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Abstract

Extracellular vesicles (EVs), including exosomes, ectosomes and apoptotic vesicles, play an
essential role in communication between cells of the innate and adaptive immune systems. Recent
studies showed that EVs released after transplantation of allogeneic tissues and organs are
involved in the immune recognition and response leading to rejection or tolerance in mice. After
skin, pancreatic islet, and solid organ transplantation, donor-derived EVs were shown to initiate
direct inflammatory alloresponses by T cells leading to acute rejection. This occurred through
presentation of intact allogeneic MHC molecules on recipient antigen presenting cells (MHC
cross-dressing) and subsequent activation of T cells via semi-direct allorecognition. On the other
hand, some studies have documented the role of EVs in maternal tolerance of fetal alloantigens
during pregnancy and immune privilege associated with spontaneous tolerance of liver allografts
in laboratory rodents. The precise nature of the EVs, which are involved in rejection or tolerance,
and the cells which produce them, is still unclear. Nevertheless, several reports showed that EVs
released in the blood and urine by allografts can be used as biomarkers of rejection. This article
reviews current knowledge on the contribution of EVs in allorecognition by T cells and discusses
some mechanisms underlying their influence on T cell alloimmunity in allograft rejection or
tolerance.

1. Introduction

Extracellular vesicles (EVs), including exosomes, microvesicles and apoptotic vesicles, play
an essential role in communication between cells, including leukocytes [1]. Recent studies
showed that EVs are involved in alloimmunity, leading to rejection or tolerance of allogeneic
transplants [2, 3]. In this article, we review recent literature documenting the role of EVs in
alloresponses by T cells after transplantation and we discuss the mechanisms by which they
can influence alloimmunity towards rejection or tolerance. Additionally, we examine
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whether analysis of proteins and mRNA of EVs isolated from blood and urine could be used
in place of graft biopsies to evaluate the nature of rejection.

2. Role of extracellular vesicles in T cell allorecognition

Activation of T lymphocytes recognizing donor MHC molecules initiates the adaptive
immune response leading to rejection or tolerance of allogeneic transplants. T cell
allorecognition occurs via two main mechanisms: the direct and the indirect pathways [4-6].
In direct allorecognition, T cells interact with intact allogeneic MHC proteins displayed on
the surface of donor cells [7]. In the case of naive T cells, this process occurs in recipient’s
secondary lymphoid organs. The indirect pathway is mediated by T cells recognizing
peptides derived from donor MHC and minor antigens, which are processed and presented in
association with self-MHC molecules by recipient APCs [7]. In indirect allorecognition, the
mechanism by which donor MHC molecules are acquired by host’s APCs is still unclear.
While direct alloresponse represents the driving force behind acute allograft rejection,
indirect T cell alloreactivity is believed to govern alloantibody production and chronic
rejection, a progressive condition associated with graft vasculopathy and tissue fibrosis [8—
11]. On the other hand, the role of direct and indirect pathways in allograft tolerance
mediated via T cell deletion and/or suppression is poorly understood. However, it is
traditionally accepted that CD4*Foxp3* T cells mediating regulatory tolerance become
activated via recognition of alloantigens along with self-MHC class 11 molecules on
recipient effector T cells and/or APCs [12, 13]. In addition to donor cells, some recent
studies demonstrate the contribution of extracellular vesicles (EVs) in T cell allorecognition
and alloresponse [2, 3]. In this section, we review current knowledge regarding the role of
EVs and transfer of allogeneic MHC antigens (MHC cross-dressing) [14-16] in T cell
allorecognition and discuss potential mechanisms explaining how these vesicles may
influence allograft rejection and tolerance.

2.1. Extracellular vesicles in allograft rejection

Extracellular vesicles or EVs are comprised of a wide array of vesicles divided in three main
categories: 1) exosomes produced in the endosomal compartment of resting and activated
cells, 2) microvesicles or ectosomes budding from the plasma membrane of activated cells,
and 3) apoptotic vesicles (ApoEVs) released during program cells death [1]. EVs are
secreted by virtually all cells, including immune cells and are thought to play a key role in
intercellular communications [1]. Exosomes and microvesicles carry proteins and RNA
(mRNA and miRNA) while ApoEVs also contain DNA. There is accumulating evidence
showing that EVs play a pivotal role in the immune system [17]. In 2016, two articles
provided direct evidence of the role of EVs in T cell allorecognition and activation after
transplantation in laboratory mice. The first study, from our laboratory at MGH, documented
that, in contrast to conventional wisdom, passenger leukocytes (dendritic cells) do not leave
skin allografts and infiltrate recipient regional lymph nodes soon after transplantation [3].
Instead, we found that, as early as two days post-transplantation, host’s lymph nodes
contained many recipient APCs exhibiting vesicles carrying donor MHC class I and 11
molecules on their cell surface. In the absence of donor cells, it is likely that presentation of
donor MHC antigens by these so called “cross-dressed” APCs is responsible for the
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initiation of T cell alloresponse after skin grafting [3]. In the case of primarily vascularized
heart transplants, seminal studies by Larsen et al. have demonstrated the presence of donor
passenger leukocytes in the spleen of transplanted mice [18]. In agreement with this, we
observed a few (50-100) donor cells in the spleen of heart-transplanted mice. However, we
detected over 50,000 recipient APCs cross-dressed with donor MHC in the recipient spleen
[3]. The same year, another report from A. Morelli’s laboratory corroborated these findings
[2]. In this study, Liu et al. showed that in heart-transplanted mice, efficient passage of donor
MHC molecules to recipient conventional DCs (cDCs) depended on the transfer of EVs
from donor DCs that migrated from the graft to lymphoid tissues [2]. These EVs exhibited
characteristic features of exosomes and were internalized or remained attached to the
recipient cDCs. Recipient cDCs that had acquired exosomes became activated and
stimulated alloreactive T cells [2]. Collectively, these two studies support the view that
recipient APCs displaying allogeneic MHC proteins acquired from EVs, rather than
passenger leukocytes, initiate the direct alloresponse leading to acute allograft rejection in
skin and heart transplantation.

Exchange of molecules between cells of the immune system has been known for a long time.
Forty years ago, T cells were shown to acquire surface immunoglobulin molecules from B
cells [19] and antigens from macrophages [20]. It is now clear that intercellular transfer of
proteins and miRNA occurs regularly through cell-cell contact and via vesicles, which are
either secreted or exchanged via nanotubes [21]. There is a body of evidence demonstrating
that this process is crucial in the initiation and regulation of immunity to microbes and
tumors [21]. The transfer of MHC molecules between leukocytes was first reported by
Frelinger et al. in 1974 [22]. Acquired peptide-MHC complexes can remain on APCs for as
long as 2 days following transfer, providing ample opportunity for T cell activation [23].
Indeed, DCs having acquired allogeneic MHC proteins via cell-cell contact were previously
shown to activate alloreactive T cells both in vitro and in vivo via a mechanism referred to as
semi direct allorecognition [14, 24, 25]. A few studies have also documented the transfer of
MHC class | and Il molecules between recipient and donor DCs after solid organ and bone
marrow transplantation [15, 26, 27]. First, an elegant study from G. Pettigrew’s laboratory
showed that after heart transplantation in mice, recipient DCs acquire MHC molecules from
parenchymal cells and simultaneously present them as intact molecules to alloreactive CD8*
T cells (semi-direct presentation) and as peptides to CD4* T cells (indirect presentation)
[26]. Likewise, L. Smyth et al. showed that in skin-grafted mice, MHC-class | acquisition by
recipient DCs occurs for at least 1 month following transplantation and was likely the main
source of alloantigen that drove CD8" cytotoxic T cell responses [28]. Collectively, these
studies suggest the relevance of a three-cell model of semi-direct allorecognition in which
indirectly activated CD4* T cells provide help for the direct activation of CD8" T cells
(Figure 1A).

A study by Markey et al. has documented the presence of numerous donor cells cross-
dressed with recipient MHC class I and Il molecules following bone marrow transplantation
[27]. Interestingly, donor DCs cross-dressed with recipient MHC antigens disappeared
rapidly after myeloablative conditioning whereas after nonmyeloablative conditioning, they
persisted along with large numbers of recipient hematopoietic cells [27]. This suggested that
only recipient professional APCs had transferred their MHC antigens to donor DCs. In the
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same study, using a TCR transgenic mouse model (TEa) in which T cells recognize a single
MHC-peptide complex (AP MHC class 11 bound to MHC class I Ea 52-68 peptide), it was
observed that cross-dressed cells enhanced indirect alloresponse by T cells, possibly by
increasing the degree of interaction between APCs and CD4* T cells [27]. This suggests that
cross-dressing of donor cells with recipient MHC antigens occurs regularly after bone
marrow transplantation, a process that may influence the initiation and perpetuation of
GVvHD. At the same time, it is likely that recipient APCs are regularly cross-dressed with
donor MHC molecules after bone marrow transplantation. The relevance of this
phenomenon to rejection of donor bone marrow cells or tolerance of alloantigens acquired
via hematopoietic chimerism remains to be investigated.

Our findings, together with those of Morelli’s laboratory, suggest that transfer of donor
MHC molecules via EVs is an essential element of the host T cell response to intact donor
MHC proteins leading to acute allograft rejection. Indeed, donor EVs being regularly taken
up by recipient APCs could represent a major source of donor MHC and other proteins for
processing and indirect alloantigen presentation to T cells. However, the contribution of EVs
and MHC transfer to indirect alloresponses by T cells and subsequent alloantibody
production remains to be evaluated. Little is known about the contribution of EVs to the
initiation and perpetuation of chronic allograft rejection. A study by M. Dieudé et al. showed
that apoptotic exosome-like vesicles released by endothelial cells triggered the production of
anti-perlecan (LG3) auto-antibodies in naive mice and enhanced their production and
allograft inflammation in mice transplanted with an aortic allograft [29]. This suggests that
EVs and antigen cross-dressing may participate in graft vasculopathy and chronic rejection
of solid organ transplants.

2.2. Extracellular vesicles in allograft tolerance

It is well known that several intrinsic and extrinsic factors govern the nature and magnitude
of the immune response induced by a given antigen. The dose, anatomic site of presentation,
presence of danger signals, and the nature and state of APC activation are among many
factors that control the immunogenicity of a given allogeneic cell or antigen and its ability to
drive the immune response towards rejection or tolerance. It is plausible that the
immunogenicity of allogeneic EVs follows similar rules in that they can promote allograft
rejection or tolerance, depending upon the nature of the vesicles, the APCs that acquire
them, and the context of antigen presentation. Thus, EVs should have the potential to be
tolerogenic. Support for this comes from studies showing that exosomes released from the
intestinal epithelium referred to as tolerosomes can promote tolerance of antigens fed to rats
[30, 31]. Likewise, exosomes produced by trophoblasts cells have been associated with feto-
maternal tolerance through their expression of FasL [32]. In addition, cross-dressing of
leukocytes with HLA-G molecules derived from EVs released by trophoblasts contributes to
feto-maternal tolerance [33, 34]. Indeed, during pregnancy, HLA-G molecules are regularly
transferred to maternal NK cells, macrophages and T cells of the decidua [35-37]. Finally,
Foxp3~ T cells being cross-dressed with HLA-G proteins suppress T cell alloresponses as
efficiently as classical Foxp3* Tregs [33, 34].
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The factors, which control the tolerogenicity of EVs, are not known. It is possible that EVs
act directly on T cells or indirectly via transfer of MHC/peptide complexes and coinhibitory
receptors. EVs also carry other molecules capable of influencing T cell activation such as
chemokines, cytokines, FasL, miRNA. With regards to alloreactivity, we have previously
reported that on their own, allogeneic exosomes expressing MHC class Il antigens cannot
induce in vitro proliferation and yIFN secretion by naive T cells [3]. Therefore, it is unlikely
that exosomes can serve as bona fide APCs for activation of naive T cells. This may be due
to their suboptimal expression of MHC molecules, their inadequate costimulatory functions
and/or their inability to provide certain cytokines produced by APCs such as IL-1. In turn, it
is possible that direct interaction of exosomes with T cells results in T cell anergy or
exhaustion. Whether this is the case and whether this applies to other larger EVs such as
microvesicles and apoptotic EVs remains to be investigated.

Injection of mice with EVs, including exosomes derived from allogeneic immature DCs or
Foxp3* regulatory CD4* T cells prolonged survival of kidney and cardiac allografts [38-41].
In an autoimmune model, Treg exosomes were shown to suppress inflammatory T cell
immunity via transfer of discrete miRNA [42]. However, in transplant models, it remains to
be studied whether T cell regulation is mediated directly by certain EVs or through transfer
of donor MHC and other molecules to host APCs.

Two recent studies support the view that EVs as well as donor MHC cross-dressing of
recipient APCs are involved in spontaneously acquired tolerance of alloantigens. First, W.
Burlingham’s laboratory demonstrated the contribution of allogeneic exosomes and MHC
antigen cross-dressing in the induction of tolerance to non-inherited maternal antigens
(NIMA) [43]. Maternal leukocytes traffic from the mother to the fetus and newborn during
pregnancy and breast feeding, respectively [44]. A few maternally derived hematopoietic
stem cells and leukocytes (< 1/10,000 cells) are still detected in adults throughout their
entire life. Such maternal hematopoietic microchimerism influences the offspring’s
immunity against NIMA, including maternal MHC antigens [45-47]. For instance, in
patients, kidney allografts expressing NIMA MHC antigens enjoy much longer survival than
control transplants expressing unrelated MHC antigens or non-inherited paternal antigens
(NIPA) [48]. The question of how very low levels of chimerism (< 1%) in this and other
models can impact the host alloimmune responsiveness has been puzzling for decades. A
recent paper by Bracamonte et al. has shed some light on this question [43] by showing that
the serum of NIMA tolerant mice contained exosomes carrying both NIMA MHC class |
and Il molecules. In addition, high numbers of dendritic cells cross-dressed with NIMA
MHC antigens were detected in tolerant mice but not in non-tolerant mice devoid of
microchimerism [43]. Adoptive transfer of allospecific CD4 T cells revealed a “split
tolerance” status in mice containing NIMA cross-dressed cells: T cells recognizing intact
MHC alloantigens (direct pathway) proliferated, whereas those responding to allopeptide +
self-MHC (indirect pathway) were anergic [43]. This study suggests that EVs provide a
physiologic link between microchimerism and split tolerance. Another study from A.
Thomson laboratory provided evidence for the contribution of donor MHC cross-dressing
and semi-direct allorecognition in spontaneous tolerance of mouse liver allografts [49]. Ono
et al. showed that intra-graft donor DCs were rapidly replaced with recipient DCs among
which 60% cells were cross-dressed with donor MHC class | molecules. These cross-dressed
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DCs expressed much higher levels of T cell inhibitory PD-L1 and interleukin-10 molecules
compared with non-cross-dressed DCs isolated from the graft [49]. The presence of cross-
dressed DCs was associated with graft-infiltrating CD8* T cell expressing PD-1" and
(TIM-3)* markers of exhaustion [49]. Taken together, these two studies support the view that
cross-dressing of recipient APCs with donor MHC molecules, acquired presumably from
EVs released by the allograft, can spread and amplify a form of microchimerism leading to
regulatory tolerance. It is possible that co-presentation by recipient DCs of self- or donor
peptides in the context of self-MHC class Il (indirect presentation) and intact donor MHC
acquired from donor cells (semi-direct presentation) can promote CD4*Foxp3* Tregs
suppression of effector T cells. At the same time, it is possible that CD4* Tregs interact
directly with activated effector T cells displaying self- or donor peptides bound to self-MHC
class Il molecules (T-T interaction) (Figure 1B). This three-cell model, reminiscent of linked
suppression, could explain why Treg-mediated suppression is donor specific while thymic
Tregs (tTregs) are not specific of donor antigens, as recently reviewed by C. Leguern et al.
[50].

3. Extracellular vesicles as biomarkers in transplantation

EVs can be isolated from biological fluids, including blood or urine. They are stable and can
be stored long-term. Therefore, EV isolation and analysis of their protein and nucleic acid
contents is being considered as a way to predict, detect and determine the nature and severity
of allograft rejection. Theoretically, this could obviate the need for invasive biopsies. Also,
by providing evidence of subclinical rejection this strategy could allow early treatment
which would prevent the progression of allograft damage. This section describes some
studies supporting the view that EVs can serve as biomarkers in kidney, heart, lung, and
pancreatic islet transplantation.

3.1. EVs as biomarkers or renal allograft rejection

Miranda et. al. showed that microvesicles (100-1,000 nm) isolated from urine contain
mRNA from all regions of the nephron and collecting duct, making them a potential source
of biomarkers for renal disease [51]. Studies have investigated the RNA and proteome of
exosomes from urine and plasma to identify potential biomarkers in renal transplant
recipients. Some studies aimed to diagnose delayed graft function (DGF), defined as a
dialysis requirement during the first week after renal transplantation. This condition occurs
in 2-50% of renal transplant cases and is associated with decreased allograft survival and
chronic allograft nephropathy [52]. Another study using high-throughput sequencing of the
miRNA profile of exosomes in the peripheral blood of kidney transplant recipients, revealed
52 known and 5 conserved exosomal miRNAs specifically expressed in recipients with DGF
[53]. Three coexpressed miRNAS, hsa-miR-33a-5p_R-1, hsa-miR-98-5p, and hsa-
miR-151a-5p, were highly upregulated in the peripheral blood of kidney graft recipients
with DGF [53]. Early detection of DGF may allow for therapeutic intervention and more
accurate prediction of graft survival. Alvarez et. al. found that, in patients with DGF, urinary
exosomal fractions but not whole unfractionated urine contained high levels of neutrophil
gelatinase-associated lipocalin (NGAL), a protein produced in the distal nephron [54]. In
fact, NGAL exosomal expression was significantly higher in deceased donor recipients and
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remained elevated in patients with DGF [54]. This suggests that analysis of urinary
exosomes rather than the whole urine may be required to evaluate accurately early graft
functions. However, in apparent contrast with this conclusion, the study by Peake et al.
showed that urine protein levels of NGAL and IL-18 reflected day 7 post-transplant
creatinine reduction ratios (CRR) while the urine exosomal mRNA for these proteins did not
[55]. This is probably due to the fact that packaging of mMRNA in exosomes is selective and
does not always correlate with the presence of mMRNA producing selected proteins in the
parent cells.

Another beneficial use of biomarkers is the non-invasive diagnosis of both antibody-
mediated and cell-mediated rejection by analyzing RNA and protein. Sigdel et. al. identified
a total of 1018 proteins in unfractionated whole urine and 349 proteins in urinary exosomes.
In the urinary exosomes, 11 proteins involved in inflammatory and stress response were
more abundant among recipients with acute rejection and three of those proteins were
exclusive to that fraction, providing both potential biomarker targets and mechanistic
insights [56]. Lim et. al. identified 169 urinary exosomal proteins and found that 46 proteins
whose expression was increased in stable kidney transplant recipients while 17 proteins had
increased expression in kidney transplant recipients undergoing acute T cell-mediated
rejection (TCMR). Further analysis identified two proteins, tetraspanin-1 and hemopexin
that were significantly higher in TCMR patients [57]. Another study showed a significant
increase in the plasma density of C4d*/CD144" (an endothelial marker) microvesicles in
renal transplant recipients with AMR compared to those with no AMR or healthy subjects.
Also, 9 patients who underwent treatment for acute AMR showed a mean 72% decrease in
C4d*/CD144" microvesicle concentration compared with pre-treatment values, suggesting
that this marker may also be useful as a surveillance tool for treatment response [58]. In
another study, analysis of plasma exosomal RNA from renal transplant recipients also
identified 4 genes (gp130, CCL4, TNFa, SH2D1B, CAV1) whose mRNA transcripts were
significantly increased among patients with antibody-mediated rejection (AMR) compared
with patients with cell-mediated rejection and control groups with no rejection [59].

3.2. EVs as biomarkers of cardiac allograft rejection

The “gold standard” of cardiac allograft rejection remains endomyocardial biopsy despite its
invasiveness and a complication rate of approximately 6%. Therefore, identification of
biomarkers is essential in cardiac transplantation to offer a safer, non-invasive alternative to
biopsy in rejection diagnosis. Kennel et. al. analyzed the exosomal proteome of serum using
mass spectrometry-based technology from healthy individuals; patients with heart failure,
heart transplant recipients with rejection, and heart transplant recipients without rejection.
They found a clustering of three groups using principal component analysis (PCA): healthy
controls and heart failure patients; heart recipients without rejection; and heart recipients
with acute cellular rejection (ACR) and AMR. Their data also revealed a protein signature
that distinguished between heart transplant recipients without rejection and those with ACR
or AMR which consisted of 15 proteins. Two proteins were components of the complement
activation cascade: C1QA and C1R; 6 proteins were involved in coagulation: FIBA, FIBB,
FIBG, FINC, F13A, and TSP1; 3 proteins were Ig sub-fractions: KvV302, HV304, HV315;
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and APOL1, which can induce autophagic cell death [60]. Further work is necessary to
determine the utility of this exosomal protein signature and apply it clinically.

3.3. EVs as biomarkers of lung transplant rejection

Exosomes were isolated from serum and bronchoalveolar lavage fluid (BAL) from 30 lung
transplant recipients who were stable, had acute rejection, or had bronchiolitis obliterans
syndrome (BOS). They investigated the presence of HLA and lung-associated self-antigens
(SAgs) and analyzed exosomal micro-RNA (miRNA) contents. Both exosomes from the
serum and BAL of recipients with acute rejection or BOS contained donor HLA and SAgs
unlike stable lung transplant recipients. Exosomes carrying the SAg, collagen V, were found
in the serum of recipients 3 months before acute rejection and 6 months before BOS
diagnosis. Exosomes from recipients with acute rejection or BOS contained a specific set of
miRNAs unlike stable lung transplant recipients [61]. Further investigation also showed
expression of the costimulatory molecules, CD80, CD86, and CD40, and cytokines, CIITA,
NF-xB, HIF-1a, IRAK-1, and MyD88, in exosomes isolated from the sera of lung
transplant recipients with BOS but not in stable lung transplant recipients [62].

3.4. EVs as biomarkers of pancreatic islet allograft rejection

Naji et. al. used a human-to-mouse xenogeneic pancreatic islet transplant model to quantify
the islet transplant exosome in the recipients’ blood using an anti-HLA antibody. They saw a
significant decrease in transplant islet signal and changes in the exosomal miRNA and
proteomic profiles prior to the appearance of hyperglycemia. These data suggest that
exosomes can be used to detect rejection prior to the appearance hyperglycemia. This group
also analyzed the donor exosomes from human islet and renal transplant recipients and
found tissue specificity and reliable characterization for follow-up periods of 5 years
suggesting that exosomes can be used long-term [63].

Taken together, these studies suggest the value of EVs, including exosomes, as biomarkers.
Using EVs from blood or urine could obviate the need for invasive biopsies as well as
possibly provide evidence of rejection before allograft dysfunction and damage occurs. In
addition, effective monitoring could allow for titrating immunosuppression and reduce the
harmful effects of these drugs. Further investigation is necessary to further characterize EVs
as relevant biomarkers and validate them for clinical practice. Finally, aforementioned
studies in feto-maternal and liver transplant tolerance of alloantigens in mice suggest that
EVs may also be used as biomarkers of tolerance [43, 49]. However, this remains to be
further evaluated in experimental and clinical transplantation.

4. Concluding remarks

EVs contribute to T cell alloimmunity via transfer of donor MHC antigens to recipient APCs
thus initiating inflammatory direct responses leading to acute rejection. On the other hand,
strong circumstantial evidence has been provided suggesting that EVs and donor MHC
cross-dressing are involved in allograft tolerance. However, the precise nature of the EVs,
EV-producing cells and the mechanisms by which they influence alloimmunity towards
rejection or tolerance remain elusive. We anticipate that answering these questions will lead
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to the design of novel EV-based therapies in transplantation. Finally, there is accumulating
evidence showing that the proteins and mRNA carried by EVs released by the graft in the
blood and urine reflects the nature and stage of rejection. Further validation of EVs as
biomarkers of rejection or tolerance could obviate the need for invasive biopsies and help
adjust immunosuppressive therapy in transplanted patients.
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Highlights

Extracellular vesicles (EVS), including exosomes, ectosomes and apoptotic
vesicles, play an essential role in communication between cells of the innate
and adaptive immune systems.

Recipient APCs displaying allogeneic MHC proteins acquired from EVs
rather than passenger leukocytes initiate the direct alloresponse leading to
acute allograft rejection in skin and heart transplantation.

EVs have the potential to facilitate tolerance induction depending upon the
nature of the vesicles, the APCs that acquire them and the context of antigen
presentation.

EVs from blood or urine have the potential to be used as biomarkers to
provide evidence of rejection before allograft dysfunction and damage occurs
and/or to indicate that a state of tolerance has been achieved.
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Figure 1. MHC cross-dressing can promote interaction between helper or regulatory CD4* T
cells and effector T cells

Panel A shows how donor MHC class | cross-dressing of a recipient APC might promote
cooperation between CD4* T helper cells and CD8* T effector cells by having self-MHC
class 11 + donor peptide (indirect presentation) and donor MHC class | co-presented on the
same APC (semi-direct presentation) (three cell cluster).

Panel B shows how simultaneous presentation of intact donor MHC molecules (semi-direct
pathway) and self-MHC class Il bound to a donor peptide (indirect pathway) or a self-
peptide on the same recipient APC can promote interaction between regulatory CD4* Tregs
and effector CD4* and CD8* T cells. In this scenario, it is possible that Tregs can suppress
effector T cells displaying the same self-MHC class I1-peptide complex as recipient APCs
(T-T interaction). In this setting, effector T cells are specific for donor MHC while Tregs are
not donor specific but interact with self-MHC class 11-peptide complexes on activated
effector T cells.
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