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Abstract

Transplantation of allogeneic organs and tissues represents a lifesaving procedure for a variety of
patients affected with end-stage diseases. Although current immunosuppressive therapy prevents
early acute rejection, it is associated with nephrotoxicity and increased risks for infection and
neoplasia. This stresses the need for selective immune-based therapies relying on manipulation of
lymphocyte recognition of donor antigens. The passenger leukocyte theory states that allograft
rejection is initiated by recipient T cells recognizing donor major histocompatibility complex
(MHC) molecules displayed on graft leukocytes migrating to the host’s lymphoid organs. We
revisited this concept in mice transplanted with allogeneic skin, heart, or islet grafts using imaging
flow cytometry. We observed no donor cells in the lymph nodes and spleen of skin-grafted mice,
but we found high numbers of recipient cells displaying allogeneic MHC molecules (cross-
dressed) acquired from donor microvesicles (exosomes). After heart or islet transplantation, we
observed few donor leukocytes (100 per million) but large numbers of recipient cells cross-dressed
with donor MHC (>90,000 per million). Last, we showed that purified allogeneic exosomes
induced proinflammatory alloimmune responses by T cells in vitro and in vivo. Collectively, these
results suggest that recipient antigen-presenting cells cross-dressed with donor MHC rather than
passenger leukocytes trigger T cell responses after allotransplantation.

INTRODUCTION

The inflammatory immune response leading to allograft rejection is initiated through the
activation of recipient T cells recognizing donor antigens in the host’s secondary lymphoid
organs. T cell allorecognition is known to occur via two mechanisms: the “direct” and
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“indirect” pathways. Direct allorecognition involves the interaction of T cells with intact
allogeneic major histocompatibility complex (MHC) molecules displayed on donor bone
marrow—derived cells called “passenger leukocytes,” which are thought to leave the graft
shortly after its placement (1). The direct alloresponse is polyclonal in that it involves up to
10% of the entire T cell repertoire (2). Alternatively, indirect allorecognition involves T cell
recognition of peptides derived from donor MHC and minor histocompatibility antigens,
which are processed and presented on host MHC by recipient antigen-presenting cells
(APCs) (3). Differing from direct allorecognition, the indirect alloresponse is oligoclonal
because it results from the activation of a limited set of T cell clones recognizing a few
dominant alloantigen determinants (4, 5). Either direct or indirect alloresponse can trigger
acute rejection of skin allografts (6). However, we have reported that direct but not indirect
alloreactivity elicits acute rejection of vascularized solid transplants (7). On the other hand,
indirect alloresponse is believed to mediate chronic organ allograft rejection by promoting
alloantibody production, a phenomenon characterized by progressive graft tissue fibrosis and
blood vessel occlusion (8, 9).

The passenger leukocyte theory was originally proposed by G. D. Snell in 1957, and the
term was coined by Elkins and Guttman in 1968 (10, 11). This concept was substantiated by
observations in rodents transplanted with allografts whose leukocytes had been depleted or
replaced (10, 12-16). At the same time, studies of Barker and Billingham (17, 18) of skin
allografts placed on vascularized but alymphatic skin pedicles demonstrated the role of
afferent lymphatics in the rejection process. Together, these studies suggested that, right
after transplantation, donor leukocytes [mainly dendritic cells (DCs)] leave skin allografts
through lymphatic vessels and activate naive T cells in regional lymph nodes (LLNs) just as
they do after a skin infection. However, to our knowledge, the presence of these passenger
leukocytes in the LNs of skin-grafted mice was never formally demonstrated.

Subsequent studies emphasized the role of graft leukocytes in the alloresponse to
vascularized solid organ transplants. First, kidney allografts from donors reconstituted with a
bone marrow matched to the recipient showed prolonged survival (19). Likewise, renal
allografts initially placed in a recipient for a few days (parked) and then retransplanted in a
second host matched to the first one enjoyed long-term survival (20). This was attributed to
the replacement of donor by host leukocytes. In support of this view, adoptive transfer of the
second host with donor-type DCs restored rapid rejection of these renal transplants (21).
Similar observations were made with cardiac allografts (22, 23). In this model, donor
passenger leukocytes were identified and found in the recipient’s spleen rather than in LN,
suggesting that they had migrated through blood rather than through lymphatic vessels (24).
This difference was attributed to the fact that, unlike skin grafts, heart transplants were
vascularized at the time of their placement.

In skin-grafted mice, lymphatic vessels are severed during surgery and fully reconnected
only 5 to 7 days after transplantation (25, 26). This infers that donor leukocytes cannot
traffic to host LNs and activate T cells right after transplantation. At the same time,
allospecific T cell responses can be detected in recipient LNs as early as 2 days after
transplantation (27). This suggested that donor MHC presentation and subsequent T cell
activation might not be initiated by LN-infiltrating donor passenger leukocytes but through a
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different mechanism. To test this, we revisited the passenger leukocyte theory in skin-grafted
mice using imaging flow cytometry, a highly sensitive imaging technology combining flow
cytometry and microscopic visualization of individual cells. After placement of fully
allogeneic B6 skin grafts onto BALB/c mice, we found no donor leukocytes in host
lymphoid organs examined from day 1 to day 15 after transplantation. In contrast, as early as
12 hours after skin grafting, high numbers of recipient cells coated with microvesicles
exhibiting donor MHC molecules were observed in recipient LNs. By day 7, most of these
recipient cells expressed donor MHC molecules on their membrane alongside with their own
MHC, a phenomenon we hereafter refer to as allo-MHC cross-dressing. The importance of
allo-MHC cross-dressing in allorecognition was further studied in vascularized organ
transplant models. Contrary to nonvascularized skin grafts, a few donor cells (100 to 200
cells per million) were detected in recipient lymphoid organs of heart-transplanted mice.
Yet, much higher numbers of recipient cells harboring donor MHC (>90,000 cells per
million) were found in the host spleen. Last, we showed that purified donor microvesicles
(exosomes) and recipient cells cross-dressed with donor MHC could activate alloreactive T
cells both in vivo and in vitro. Thus, early T cell activation by recipient APCs cross-dressed
with donor MHC antigens rather than donor passenger leukocytes is likely to initiate acute
allograft rejection.

RESULTS

Activation of allospecific T cells occurs as early as 2 days after transplantation in skin-
grafted mice

Seminal studies by McKhann and Berrian (27) showed that mice become sensitized as early
as 2 days after placement of skin allografts. This prompted us to evaluate the actual
frequency of proinflammatory T cells activated at different time points after skin
transplantation. LN T cells of C57B1/6 (B6, H-2%) mice recipient of a BALB/c (H-2%) fully
allogeneic skin graft (mean survival time, 9 + 2 days) were collected at different time points
after transplantation. Next, these cells were tested by enzyme-linked immunospot
(ELISPOT) for their proinflammatory interferon-y (IFN-7v) cytokine secretion when
exposed to allogeneic stimulator cells (direct allorecognition). As shown in Fig. 1A,
substantial numbers of IFN-y—secreting T cells were detected as early as day 2 after skin
grafting. To confirm this observation, we conducted another set of experiments in which we
removed skin grafts at different time points after their placement and we measured the T cell
response at day 10 after transplantation (peak of the T cell response). The presence of skin
grafts for 2 days only was sufficient to trigger the activation of allospecific T cells (Fig. 1B).
Therefore, in skin-grafted mice, T cell alloresponses are induced in recipient LNs much
before reconnection of lymphatic vessels, which takes 7 days (25, 26).

Donor-derived vesicles but not intact leukocytes carry allogeneic MHC molecules to
recipient lymphoid organs after skin transplantation

Next, we investigated whether the induction of T cell alloresponse correlated with the
presence of donor leukocytes in recipient LNs of skin-grafted mice. To test this, we used
imaging flow cytometry, which allows microscopic visualization of each single cell of a
population selected through flow cytometry. Scanning of recipient LN, spleen, and thymus
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[from day 0.5 (12 hours) to day 15 after transplantation] was conducted. To distinguish
between recipient and donor cells, we incubated the cells with anti-recipient MHC class I KP
antibodies and anti-donor MHC class I K9 bound to fluorescein isothiocyanate (FITC) and
allophycocyanin, respectively. Control staining of B6 or BALB/c cells showed no cross-
reactivity with these antibodies (Fig. 2A). Experiments using cells mixed at defined ratios
showed reliable detection of one donor cell out of 500,000 recipient cells (fig. S1). No donor
cells were detected at any given time point after skin grafting (Fig. 2A). In turn, we detected
substantial numbers (>1500 cells per million) of recipient cells positive for both self (K9
and allogeneic MHC class I (KP) MHC antigens (Fig. 2A). Microscopic examination of
these double-positive cells (K4*Kb+) at 12 and 36 hours after transplantation revealed that
they were recipient LN cells coated with donor MHC class I* vesicles (Fig. 2B). Most
double-positive cells were initially found in graft-draining LNs, suggesting that donor
vesicles had trafficked via lymphatics (Table 1). Nevertheless, some recipient cells coated
with donor vesicles were also detected in the spleen, in nondraining LNs, and even in the
recipient’s thymus (Table 1). Progressively, most double-positive cells (>80% by day 7 after
transplantation) exhibited allogeneic MHC class I on their membrane, a phenomenon known
as cross-dressing (Fig. 2, C and D).

Next, we compared the trafficking to LNs of beads of different sizes (with diameters from
0.5 to 6 um) injected into the bed of syngeneic skin grafts. At 36 hours after transplantation,
only beads of the smallest subcellular size (0.5 pum) were found in the draining LNs (Fig. 3,
A and B). In turn, 7 days after skin grafting, at a time when lymphatic connections have
been restored (25, 26), recipient LNs also contained some beads with diameters of 2.2 and 6
um. These results were consistent with our imaging flow cytometry results showing that,
within the first few days after skin grafting, donor microvesicles but not intact cells can
migrate out skin grafts via lymphatic vessels (Fig. 2).

To further establish the early migration of donor vesicles and not intact cells, we prepared
total RNA from the spleen and LNs of BALB/c mice at days 2, 5, and 10 after grafting of a
B6 allogeneic skin patch. The presence of recipient K4 and donor KP gene transcripts was
evaluated using reverse transcription polymerase chain reaction (RT-PCR) (as described in
Materials and Methods). On the basis of cell mixture assays, the sensitivity of K® detection
was 1 B6 cell among 5 x 10° BALB/c cells (Fig. 3C). No allogeneic KP transcripts were
detected at any given time point after transplantation, a result reinforcing the view that donor
passenger leukocytes do not infiltrate secondary lymphoid organs of these skin-grafted mice
(Fig. 3D).

In skin-grafted mice, allo-MHC cross-dressed cells are recipient DCs and B cells

We then investigated the phenotype of allo-MHC cross-dressed cells found in the lymphoid
organs of skin-grafted mice using imaging flow cytometry (Fig. 4A). As shown in Fig. 4B,
most of these cells (60 to 70%) were CD11c* DCs, whereas 10 to 15% were CD20" B
lymphocytes and none were CD3* T cells. About 10% of cross-dressed cells showed no
expression of CD3, CD20, or CD11c, awaiting further characterization. Therefore, most
recipient cells cross-dressed with donor MHC after skin grafting were bone marrow—derived
MHC class IT* leukocytes (DCs and B cells), which are professional APCs.
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There is preferential expression of donor MHC class Il molecules on cross-dressed cells

We measured the frequency of recipient cells cross-dressed with donor MHC class I (KP) or
IT (AD) in the draining LN at different time points after skin grafting. As shown in Fig. 4C,
the number of recipient MHC class I* cells displaying donor MHC class I almost doubled
during the course of rejection (800 to 1500 per million cells). At day 1.5 after
transplantation, most of the recipient cells were MHC class II* cells cross-dressed with
donor MHC class I and II, a result consistent with their professional APC nature (Fig. 4B).
Progressively, the number of recipient MHC class IT* cells displaying donor MHC class II
increased, whereas those expressing donor MHC class I decreased. This result confirms
previous studies showing preferential transfer of MHC class II molecules between
leukocytes (28). It might reflect the fact that vesicles such as exosomes are enriched in
endosomes, which contain MHC class II proteins (29). Yet, it is noteworthy that a few
recipient MHC class II™ cells (15%) also acquired allogeneic MHC class II expression. The
nature of these cells and their ability to activate allospecific T cells remain to be investigated.

Donor vesicles trafficking from skin allografts express CD11c, CD20, and CD3

We examined the expression of different leukocyte markers on donor vesicles present in the
draining LNs of skin-grafted mice using imaging flow cytometry (Fig. 5A). About 30 to
50% of vesicles carrying donor MHC molecules also expressed CD3, CD11c, or CD20, a
result showing that they derived from T cells, DCs, or B cells (Fig. 5B). The origin of the
remaining donor-derived vesicles remains unclear.

Cross-dressed cells and passenger leukocytes can be detected in recipient lymphoid
organs after heart and islet transplantation

Another set of experiments evaluated the relevance of donor passenger leukocytes and allo-
MHC cross-dressed cells in BALB/c mice transplanted with a B6 heart (mean survival time,
11 + 3 days). In contrast to skin-grafted mice, low but significant numbers of donor
leukocytes (100 to 200 per million cells) were observed in draining and nondraining LNs as
well as in the spleen of cardiac-transplanted mice (Table 2). However, the frequency of these
cells declined markedly from day 1 to day 7 after transplantation. One day after cardiac
transplantation, we also found more than 2000 per million recipient cells cross-dressed with
donor MHC in the host spleen (Table 2). This number actually increased to reach more than
90,000 cross-dressed cells per million spleen cells at day 7 after transplantation, whereas
only less than 500 cells per million were present in the LNs (Table 2). Almost all cross-
dressed cells were B cells, whereas a few cross-dressed DCs and T cells were also found in
the spleen and LN, respectively (fig. S2). After transplantation of pancreatic islets in the
B6-BALB/c combination, we detected a few donor passenger leukocytes (10 to 30 cells per
million) but 10 times more cross-dressed cells in LNs and in the spleen of recipients

examined at day 4 after transplantation (Table 2).

Allospecific T cells are activated by cross-dressed cells in vitro and in vivo

We investigated whether allogeneic exosomes could induce a direct T cell alloresponse in
vitro or in vivo either on their own or after cross-dressing of APCs. Exosomes were
generated in vitro from activated B6 spleen cells and isolated and counted, as described in
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Materials and Methods. To prepare cross-dressed cells, we cultured B6 exosomes (5 x 10%)
with 108 BALB/c splenocytes for 4 days. Cross-dressed cells were then isolated on an
affinity column composed of beads coated with anti-MHC class I K-PE antibodies. The
number and purity of cross-dressed cells were ascertained using imaging flow cytometry, as
shown in Fig. 6A. In a first set of experiments, BALB/c T cells (5 x 10° cells per well) were
cultured with B6 allogeneic exosomes or BALB/c cells cross-dressed with either allogeneic
(H-2Y) or control syngeneic (H-29) MHC (5 x 10 cells per well) for 48 hours. The
frequencies of activated T cells producing IFN-y were measured using an ELISPOT assay.
Only cells cross-dressed with allogeneic MHC (H-2P) induced a response, which was similar
to that observed after stimulation with allogeneic B6 APCs (Fig. 6B). Conversely, B6
allogeneic exosomes alone and BALB/c cells cross-dressed with syngeneic exosomes failed
to activate BALB/c T cells in vitro (Fig. 6B).

Last, to examine the immunogenicity of allo-MHC molecules present on exosomes, we
injected BALB/c mice intraperitoneally with 2 x 103 to 2 x 10° allogeneic (B6) or syngeneic
(BALB/c) exosomes. Fourteen days later, spleen cells were collected and cultured for 72
hours with B6 irradiated APCs (0.5 x 100 cells per well) and tested for their IFN-y secretion
as readout of T cell activation. Allogeneic but not syngeneic exosomes induced a potent
IFN-y response, although less vigorous than that obtained with T cells from BALB/c mice
injected with allogeneic B6 spleen cells or transplanted with a B6 skin patch (Fig. 6C).
Therefore, allogeneic exosomes can induce potent direct alloresponses by T cells in vivo.

DISCUSSION

The passenger leukocyte theory from 1957 states that alloantigen presentation after skin
transplantation occurs in a fashion similar to that described after skin infection or injury, in
which cutaneous DCs capture antigens and traffic via lymphatics to regional LNs where they
activate naive T cells. This concept is based on (i) experiments involving the replacement or
depletion of leukocytes from skin grafts (13) and (ii) the observation that Langerhans cells
and other DCs migrate out of skin explants placed in culture (30). At the same time, the role
of lymphatics in allosensitization is supported by the observations of Billingham and Silvers
(31) that skin allografts undergo long-term survival when placed in vascularized but
alymphatic sites (immune-privileged) such as the brain or cheek pouch. Reinforcing this
view, Barker and Billingham (17) and Tilney and Gowans (32) showed that skin allografts
placed on a piece of recipient’s skin, which had been lifted while still connected through
blood vessels (pediculated skin flap), underwent longer survival. Together, these seminal
studies demonstrated the role of graft leukocytes and lymphatic vessels in the initiation of T
cell alloimmunity in skin-grafted rodents. Recent studies by Celli et al. (33) using two-
photon microscopy revealed the rapid disappearance of DCs from skin allografts but did not
reveal their presence in recipient draining LNs. To our knowledge, although many studies
documented the role of graft APCs in T cell allosensitization, their actual presence in the LN

draining skin allografts was never formally proven.

Our study shows the absence of donor leukocytes in the LNs and spleen of mice transplanted
with a fully allogeneic skin allograft. The notion that donor DCs leave skin grafts through
lymphatics right after transplantation and activate recipient T cells is counterintuitive given
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that these vessels are severed during surgery. Reestablishment of lymphatic connections (via
neolymphangiogenesis and inosculation) after skin grafting requires 5 to 7 days (25, 26),
whereas T cell responses are already detectable 2 days after transplantation. However, one
should keep in mind that severed lymphatics in a cutaneous wound remain open for as long
as 48 hours, allowing for material introduced in the wound to pass into the lymphatics
through their gaping ends (34). This is confirmed by our observation that microbeads
injected into the skin graft bed found their way to draining LNs. In 1971, Hall (15)
mentioned that “debris rather than cells are found in the lymph after skin grafting,” an
observation that prefigured our finding. Trafficking conditions for cells are presumably
different at days 5 to 7 after skin grafting, once lymphatic connections have been restored.
At this time, it is conceivable that some donor DCs could migrate out of skin transplants via
lymphatics as suggested by the presence of macrobeads of cellular size in draining LNs at
day 7 after injection (Fig. 2). Yet, we did not detect any donor cells in recipient LNs at day 7
or later after skin transplantation. We surmise that this might be due to their elimination by
the host’s immune system. Anti-donor effector T cells become activated as early as 2 days
after skin grafting (Fig. 1). In further support of this view, Garrod ef al. (35) recently
reported that donor DCs, in a fully mismatched setting, are quickly killed by host natural
killer cells. Therefore, in an MHC-mismatched combination, donor cutaneous DCs may be
eliminated before lymphatic connections are reestablished and consequently never get to
migrate to draining LNs.

Our results do not disprove the original observations made in skin-grafted mice but provide a
novel interpretation of the mechanisms by which T cell allorecognition is triggered.
Although allogeneic MHC molecules are present in the recipient’s LNs, they are not
displayed on donor skin DCs but on vesicles produced by these MHC class II* leukocytes.
We surmise that immediately after skin transplantation, donor vesicles released in the graft
bed leak through open severed ends of the lymphatic vessels and traffic passively to regional
LNs. Thus, these donor vesicles represent the exclusive source of donor MHC for T cell
activation. On the basis of these principles, it is likely that donor MHC cross-dressing of
recipient cells represents the driving force behind initiation of T cell responses, leading to
acute rejection of skin allografts. In our study, donor vesicles were not able to activate
allospecific T cells in vitro on their own. This confirms previous studies showing that allo-
MHC cross-dressed cells but not purified allogeneic exosomes activate T cells in vitro (36,
37). This is apparently not due to lack of costimulation molecules on these vesicles, because
we detected the presence of CD40, CD80, and CD86 on many donor exosomes isolated from
skin-transplanted mice (fig. S3) and therefore cannot rule out their ability to stimulate T
cells in vivo.

The results obtained in heart-transplanted mice differ from those of skin-grafted mice in two
aspects: (i) A few (100 to 200 cells per million) donor leukocytes were detected in the
recipient lymphoid organs, and (ii) most of the cross-dressed cells were found in the spleen
and not in LNs. The overwhelming numbers of donor cells and vesicles in the recipient
spleen presumably reflect their migration through blood rather than through lymphatic
vessels. Unlike skin grafts, heart transplants are vascularized at the time of their placement.
This assertion is corroborated by studies from Larsen and others (24) showing that donor
MHC class IT* cells traffic from heart transplants preferentially to the host spleen. This
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process is believed to occur through reverse transendothelial migration across the vascular
endothelium rather than passage through an LN into efferent lymph. However, the existence
of such reverse leukocyte transmigration through blood vessels has never been established. It
is intriguing that, in contrast to previous reports, the donor leukocytes detected in the spleen
of our recipients of cardiac allografts were mainly lymphocytes instead of DCs. This raises
the possibility that the cells detected in this study were derived from residual donor blood
contained in the heart graft rather than APCs transmigrating from its parenchyma. Because
of their very low frequencies and rapid elimination by the host immune system (35), it is
unlikely that these cells play a critical role in the induction and maintenance of T cell
alloresponses. Conversely, we observed 500 to 1000 times higher frequencies of allo-MHC
cross-dressed cells, which increased markedly over the course of graft rejection. Thus, we
surmise that antigen presentation by allo-MHC cross-dressed cells is the essential pathway
of T cell activation after transplantation.

Here, donor exosomes isolated from activated allogeneic cells did not activate T cells in
vitro on their own. However, we cannot exclude that donor MHC? vesicles produced after
transplantation, which express CD40 and CD80/86 co-stimulation receptors, could activate
recipient T cells in vivo in an inflammatory environment. Additionally, we have not
investigated whether these exosomes could trigger indirect alloresponses by T cells. It is also
noteworthy that we still ignore the origin of a sizable proportion of donor exosomes, which
did not express DC as well as lymphocyte receptors. It is possible that these vesicles were
derived from endothelialor even graft parenchymal cells. Whether or not these vesicles could
influence alloimmunity once donor passenger leukocytes have vanished represents an
important question to be investigated.

Forty years ago, T cells were shown to acquire surface immunoglobulin molecules from B
cells (38) and antigens from macrophages (39). It is now clear that intercellular transfer of
proteins and microRNA occurs regularly through cell-cell contact and via microvesicles,
which are either secreted or exchanged via nanotubes (40). There is a body of evidence
indicating that this process is crucial in the initiation and regulation of immunity to microbes
and tumors (40). The transfer of MHC molecules between hematopoietic cells was first
reported by Frelinger et al. (41). Acquired peptide-MHC complexes can remain on APCs for
as long as 2 days after transfer, providing ample opportunity for T cell activation (42). DCs
that have acquired allogeneic MHC proteins in vitro via cell-cell contact can activate
alloreactive T cells in vitro via a mechanism sometimes referred to as “semi-direct
allorecognition” (28, 43, 44). Recent studies have documented the transfer of MHC class I
and II molecules between recipient and donor DCs after solid organ and bone marrow
transplantation (45—47). Together with our study, this shows that donor MHC cross-dressing
of recipient APCs represents a general phenomenon in transplantation. In addition to its
contribution to acute graft rejection, continuous transfer of donor MHC to recipient
professional APCs via exosomes produced by endothelial and graft parenchymal cells could
be involved in the perpetuation of direct and amplification of indirect alloresponses by T
cells causing chronic graft rejection. On the other hand, exosomes, including microvesicles
isolated from regulatory T cells, have been implicated in the suppression of inflammatory
responses and allograft tolerance (36, 48-50). A better understanding of the mechanisms
underlying donor vesicle production and allo-MHC cross-dressing of APCs after
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transplantation will help us design novel strategies to manipulate immune responses
associated with rejection or tolerance.

MATERIALS AND METHODS
Study design

Mice were purchased from the Jackson Laboratory and maintained at Massachusetts General
Hospital (MGH) animal facilities under specific pathogen—free conditions. All animal care
and handling were performed according to institutional and National Institutes of Health
(NIH) guidelines and were under the approval of the MGH Institutional Animal Care and
Use Committee. All experiments included three to six mice per group and were repeated at
least three times.

Transplantation procedures

Conventional (nonprimarily vascularized) full-thickness skin allografts (1 cm by 1 cm) were
placed on the back of the recipients. Vascularized heterotopic cardiac transplantation was
performed as described elsewhere (7). Transplanted hearts were monitored daily by
palpation through the abdominal wall. Heartbeat intensity was graded on a scale of 0 (no
palpable impulse) to 4 (strong impulse). Rejection was defined by the loss of palpable
cardiac contractions and verified by autopsy and pathological examination.

Before islet transplantation, diabetes was induced in recipient mice with streptozotocin (200
mg/kg, intraperitoneally; Sigma-Aldrich) and was defined as blood glucose levels >300
mg/dl for at least two consecutive days. Donor islets were isolated by collagenase digestion
(Liberase TL, Roche) and then separated by discontinuous Euro-Ficoll gradients (densities:
1.11, 1.096, and 1.066) from the pancreatic digest. Four hundred to 500 islets were
transplanted into the renal sub-capsular space of diabetic recipients. A functioning graft was
defined as a nonfasting blood glucose level of <200 mg/dl, and rejection was diagnosed at a
blood glucose level of >200 mg/dl for at least two consecutive days. Mice were monitored at
least twice per week by measuring blood glucose until the mice were killed. Nephrectomy
was performed to rule out recovery of native islet function in mice that remained
normoglycemic after 100 days.

Imaging flow cytometry

Leukocytes were obtained from recipients’ thymus, spleen, as well as draining LNs
(ipsilateral axillary and brachial LNs for skin grafts and para-aortic for heart transplants) and
nondraining LNs (contralateral inguinal LNs for skin grafts and brachial LNs for heart
transplants) at different time points after skin, heart, or pancreatic islet transplantation. The
cells were labeled with fluorescent antibodies directed against H-2KP (AF6-88.5,
BioLegend), H-2K9 (SF1-1.1, BioLegend), I-AP (AF6-120.1, BioLegend), I-A4 (AMS-32.1,
eBioscience), CD3e (145-2C11, BD Biosciences), CD20 (AISB12, eBioscience), and
CDl11c (N418, BioLegend). Acquisition of cells was performed with the ImageStream
instrument (Amnis, EMD Milipore), using low-speed fluidics, at x40 magnification. Data
analysis was performed using IDEAS 6.1 image processing and statistical analysis software
(Amnis, EMD Millipore). Leukocytes (3 x 107) were analyzed per organ and time point.
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Analysis gates were based on aspect ratio, area, and the root mean square of the rate of
change of the image intensity profile of the bright-field image for each event. With this
strategy, events that corresponded to noncellular events or debris, as well as out-of-focus
images, were gated out of the analysis (less than 3% of acquired events). Subsequent gates
were based on the intensity of the fluorescence associated to each event and its
morphological distribution in the cell.

Preparation of exosomes and in vitro cross-dressing of cells

Twenty-four million mouse BALB/c spleen cells were isolated and cultured for 4 to 5 days
in AIM V medium containing 10% exosome-free fetal calf serum along with CD40 (5
pg/ml) and mouse recombinant IL-4 (5 ug/ml) in the upper compartment of Transwell
culture plates (0.40-um pores) at 37°C and 5% CO,, as described elsewhere (51). The
exosomes that have diffused to the lower compartment of the Transwell plate were purified
and quantified using an exosome isolation kit (ExoQuick-TC, System Biosciences Inc.). The
absence of intact cells in the exosome preparation was ascertained using imaging flow
cytometry. Next, B6 spleen cells (15 x 10° cells/ml) were cultured for 5 days along with
BALB/c-derived exosomes (1.9 x 10%) at 37°C and 5% CO,. Last, the frequency of B6 cells
cross-dressed with allogeneic MHC class I K9 was evaluated using imaging flow cytometry,
as indicated above.

ELISPOT assays

Direct and indirect alloresponses by T cells were measured as previously described (52).
Briefly, 96-well ELISPOT plates (Polyfiltronics) were coated with an anti-cytokine capture
monoclonal antibody in sterile phosphate-buffered saline (PBS) overnight. On the day of the
experiment, the plates were washed twice with sterile PBS, blocked for 1.5 hours with PBS
containing 1% BSA, and then washed three times with sterile PBS. Responder cells or
purified T cells were added to wells previously filled with either intact donor cells (direct
response) or syngeneic APCs together with donor sonicates (indirect response) and cultured
for 24 hours at 37°C and 5% CO,. After washing, biotinylated anti-lymphokine detection
antibodies were added overnight as described elsewhere. The plates were developed using
800 ul of 3-amino-9-ethylcarbazole (Pierce, 10 mg dissolved in 1 ml of dimethyl
formamide) mixed in 24 ml of 0.1 M sodium acetate (pH 5.0) plus 12 ul of H>0,. The
resulting spots were counted and analyzed on a computer-assisted ELISA spot image
analyzer (Cellular Technology Limited).

RT-PCR analyses

KP’-specific RT-PCR analysis was conducted on splenocytes and LNs from B6 mice,
recipient of allogeneic BALB/c skin grafts. Cells were isolated at days 5 and 10 after
transplantation. Positive and negative controls were splenocytes from B6 and BALB/c mice,
respectively. RT-PCR was performed on cDNA derived from 250 ng of individual RNA. The
amplified products were run on agarose gels and transferred on nitrocellulose filters that
were hybridized with a 32P-labeled KP-specific probe lighting up a 191-bp-long fragment.
Controls were BALB/c and B6 cDNA alone and no cDNA (no template). Signal intensities
were corrected according to the amount of template loaded (estimated by RT-PCR
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amplification of the actin genes) (fig. S4). Signal intensities are represented in arbitrary
units.

All statistical analyses were performed using StatView software (Abacus Concepts Inc.). P
values were calculated using ANOVA and paired ¢test. Pvalues <0.05 were considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Kineticsof T cell alloresponses after transplantation of allogeneic skin grafts
(A) C57B1/6 (B6, H-2P) mice received a skin graft from a fully allogeneic BALB/c (H-29) or

a syngeneic B6 mouse. At different time points after transplantation, recipient LN T cells
were isolated and cultured in vitro for 48 hours with donor irradiated spleen cells. (B) B6
mice were transplanted with a skin patch from a BALB/c mouse. Skin allografts were
removed at different time points after transplantation. Recipient LN T cells were isolated at
day 10 after transplantation and cultured for 48 hours with medium or with either allogeneic
(BALB/c) or syngeneic (B6) spleen cells (APCs). In (A) and (B), the frequencies of IFN-y—
producing cells were measured by ELISPOT. The results are expressed as numbers of IFN-y
spots per million T cells £ SD (triplicate wells) isolated from mouse LNs collected and
pooled from three to five mice. The results are representative of three separate experiments.
The P values obtained with analysis of variance (ANOVA) comparing T cell responses after
syngeneic versus allogeneic graft (A) or APCs (B) were P= 0.0005 and P=0.0001.
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Fig. 2. Detection of donor leukocytesin LNs of skin-grafted mice
LN cells (ipsilateral axillary and brachial LNs) from naive B6 and BALB/c mice as well as

B6 mice recipient of a BALB/c skin allograft were collected at different time points after
transplantation. The cells were stained with anti-MHC class I K antibodies and anti-MHC
class I K9 bound to FITC and allophycocyanin, respectively. The presence of recipient (KP*)
and donor (K9*) cells was assessed using flow imaging with low-speed fluidics at x40
magnification. Data analysis was performed using IDEAS 6.1 image processing and
statistical analysis software (Amnis, EMD Millipore). (A) Plots obtained with control
recipient cells, control donor cells, and cells from three different transplanted mice tested at
day 2 after transplantation. The results are representative of eight mice per group tested in
two separate experiments. (B) Representative microscopic analysis of double-positive cells
(KP*/K9+) observed in (A). The bright field represents the actual optical image of the cells
(x40 magnification). The other columns show the fluorescence of cells. (C) Representative
images of double-positive cells (stages 1 to 3) obtained at different time points after
transplantation. Stage 3 corresponds to recipient leukocytes cross-dressed with donor MHC.
(D) Percentages of recipient leukocytes cross-dressed with donor MHC (stage 3) among
double-positive cells found in LNs of skin-grafted mice examined individually at different
time points after transplantation + SEM. The results are representative of six mice tested
individually at each time point. P values using unpaired Student’s test: stage 1: d1.5 versus
d4, P=0.0001; d1.5 versus d7, P=0.0001; d4 versus d7, P=0.0022; stage 2: d1.5 versus
d4, P=0.0001; d1.5 versus d7, P=0.0051; d4 versus d7, P=0.0001; stage 3: d1.5 versus
d4, P=0.1701 [not significant (NS)]; d1.5 versus d7, P=0.0001; d4 versus d7, P=0.0001.
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Fig. 3. Detection of donor mRNA in lymphoid organs of skin-grafted mice and trafficking of
microbeadsinjected in skin grafts
Fluorescent beads of either subcellular size (diameter, 0.5 and 2.2 um) or of cellular size

(diameter, 6 um) were injected into the bed site of syngeneic skin grafts placed in B6 mice.
The presence of beads in draining LNs (ipsilateral axillary and brachial LNs) was evaluated
at different time points after transplantation. (A) Representative plots obtained at 36 hours
after transplantation with beads of either 6-um or 0.5-pm diameter. (B) Distribution of beads
of different diameters observed in LNs of skin-grafted mice at 36 hours or day 7 after
transplantation. The results are representative of six to seven mice tested individually +
SEM. Pvalues using unpaired Student’s ¢test: d1.5 size 0.5 um versus 2.2 um, P=0.0001;
dl1.5 size 0.5 um versus 6 um, P=0.0001; d1.5 size 2.2 um versus 6 um, P=1 (NS); d7 size
0.5 pm versus 2.2 um, P=0.0001; d7 size 0.5 um versus 6 um, P=0.0001; d7 size 2.2 um
versus 6 um, P=0.0026. (C) Left panel: Combinations of 1 x 103 splenocytes from Kb+
(B6) and KP~ (BALB/c) were prepared according to indicated B6-to-BALB/c ratios. RT-
PCR was performed on complementary DNA (cDNA) derived from 250 ng of individual
RNA. The amplified products were run on agarose gels and transferred on nitrocellulose
filters that were hybridized with a 32P-labeled KP-specific probe lighting up a 191-base pair
(bp)-long fragment (arrowheads). Controls were BALB/c and B6 cDNA alone and no cDNA
(no template). Right panel: Quantitative scans of the autoradiograph from the left panel.
Signal intensities were corrected according to the amount of template loaded (estimated by
RT-PCR amplification of the actin genes; not shown). Signal intensities are represented in
arbitrary units (AU). (D) KP-specific RT-PCR analysis was conducted as in (C) on
splenocytes (SPL) and LNs from BALB/c mice, recipient of allogeneic B6 skin grafts. Cells
were isolated at days 5 and 10 after transplantation. Positive and negative controls were
splenocytes from B6 and BALB/c mice, respectively. The three sections presented were on
the same series of gels run under identical conditions.
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Fig. 4. Phenotype of recipient cells cross-dressed with donor MHC after skin transplantation
LN cells (ipsilateral axillary and brachial LNs) from naive B6 and BALB/c mice as well as

B6 mice recipient of a BALB/c skin allograft were collected at different time points after
transplantation. Recipient cells (H-2KP*) cross-dressed with donor MHC class I K9 were
stained with the following fluorochrome-bound antibodies: anti-CD3—Pacific Blue (for T
cells), anti-CD19-PE (phycoerythrin) (for B cells), and anti-CD11c-PECy7 (for DCs). (A)
Representative images of double-positive cells (KP*/K9+) labeled with these antibodies. The
bright field (BF) represents the actual optical image of the cells (x40 magnification). (B)
Frequency of each leukocyte subset among cross-dressed cells. (C) Frequencies of recipient
MHC class I* or class II* cells cross-dressed with either donor MHC class I (KP) or IT (AP)
per million LN cells. The results are representative of five mice per group, tested
individually at each time point. Pvalues using ANOVA: d1.5, recipient MHC II + donor
MHC I versus recipient MHC II + donor MHC 11, P= 0.5546 (NS); d4, recipient MHC II +
donor MHC I versus recipient MHC II + donor MHC 11, P=0.0001; d7, recipient MHC II +
donor MHC I versus recipient MHC II + donor MHC II, P= 0.0001.
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Fig. 5. Phenotypic characterization of donor vesicles present in L Ns of skin-grafted mice
LN cells (ipsilateral axillary and brachial LNs) from B6 mice recipient of a BALB/c skin

allograft were collected at different time points after transplantation. The donor vesicles
were stained with anti-recipient MHC class I (anti-K® bound to FITC), anti-donor MHC
class II (anti—Ad bound to APC), anti-CD19-PE, anti-CD11c-PRCy7, and anti-CD3—Pacific
Blue antibodies. (A) Representative images of cells and donor vesicles present on cross-
dressed cells labeled with these antibodies. The bright field represents the actual optical
image of the cells (x40 magnification). (B) Frequencies of donor vesicles displaying CD19,
CD11C, or CD3 or none of these markers measured at different time points after skin
grafting. The results are representative of five mice tested individually at each time point.
The Pvalues (using ANOVA) were as follows: d1, P=0.0001; d4, P=0.0004; and d7, P=
0.031.
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Fig. 6. Activation of T cells by allogeneic exosomes and cells cross-dressed with allogeneic MHC
(A) Procedure used to generate allogeneic exosomes and cells cross-dressed with allogeneic

MHC molecules. Steps 1 and 2: Exosomes were isolated and quantified (using ExoQuick
kits) from the lower compartments of Transwell plates whose upper compartments contained
B6 spleen cells stimulated for 4 to 5 days with CD40 and interleukin-4 (IL-4). Step 3: To
obtain cross-dressed cells, BALB/c spleen cells (15 x 10° cells/ml) were cultured for 5 days
along with B6-derived exosomes (1.9 x 10%). Step 4: BALB/c cells cross-dressed with
allogeneic H-2 exosomes were isolated using an affinity column composed of beads coated
with anti-KP-PE antibodies. Step 5: The number and purity of cross-dressed cells were
evaluated using imaging flow cytometry. (B) In vitro activation of T cells with exosomes or
cross-dressed cells. BALB/c T cells (5 x 105 cells per well) were cultured with B6
allogeneic exosomes or BALB/c cells cross-dressed with allogeneic (H-2) or control
syngeneic (H-24) MHC (5 x 10° cells per well) for 48 hours. The frequencies of activated T
cells producing IFN-y were measured using ELISPOT. (C) BALB/c mice were injected
intraperitoneally with allogeneic (B6) or syngeneic (self, BALB/c) exosomes (2 x 103 to 2 x
10° vesicles). Fourteen days later, spleen T cells from these mice as well as control naive
mice were collected and stimulated in vitro with irradiated allogeneic B6 APCs for 72 hours.
The frequency of T cells secreting IFN-y was measured using ELISPOT. BALB/c mice
recipient of a B6 skin graft or injected with B6 spleen cells were tested as positive controls.
In (B) and (C), the results are expressed as the number of IFN-y—producing spots per
million T cells + SD obtained from 13 mice tested individually. The P values obtained with
unpaired ¢test comparing T cell responses after syngeneic versus allogeneic exosome
stimulation for (B) and (C) were P=0.0003 and P=0.0029, respectively.
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Table 1
Frequencies of donor leukocytes and recipient cells cross-dressed with donor after skin

transplantation

1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Draining (ipsilateral) and nondraining (contralateral) LN cells (axillary and brachial LNs) and the spleen and
thymus from naive B6 and BALB/c mice as well as B6 mice recipient of a BALB/c skin allograft were

collected at different time points after transplantation. The cells were stained with anti-MHC class I KP

antibodies and anti-MHC class I K4 bound to FITC and allophycocyanin, respectively. The presence of

recipient (KP*) and donor (K9+) cells was assessed using flow imaging with low-speed fluidics at x40

magnification. The frequencies are expressed as the number of donor cells or recipient cells cross-dressed with
allogeneic MHC molecules per million cells collected for each lymphoid organ. The results are representative

of four to six mice tested individually. nd, not determined.

Days after skin grafting DrainingLNs NondrainingLNs  Spleen  Thymus
Number of donor leukocytes (per million cells)
0.5 0 0 0 0
1.5 0 0 0 0
4 0 0 0 0
7 0 0 0 0
15 0 0 0 0
Number of cross-dressed cells (per million cells)
0.5 377 + 141 270 + 46 150 £29 nd
1.5 760 + 74 607 + 18 463 £ 48 330
4 1107 +207 870 40 587 +70 430
7 1653 + 359 710 £ 121 433+ 15 200
15 367 +367 220+ 82 227 + 64 nd
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