
2010). This mediator is associated with overexpression of VCAM-1,
ICAM-1, and P-selectin in human bronchial xenografts, activation of
bronchial microvasculature and thereby recruiting leukocytes to the
airway (Koskinen et al., 2001; Pilewski et al., 1994). IL-10 supports
peripheral T cell tolerance and histamine via acting on histamine 2
receptor (H2R) induces the secretion of IL-10 in DCs (Takagaki et al.,
2009). MCs express the serotonin-specific transporter (SERT) by which
they take up serotonin and store it. Additionally, serotonin acts as a
‘third’ signal for T-cell proliferation. MCs contribute to establishment of
tolerant conditions by depleting the serotonin from the environment
(de Vries et al., 2009a). MCs have cell-to-cell interactions with T-cells,
for instance their capability of expressing MHC-II molecules enables
them to directly present antigens to T-cells. MCs are involved in naive T
cells to Th2 phenotype skewness, inducing the production of Th2 cy-
tokines including IL-4, IL-10 and IL-13 and suppressing the production
of IFN-y. Considering that the graft environment has a Th2 skewed
phenotype, it is thought to be associated with MC ability of antigen
presenting to T cells under tolerant conditions, which could act in favor
of the graft acceptance (de Vries et al., 2009a). (Fig. 4) In another study
on the role of MCs in transplantation immunology, cromolyn, a widely
used MC stabilizer was used to prevent MC degranulation in pulmonary
allotransplantation. The researchers concluded that cromolyn without
interfering the MC recruitment can ameliorates the development of
obliterative bronchiolitis and parenchymal fibrosis in pulmonary allo-
grafts, (Chang et al., 2014). Cromolyn sodium or ketotifen have been
reported to inhibit MC activation and decrease the pro-inflammatory
cytokine levels in serum and lung. It also significantly decreases NF-
kappaB p65 subunit translocation to the nucleus in lung after ortho-
topic autologous liver transplantation (Zhang et al., 2013).

6. MCs and skin graft rejection

Lu et al. studied the role of MCs in allograft survival, by inducing
allospecific tolerance in W*" mice by administration of anti-CD154 and
intravenous infusion of allogeneic cells (also known as donor-specific
transfusion, DST). Mice were then grafted with allogeneic skin. Anti

CD154 co-administration with DST resulted in long-term survival of
skin allografts in wild-type (WT) mice with median survival time (MST)
of 70 days, in comparison to the W*! mice (MST = 17 days). Indeed,
W*" mice with co-administration of anti-CD154/DST did not accept the
graft and rejected allografts as rapidly as control mice (MST = 13 days).
This group of researchers at the next step reconstituted MC population
of Wsh by bone-marrow-derived mast cells (BMMCs). After 8 weeks the
mice were grafted with skin transplants after anti-CD154/DST co-ad-
ministration and the fate of grafts was studied. Local reconstitution of
MCs could improve graft survival on WP mice (MST = 44 days) (Lu
et al., 2006). (Fig. 5) Expression of the CD200 in skin grafts is asso-
ciated to graft survival by suppressing CD200R1* MCs, enhancing IL-9
production, the attraction/expansion of Treg, and attenuating T cell
effector activation. Following overexpression of CD200 on the surface
of skin DCs, overexpression of genes associated with Treg cells mainly
PD-1, Foxp3, CTLA4, and also MC chymase occur. Inhibition of CD200-
CD200R interactions, using CD200tr resulted in rapid rejection in
CD200tg mice, MC degranulation, and hampering Treg infiltration.
Application of sodium cromoglycate could suppress these effects
(Gorczynski et al., 2011). Establishing tolerance in allogeneic skin graft
requires IL-6 degradation by MC protease 6 (MCP6). High expression of
MCP6 correlates with low levels of IL-6 in accepted allografts. Not
surprisingly, establishment of tolerance in allogeneic graft cannot be
completely achieved in MCP6 —/ — mice (de Vries et al., 2010).

7. Role of MCs in internal organ transplantation
7.1. Kidney transplantation

Immunohistochemistry (IHC) method with an anti-tryptase anti-
body was conducted and it was shown that the number of MCs increases
in acute rejection of renal allografts, showing that MCs increase in
number in the renal interstitium of renal diseases including IgA ne-
phropathy (Ehara and Shigematsu, 2003). Chronic allograft nephro-
pathy (CAN) is known as the main cause of declining long-term graft
function and graft failure in human kidney transplantation. Ishida et al.
studied the accumulation of MCs, their subtypes in samples obtained
from normal control kidney, pre-transplanted kidney, and allografted
kidney 100 days after living-related renal grafting using specific anti-
bodies against neutrophil cathepsin G and human tryptase. In this
study, cells immunoreactive for tryptase were considered total MC
while cells immunoreactive for both tryptase and cathepsin G were
considered MCTC. They reported that the ratio of MCTC to total MC
was significantly increased in allografts at 100 days and was correlated
significantly with creatinine clearance and fibrosis index (FI) (Ishida
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Fig. 4. Dual role of MCs in tolerance and graft rejection. MCs are recruited
to grafts by Treg derived IL-9 and produce TNFa to recruit DCs. MCs act as
APCs in presenting graft derived antigens to T cells and activate them. They
deprive T cells of serotonin, and suppress their proliferation. MC derived TGF-3
and IL-10 suppress T cells, while support suppressive functions of Tregs.
Different MC mediators, mainly histamine, FGF-2, TGF-f, chymase, and ca-
thepsin G activate fibroblasts and contribute to developing fibrosis and collagen
production.

et al., 2005). Yamada et al. investigated the role of chymase in human
renal rejection. According to chymase positivity, rejected kidneys were
classified as chymase positive and chymase negative. They reported
that the interstitial fibrotic area in the chymase positive group was
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Fig. 5. a) W mice co-administered with anti-CD154 and DST to induce al-
lospecific tolerance were grafted with allogeneic skin. Treating with anti-
CD154/DST promoted long-term acceptance of allografts in WT mice but not in
the W*" mice. b) BMMCs reconstructed W*" mice after eight weeks from re-
constitution had comparable MC density in skin to that observed in C57BL/6
WT mice. Local MC reconstitution could extend graft survival in W*" mice.
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remarkably extended than that in the chymase negative kidneys, and
concluded that elevated expression of chymase in MCs correlates with
the severity of interstitial fibrosis in rejected kidneys (Yamada et al.,
2001). Chymase has been reported to act as monocyte chemoattractant
and tryptase acts not only as a chemoattractant for fibroblasts in kidney
but even a mitogenic factor as well (Eddy, 2001). Kidney resident fi-
broblasts express both ANG II and the histaminel receptor subtypes.
Release of MC mediators including histamine and renin links MC

cytotoxicity
IL-4 |proliferation
TNF-a

LFA:L
ICAM:-

Wiy
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Fig. 6. Role of MC mediators in recruiting immune cells and interactions with
ECM and other immune cells in kidney and lung transplantation. a) In kidney
transplantation MC derived chymase and IL-5 mediate the chemoattraction of
monocytes and eosinophils respectively to kidney. MCs release tryptase, which
acts as chemoattractant and mitogen for fibroblasts. Kidney fibroblasts express
the ANG II receptor and HR1, which activate fibroblast, induce their pro-
liferation, collagen production, and fibrosis upon MC degranulation. MC med-
iators stimulate the proliferation of myofibroblasts and fibrosis in renal allo-
grafts. b) MC- derived mediators including IL-4, TNF-a and histamine promote
fibroblast proliferation of fibroblast in lung tissue. MC release FGF-2 and TGF-
B1 induce the fibrosis via myofibroblasts. IL-4 and TNF-a upregulate the ex-
pression of MHCII molecules on APCs. Additionally, MCs support the flux of
immune cells mainly neutrophils and T cells in transplanted organ by releasing
IL-3, IL-4, 1I-5, IL-13, GM-CSF and TNF-a which promote the expression of
adhesion molecules on endothelial cells.

degranulation to fibroblast activation, proliferation, collagen produc-
tion, and fibrosis (Silver, 2013). MC-derived heparin, histamine, tryp-
tase, FGF-2, TNF-a and TGF-f3, induce the proliferation of myofibro-
blasts and fibrosis in renal allografts (Levi-Schaffer and Weg, 1997;
Pardo et al., 2000). Moreover, MCs secretion of IL-5, may induce an
eosinophilic infiltrate in acute and chronic renal rejection (Pardo et al.,
2000). (Fig. 6A)

7.2. Lung transplantation

In addition to populations of macrophages and neutrophils, MCs are
found after syngeneic lung transplantation during ischemia reperfusion
injury around vessels (Jungraithmayr, 2015). Once ischemia-reperfu-
sion injury occurs, recruitment of alloimmune T effectors and Treg cells
into the graft is promoted by expression of pro-inflammatory and pro-
angiogenic growth factors including vascular endothelial growth factor
(VEGF) (Wedel et al., 2015). Release of MC derived mediators alters
innate and adaptive immune responses and their release influences the
allogeneity between organ donor and recipient. IL-4 and TNF-a re-
leased from MCs promote the expression of MHC class II on APCs in-
cluding monocytes, B cells, and in presence of IFN-y, increase the cy-
totoxicity and proliferation of T cells. GM-CSF, TNF-a, IL-3, IL-4, IL-5,
and IL-13 accelerate the adhesion and transendothelial migration of
variety of immune cells, i.e neutrophils and T cells by upregulation of
VCAM-1 and ICAM-1 on endothelial cells (Jungraithmayr, 2015). TGF-
1, and FGF-2 act as profibrotic factors in pathology of interstitial lung
diseases through promoting fibrosis by aSMA expressing myofibro-
blasts. Interestingly, IL-4, TNF-a and histamine play a role in promoting
the fibroblast proliferation. MC-released TNF-a plays a dual role in
either organ rejection or establishing tolerance. It acts as a T cell re-
cruitment mediator and also supports the interaction between DCs and
T cells leading to the proliferation of organ damaging allospecific T
cells. TNF-a supports the induction of tolerogenic DCs through GM-
CSF-mediated mechanism which finally results in establishing tolerance
by suppressing of T cell proliferation. Tregs produce IL-9 when acti-
vated and induce MC growth and activation. In turn, activated MCs
release IL-10 and TGF-f3, which possess immunoprotective properties.
Decreased levels of MC-derived TGF-$ and IL-10 supports the devel-
opment of acute rejection (Jungraithmayr, 2015). In chronic lung al-
lograft rejection, MCs promote fibrosis by releasing profibrotic media-
tors i.e histamine, FGF-2, TGF-(3, heparin, cathepsin G, and chymase to
activate fibroblasts and promote collagen synthesis (Jungraithmayr,
2015). One aspect of MC presence in transplanted kidneys is phenotype
changing with time. MCTC population increases post renal transplan-
tation and correlates with severity of interstitial fibrosis. MCT are the
predominant subtype of MCs residing in normally functioning kidney
allograft, and gradually MCTC become dominant at 100 days (Banga
et al., 2016). (Fig. 6B)
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7.3. Liver transplantation

Hepatic MC involvement in in chronic rejection, fibrogenesis, and
cholestatic liver diseases has been investigated in recent years. MCs
normally reside in liver surrounding the vessels, the bile ducts in the
portal tracts, and the hepatic parenchyma. It has been reported that
hepatic MC infiltration of portal tracts and surrounding can damage bile
ducts, and has a role in the pathogenesis of chronic rejection (Nakano
et al., 2012). O'Keeffe et al., in order to study the involvement of he-
patic MCs in liver rejection, compared biopsy specimen from normal,
transplanted end-stage chronic rejection and transplanted livers with
acute rejection after staining MCs with human anti-tryptase antibody.
Since chronic rejection after liver transplantation is predominantly a
cholestatic process characterized by bile duct damage and loss, they
decided to study the hepatic MCs involvement in its pathogenesis. They
reported a marked accumulation of MCs in the chronic-rejection group
compared with controls. Furthermore, portal tracts containing MCs
were frequently found in the chronic-rejection group. In chronic re-
jection, hepatic MCs frequently were seen surrounding damaged bile
ducts in inflamed portal tracts. These results suggest that hepatic MCs
may be involved in chronic liver rejection (O'Keeffe et al., 2002; Walls
et al.,, 1990). Yang et al. studied the role of MCs in acute rejection
differently. Considering the fact that cromolyn (CRM), acts as a MC
stabilizer, and compound 48/80 (CMP 48/80), as MC degranulator,
they preconditioned inbred male Dark Agouti donor rats with CRM and
CMP 48/80 and used female Lewis rats as recipients of liver grafts.
Three days after transplantation, they collected blood samples and liver
specimen to perform histology analysis and to assess the cytokine
mRNA expression. Since Th1/Th2 cytokine expression is closely con-
nected to transplantation rejection and tolerance and Th-1 cytokine
(IFN-y) is known to increase the chance of rejection, (while Th-2 cy-
tokine (IL-10) is associated to allograft survival), they measured both
cytokines at serum and mRNA levels. They concluded that the expres-
sion of IFN-y mRNA was reduced while IL-10 mRNA levels were higher
in allografts in the CRM and CMP 48/80 groups, when compared to PBS
group. Furthermore, they reported that rejection activity indexes (RAIs)
and liver functions were all alleviated through CRM or CMP 48/80
preconditioning (Yang et al., 2014). Other studies revealed some in-
teresting aspects of MCs, Foxp3™* Tregs, and y8 T cells interactions
during liver allograft rejection. Hematopoietic stem/progenitor cells
are believed under influence of SCF/c-Kit signaling to enter the liver
allografts to promote tolerance and simultaneously induce liver re-
generation for the replacement of donor with recipient hepatic cells.
Foxp3™ Tregs are capable of producing IL-9 and SCF, which effectively
activate hepatic MCs; in turn, activating MCs release histamine, IL-2,
and TGF-B1. TGF-p supports the generation of IL-17 producing y8 T
cells. Released IL-17 attracts Foxp3™ Tregs, enhances their im-
munosuppressing properties, and induces IL-9 and SCF production by
Foxp3™* Tregs. Indeed, hepatic levels of SCF and IL-9 correlate to
Foxp3/IL-10 expression and MC activation in tolerogenic liver allo-
grafts (Nakano et al., 2012).

7.4. Heart transplantation

Cardiac MC activation has been documented in the presence of re-
active oxygen species (ROS), C5a, endothelin-1(ET-1), IL-33, and sev-
eral neuropeptides (Levick et al., 2011). MC density increases notably
in heart post myocardial infarction (MI) and during the healing phase
post-MI. The maximum accumulation of cardiac MCs is observed in
areas where collagen has deposited (Levick et al., 2011). The partici-
pation of MCs in cardiac transplant rejection is poorly understood.
Monitoring the results of heterotopic cardiac allografts in out-bred ge-
netically MC-deficient or corresponding WT rats show that MC accu-
mulation and function contribute to a long survival of cardiac trans-
plantation. However, some studies suggest that the presence of MCs is
associated to development of fibrosis and chronic rejection of cardiac
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allografts (Itoh et al., 2010). Itoh et al. investigated the role of MCs in
acute/chronic rejection by transplanting either FVB or C-H-2"™'?KhEg
murine hearts into MC-deficient Kit"*"Wsh or littermate control
Kit*/* C57BL/6J recipient mice for acute rejection (total allo-
mismatch) or chronic rejection (MHC class [I-mismatch), respectively.
Donor hearts were then harvested at 5 (acute) and 52 days (chronic)
post-transplant and the pattern of cell infiltration were studied by im-
munohistochemistry. Moreover, they studied cytokine membrane ar-
rays in donor hearts for IFN-y, VCAM-1, ICAM-1, TNF-a, MCP-1, IL-2,
IL-4, IL-6, IL-10, and IL-17, and found no significance in overall graft
survival, inflammatory cell recruitment, or cytokine expression be-
tween studied groups (Itoh et al., 2010). CCL11 (Eotaxin) was originally
shown to act as an eosinophil chemotactic factor which can induce their
activation. CCL11 exerts its chemotactic effects by acting on CCR3, also
expressed on MCs. CCL11 induces MC differentiation by the expression
of specific proteases and is associated with fibrogenesis. It has been
reported that cardiac macrophages produced eotaxin during heart
transplant rejection, which attract MCs into myocardial. MC mediated
myocardial fibrosis correlates remarkably with CCL11 concentrations
and the density of myocardial MC in heart tissue (Zweifel et al., 2010).

8. Role of MCs in vein graft disease

Repopulation of vein grafts with infiltrating MCs occurs rapidly
after grafting. An accumulation of both activated or resting MCs could
be found in the perivascular region of these grafts (de Vries and Quax,
2018). The outcomes of MC presence in vein grafts include neointima
thickening, unstable lesions and features of plaque rupture (due to the
function of MC released tryptase and chymase in degradation of col-
lagen) (de Vries and Quax, 2018; Wezel et al., 2016; Wu et al., 2015).
MC derived chymase supports the generation of Ang II and TGF-f1
through which it contributes to occurrence of stenosis and the neoin-
timal formation after the implantation of polytetrafluoroethylene graft
(Jin et al., 2007). C5a-C5aR signaling activates MCs. De Vries et al.
studied the role of MCs and C5a-C5aR axis in vein graft disease. They
reported the accumulation of MCs and upregulation of C5aR (CD88)
during vein graft disease in mice with apolipoprotein-E deficiency, and
showed that application of C5a enhances vein graft lesion formation.
Additionally, treatment with C5a-receptor antagonists was reported to
decrease vein graft disease (de Vries et al., 2013). Wu et al. inserted a
vein graft into the right carotid artery in WT and Kit""®W-h (mjce with
MC deficiency) mice. The formation of vein graft neointimal lesions was
significantly reduced in MC deficient mice. L-selectin, CCL2, M-CSF and
MIP-3a expression in the vein grafts was also reduced.They isolated
bone marrow cells from C57BL/6 mice and to obtain BMMCs, and
cultured the cells in the presence of SCF and IL-3. After confirming the
phenotype of cells obtained from culture by flow cytometric in-
vestigation of expressing c-Kit and FceRI they locally injected the
BMMCs to deficient mice. Locally reconstitution of MCs in Kit"Wsh/W-sh
mice could successfully restore the reduced neointimal formation (Wu
et al., 2015).

9. Application of MC/MC mediator targeted therapies in
transplantation immunology

Pharmaceutically targeting of MCs in organ transplantation requires
more investigations to clarify how pharmaceutically could induce MC
activation (specially using tyrosine kinase inhibitors) or degranulation
(using modern stabilizers) favouring the allograft survival.
Pharmaceutically targeting of MCs includes:

9.1. Targeting MC recruitment to organ
During acute rejection myocardial fibrosis in rat heart allografts

correlates with CCL11 concentrations.
It is suggested that targeting CCL11 with monoclonal antibodies
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including bertilimumab may hamper MC infiltration and myocardial
fibrosis after heart transplantation (Zweifel et al., 2010).

9.2. Prevention of MC degranulation by stablizers

Yang et al. (2014) to reduce acute rejection, preconditioned donor
rat livers with cromolyn (CRM), a widely used MC stabilizer (Komi
et al., 2019), or compound 48/80 (CMP 48/80), a MC degranulator.
They concluded that preconditioning the donor livers with CRM or CMP
48/80 reduce acute rejection and contribute to prolong survival of re-
cipients after orthotopic liver transplantation (Yang et al., 2014). Cro-
molyn was reported promising in rat lung transplantation too. Cro-
molyn is capable of prevention of acute graft failure associated with
prolonged ischemic time. Application of lodoxamide tromethamine, a
derivative of cromolyn sodium in lung preservation solutions lead to
better post-ischemic function in cold stored rat lungs after reperfusion
(Barr et al., 1998). Local intragraft injection of CRM prevents the col-
lapsing of tolerance (de Vries et al., 2009b). Application of disodium
chromoglycate, has been reported promising in attenuation of renal
fibrosis (Summers et al., 2012). Cyclosporine and FK506 inhibit the
antigen-induced release of histamine and also the production of ara-
chidonate products in MCs and basophils. Since these autacoids possess
proinflammatory properties, preventing their release from MCs could
be considered as a potential therapeutic benefit of these drugs (Harrison
et al., 2007). The benefits of using topical cyclosporine in BALB/c mice
with allergic rhinitis (AR) has been reported (Joo et al., 2016). Ad-
ditionally, tranilast, which possesses anti-allergic properties is capable
of inhibiting the release of chemokines and mediators from MCs
through blocking the process of exocytosis (Darakhshan and Pour,
2015; Baba et al., 2016). Tranilast by targeting SCF/c-kit signaling
pathway prevents renal interstitial fibrosis, and inhibition of MC in-
filtration prevents renal interstitial fibrosis(Yin et al., 2018). Tranilast
was used in graft versus host disease (GVHD) (Mukai and Ogawa, 2018)
and cardiac allograft vasculopathy (Izawa et al., 2001).

9.3. Targeting MC- immune cells crosstalk

Blockade of CD40 (expressed by DCs, endothelial cells, macro-
phages, and B cells)-CD40L (expressed by MCs) interactions by the use
of antiCD40L monoclonal antibody supports the survival of allografts in
mice models of vascularized organs (Guillot et al., 2002).

9.4. Application of antagonists of MC mediator receptors

In skin allografts, treating mice with Ketotifen, an HIR antagonist
with an MC stabilizing effect, delays graft rejection (Ngo Nyekel et al.,
2018).

10. Concluding remarks

Collaboration between innate and adaptive immune cells in exerting
immune responses in transplantation immunology determines the fate
of allotransplants. Thus, we need to look far beyond just T cells as the
main effector cells in the allograft response. In fact, other cells of im-
mune system mainly NK cells, macrophages, B cells, and MCs, are able
to influence the fate of allograft and maintenance of immune tolerance.
Shifting from cellular to molecular level will provide us with a better
insight into the detailed mechanism of allograft rejection. In this regard,
investigating the potential role of serum acute phase chemokines, cy-
tokines such as IFN-y, TNF-a, IL-6, IL-1f, and chemokine receptors in
organ transplantation and tissue survival, could be a novel aspect of
transplantation biology (He et al., 2003). MCs, although known for
their pro-inflammatory properties, surprisingly play a key role in
maintenance of tolerance toward an allogeneic transplant. MCs may
have harmful effects on graft survival, during the maintenance phase of
dominant tolerance through slow non-IgE-mediated degranulation that
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causes fibrosis and intima hyperplasia. The mechanisms of interaction
between Tregs and MCs that contribute to maintaining a favorable
MC-Treg axis in dominant tolerance remain unclear (de Vries et al.,
2009a). Owing to ability of MCs in expressing a wide array of chemo-
kine and chemokine receptors, they are capable of effectively recruiting
alloreactive leukocytes to the allograft, thus possibly playing a role in
transplantation biology (Tan and Zhou, 2005). MCs are also known for
expressing a broad range of TLRs. Activation of surface expressed TLRs
of APCs, especially DCs upregulates co-stimulatory and MHC molecules,
and triggers further adaptive immune response. In this regard, TLR 2
and 4 during ischemia-reperfusion injury activate DCs. However, pos-
sible role of MC expressed TLRs, their ligands and signaling in trans-
plantation biology needs to be further investigated (Goldstein, 2006;
Goldstein and Palmer, 2005; Land, 2006, 2007). Moreover, migration
kinetics of MCs to donor grafts and secondary lymphoid organs during
tolerance induction and rejection, is poorly understood and warrants
further investigation (Bond et al., 2015).
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