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The immune response against transplanted allografts is one of the most potent reactions mounted by the immune system.
The acute rejection response has been attributed to donor dendritic cells (DCs), which migrate to recipient lymphoid
tissues and directly activate alloreactive T cells against donor MHC molecules. Here, using a murine heart transplant
model, we determined that only a small number of donor DCs reach lymphoid tissues and investigated how this limited
population of donor DCs efficiently initiates the alloreactive T cell response that causes acute rejection. In our mouse
model, efficient passage of donor MHC molecules to recipient conventional DCs (cDCs) was dependent on the transfer of
extracellular vesicles (EVs) from donor DCs that migrated from the graft to lymphoid tissues. These EVs shared
characteristics with exosomes and were internalized or remained attached to the recipient cDCs. Recipient cDCs that
acquired exosomes became activated and triggered full activation of alloreactive T cells. Depletion of recipient cDCs after
cardiac transplantation drastically decreased presentation of donor MHC molecules to directly alloreactive T cells and
delayed graft rejection in mice. These findings support a key role for transfer of donor EVs in the generation of allograft-
targeting immune responses and suggest that interrupting this process has potential to dampen the immune response to
allografts.
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Introduction
In the absence of immunosuppression, the strong adaptive 
immune response against organ allografts is the main impedi-
ment to successful transplantation. The potency of the adaptive 
immune response to alloantigens on the graft is attributed to 
migration of donor-derived professional antigen-presenting cells 
(APCs) as dendritic cells (DCs) to the recipient lymphoid tissues, 
where the donor APCs trigger the activation of directly allospecific 
T cells against donor MHC molecules (1, 2). Nevertheless, the idea 
that donor leukocytes migrated from transplanted organs pres-
ent by themselves intact MHC molecules to directly alloreactive 
T cells in situ in graft-draining lymphoid tissues has been ques-
tioned in recent years (3–7). There is indirect evidence in murine 
models that donor DCs mobilized from organ allografts home in 
recipient lymphoid tissues in relatively low numbers (2), are short-
lived because they are targets for recipient NK cells and cytotoxic 
T lymphocytes (8–10), and do not interact efficiently with directly 
alloreactive T cells (11). Nevertheless, the donor DCs mobilized 
from mouse heart allografts to lymphoid tissues of naive recipi-
ents, even at what seems to be extremely low DC/T cell ratios, are 
able to elicit the potent antidonor response that acutely rejects the 
graft (2). By contrast, the allostimulatory ability of fully mature 
DCs is barely detectable in mixed leukocyte cultures below an 
APC/T cell ratio of 1:100 (12). These apparently contradictory 
findings have raised the question of how, in some transplanta-

tion models, the limited number of graft-derived DCs that home 
in graft-draining lymphoid tissues activates so efficiently directly 
allospecific T cells. This is particularly intriguing in nonsensitized 
recipients, where naive T cells against alloantigens are present in 
relatively lower percentages and have a higher activation thresh-
old than the allo- or cross-reactive memory T cells found in pre-
sensitized recipients.

Here, we demonstrated that the relatively few donor DCs 
mobilized from heart allografts to lymphoid tissues of naive recip-
ients amplify their ability to stimulate directly alloreactive T cells 
by transferring clusters of extracellular vesicles (EVs), with char-
acteristics of exosomes and bearing functional donor MHC mol-
ecules and APC-activating signals, to a higher number of recipient 
conventional DCs (cDCs). Exosomes are 70- to 120-nm EVs origi-
nated in the endocytic compartment of living cells, which have 
been shown to transfer proteins and RNAs between cells (13–16). 
We found that after cardiac transplantation, the donor-derived 
exosomes remain attached to or are internalized by recipient 
cDCs in graft-draining lymphoid tissues, but they did not fuse with 
the plasma membrane of the acceptor APCs. Uptake of donor-
derived exosomes, unlike interaction with other types of donor 
EVs, enhanced the ability of the acceptor (recipient) DCs to stimu-
late allospecific T cells. In accordance with the finding that recipi-
ent DCs present donor MHC molecules acquired through EVs to 
directly alloreactive T cells, depletion of recipient DCs abrogated 
activation of directly alloreactive T cells, and delayed allograft 
rejection. Our findings define a new role for exosome transfer, as a 
mechanism of spreading donor MHC molecules and APC-activat-
ing signals from a limited number of graft-derived migrating DCs 

The immune response against transplanted allografts is one of the most potent reactions mounted by the immune system. 
The acute rejection response has been attributed to donor dendritic cells (DCs), which migrate to recipient lymphoid tissues 
and directly activate alloreactive T cells against donor MHC molecules. Here, using a murine heart transplant model, we 
determined that only a small number of donor DCs reach lymphoid tissues and investigated how this limited population 
of donor DCs efficiently initiates the alloreactive T cell response that causes acute rejection. In our mouse model, efficient 
passage of donor MHC molecules to recipient conventional DCs (cDCs) was dependent on the transfer of extracellular vesicles 
(EVs) from donor DCs that migrated from the graft to lymphoid tissues. These EVs shared characteristics with exosomes and 
were internalized or remained attached to the recipient cDCs. Recipient cDCs that acquired exosomes became activated and 
triggered full activation of alloreactive T cells. Depletion of recipient cDCs after cardiac transplantation drastically decreased 
presentation of donor MHC molecules to directly alloreactive T cells and delayed graft rejection in mice. These findings 
support a key role for transfer of donor EVs in the generation of allograft-targeting immune responses and suggest that 
interrupting this process has potential to dampen the immune response to allografts.

Donor dendritic cell–derived exosomes promote 
allograft-targeting immune response
Quan Liu,1,2 Darling M. Rojas-Canales,1 Sherrie J. Divito,1 William J. Shufesky,1 Donna Beer Stolz,3 Geza Erdos,4  
Mara L.G. Sullivan,3 Gregory A. Gibson,3 Simon C. Watkins,3 Adriana T. Larregina,4,5,6 and Adrian E. Morelli1,5

1T.E. Starzl Transplantation Institute, Department of Surgery, University of Pittsburgh, Pittsburgh, Pennsylvania, USA. 2Department of Cardiovascular Surgery, The Second Affiliated Hospital  

of Harbin Medical University, Harbin, Heilongjiang Province, China. 3Department of Cell Biology, 4Department of Dermatology, 5Department of Immunology, and 6McGowan Institute  

for Regenerative Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania, USA.

Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: September 10, 2015; Accepted: May 4, 2016.
Reference information: J Clin Invest. 2016;126(8):2805–2820. doi:10.1172/JCI84577.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 8 0 6 jci.org   Volume 126   Number 8   August 2016

of how such mechanisms operate in situ will open new venues for 
development of therapies to treat transplant rejection.

Results
Donor leukocytes from transplanted hearts home in low numbers 
in lymphoid tissues. It is assumed that donor DCs migrated from 
allografts sensitize directly alloreactive T cells in lymphoid organs 
(1, 2). However, we found that after heterotopic (abdomen) trans-
plantation of fully mismatched BALB/c (H2d, CD45.2) hearts in 
C57BL/6 (B6; H2b, CD45.1) mice, donor DCs were difficult to 
detect by microscopy and undetectable by flow cytometry in the 
spleen (Figure 1A). When quantified by PCR, a maximum of 1,127 

to a higher number of recipient APCs in graft-draining lymphoid 
tissues. They also unveil at the ultrastructural level and in vivo the 
mechanism of cross-dressing of recipient cDCs with donor MHC 
molecules after transplantation and the primary role that this 
pathway has in allograft rejection.

EVs, including exosomes, are emerging as potential biomarkers 
and therapeutic agents in transplantation medicine (17). Although 
increasing evidence suggests that EVs may have relevant biological 
functions, the information in vivo is still very limited (18). Our results 
reveal in vivo a rather unexpected role for donor-derived exosomes 
in the pathophysiology of transplant rejection, and provide an expla-
nation for the potency of alloimmunity. A deeper understanding 

Figure 1. Transfer of donor MHC antigen in graft-draining lymphoid organs. (A) Migrating donor (BALB/c) DCs (IAd+) in T cell areas of the recipient (B6, 
H2b) spleen (arrows, insets). Confocal microscopy, original magnification, ×200. BALB/c cDCs (CD45.2+CD45.1–CD11c+) homed in the recipient (B6) spleen 
were undetectable by flow cytometry. Numbers indicate percentages of cells in the corresponding quadrant. Dot plots are representative of 1 untreated 
or recipient mouse of 3 per time point. (B) Quantities of donor cells mobilized from BALB/c heart grafts to the recipient (B6) spleens estimated by 
genomic PCR. Mean ± SD, 3 mice per variable. ND, not detected. (C) A donor DC (IAd hi, arrow) in the recipient spleen next to DCs expressing IAd dim or the IAb 
(B6)–IEα52–68 (BALB/c) complex (arrowheads, detected with the Yae Ab) that likely corresponded to recipient DCs that acquired donor IAd or donor IEα52–68 
peptide, respectively. Confocal microscopy, original magnification, ×200. (D) FACS analysis of numbers of recipient (B6) splenic APCs with donor H2Kd or IAd 
molecules at successive PODs after transplantation of BALB/c hearts. Mean ± SD, 3 mice per variable. P values were generated by 1-way ANOVA followed 
by Tukey-Kramer multiple comparisons test.
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analysis (Figure 1, C and D). Surprisingly, FACS analysis revealed 
that the quantity of recipient splenic APCs carrying donor MHC 
was approximately 100-fold higher than the number of donor DCs 
homed to the spleen (Figure 1, B and D, and Supplemental Figure 
2). Donor MHC molecules were found mainly on recipient cDCs 
(Figure 1D). Thus, after transplantation of fully mismatched car-
diac grafts, donor DCs were detected in limited numbers in drain-
ing lymphoid tissues, whereas a higher number of recipient cDCs 
carried donor MHC molecules on the cell surface.

Graft DCs transfer EVs with functional MHC antigens to recipient 
APCs in lymphoid tissues. Next, we investigated the mechanism(s) 

± 372 donor cells was detected in the spleen on postoperative day 
(POD) 1 (Figure 1B). In the retroperitoneal and mediastinal lymph 
nodes of the recipients, donor DCs were also difficult to detect by 
microscopy, and were undetectable by quantitative genomic PCR 
(detection limit of 1 BALB/c cell in 106 B6 cells), during the first 7 
PODs (Supplemental Figure 1, A–C; supplemental material avail-
able online with this article; doi:10.1172/JCI84577DS1). There-
fore, we postulated that the donor leukocytes that reach the graft-
draining lymphoid tissues must transfer via cross-dressing donor 
MHC to a high number of recipient APCs. Indeed, we detected 
donor MHC on recipient splenic cDCs by microscopy and FACS 

Figure 2. Recipient cDCs acquire donor MHC molecules through EVs. (A) FACS sorting of recipient (B6) cDCs bearing donor H2Kd, analyzed 3 days after 
transplantation of BALB/c hearts. (B) Transmission EM (TEM) image of a recipient cDC, sorted in R1 of A, showing EVs carrying donor H2Dd and IAd. The 
area in the small rectangle is shown at higher magnification on the right. Recipient cDCs did not express donor (BALB/c) MHC directly on the surface — a 
section of the plasma membrane is shown at higher magnification below, original magnification, ×2,500–×10,000. One image representative of 60 cells 
analyzed with gold-labeled EVs attached. Dot plot: size of EVs attached to recipient cDCs. (C) Recipient cDC, FACS-sorted in R1 of A, and labeled with 
biotin-irrelevant Ab, as a control. Bars: number of 5-nm gold-positive EVs on recipient cDCs, FACS-sorted in R1 of A, and labeled with biotin-H2Dd-IAd or 
control biotin-irrelevant Abs. (D) Cluster of EVs, attached to a recipient (B6) cDC, FACS-sorted in R1 of A, expressing donor H2Dd and IAd, and CD9 or CD63. 
One image representative of 50 cells analyzed with gold-labeled EVs attached.
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and acceptor B6 cDCs (Figure 4A). Preparations of FACS-sorted 
cDCs demonstrated that acquisition of BALB/c MHC by B6 cDCs 
in vitro occurred through CD9+CD63+ EVs 74.7 ± 38.2 nm in diam-
eter (Figure 4, A and B). Release of similar donor (BALB/c) EVs 
into the gap between BALB/c and B6 cDCs was detected in pel-
lets of cDC cocultures (Supplemental Figure 3). The average size 
of the EVs transferred from the BALB/c DCs was similar to that 
of intraluminal vesicles located in MVBs of BALB/c DCs (Supple-
mental Figure 4). The transferred EVs remained attached to or 
were internalized by the target cDCs, but did not fuse with the cell 
membrane of acceptor cDCs (Figure 4, A and C). Mature BALB/c 
cDCs transferred more H2Kd and IAd than freshly isolated cDCs, 
and donor MHC passage was detectable up to a ratio of 1 donor 
to 32 acceptor cDCs (Figure 5A). BALB/c cDCs failed to transfer 
MHC when separated from B6 cDCs by 0.4-μm-pore transwells 
(Figure 5B), which confirms that MHC transfer occurred via EV 
clusters that, because of their hydrodynamic size (i.e., Stokes radi-
us), did not cross the filter pores. Thus, in the context of a passive 
Brownian-like diffusion, EV clustering might play a key role in the 
lack of migration of the vesicles through a 0.4-μm pore.

B6 cDCs that acquired BALB/c EVs in cDC cocultures acti-
vated directly alloreactive 2C T cells (Supplemental Figure 5). 
Controls demonstrated that 2C T cell stimulation was not due to 
carryover of BALB/c cDCs to the FACS-sorted B6 cDCs cross-
dressed with BALB/c EVs (Supplemental Figure 5). The fact that 
the same B6 cDCs also primed 1H3.1 CD4 T cells specific for the 
BALB/c–derived IEα52–68 peptide presented by (B6) IAb (Supple-

by which recipient cDCs acquire donor MHC molecules in graft-
draining lymphoid tissues using B6 (CD45.1) mice with trans-
planted BALB/c (CD45.2) hearts. On POD 3, recipient splenic 
cDCs (CD45.1hiCD45.2–CD11chi cells) (Supplemental Figure 2) 
bearing donor H2Kd were FACS-sorted, and examined by elec-
tron microscopy (EM) (Figure 2A). We found that donor MHC was 
transferred via EVs attached to recipient cDCs (Figure 2B). The 
EVs were 75.7 ± 32.1 nm in diameter and positive for the exosome-
associated tetraspanins CD9 and CD63 (Figure 2, B–D). Exo-
somes are EVs of endocytic origin released by fusion of multive-
sicular bodies (MVBs) with the cell membrane (13–16). We did not 
find donor-derived EVs fusing with recipient cDCs, or donor MHC 
molecules expressed directly on the recipient cDC surface (Figure 
2B). The donor-derived EVs did not incorporate into the plasma 
membrane of the acceptor (B6) cDCs, but remained attached to 
it, partially preserving its vesicular structure. Importantly, the lack 
of expression as an integral membrane protein of donor H2Dd and 
IAd molecules on the surface of those cDCs cross-dressed with the 
EVs confirmed the recipient (B6) origin of the acceptor cDCs (Fig-
ure 2B). FACS-sorted recipient (B6) splenic cDCs carrying donor 
(BALB/c) MHC activated naive 2C CD8 T cells, which are directly 
alloreactive to BALB/c H2Ld (Figure 3, A–C). Thus, recipient cDCs 
cross-dressed in vivo with EVs carrying donor MHC molecules can 
prime directly alloreactive CD8 T cells.

To gain further insight into the MHC antigen cross-dressing 
process, we investigated the mechanism of MHC transfer between 
cDCs through EVs in cocultures of BALB/c cDCs (CFSE-labeled) 

Figure 3. Recipient cDCs that acquire intact donor MHC molecules in vivo promote T cell immunity. (A) Recipient cDCs carrying donor MHC (FACS-sorted 
in R1 of Figure 2A) triggered proliferation of 2C CD8 T cells against BALB/c H2Ld. (B and C) Expression of T cell activation/effector markers (B) and cytokine 
secretion (C) of 2C T cells following stimulation by recipient (B6) splenic cDCs carrying donor MHC (FACS-sorted in R1 of Figure 2A), or by control cDCs. 
Numbers in dot plots indicate percentages of cells in the corresponding quadrants. IL-5 and IL-17A were undetectable by ELISA. In A–C, 1 representative of 
4 experiments is shown. P values were generated by 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.
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ing red fluorescent protein (RFP) linked to the exosome-associ-
ated tetraspanin CD63 (CD63-RFP BMDCs) (Supplemental Fig-
ure 9), and with the nuclei labeled blue (Hoechst), were injected 
in the footpad or tail vein of CD11c–yellow fluorescent protein 
(CD11c-YFP) B6 mice. After 16 hours, the popliteal lymph nodes 
and spleen were analyzed by confocal microscopy. Although 
individual exosomes range in size between 30 and 100 nm and 
therefore are below the resolution limit of conventional confo-
cal microscopy, we have demonstrated that exosomes are trans-
ferred between DCs in clusters (Figure 2B) that are detectable by 
our imaging system. In lymph nodes (Figure 6, A–C, and Supple-
mental Videos 1–3) and spleen (Figure 6, D and E, and Supple-
mental Videos 4 and 5), CD63-RFP BMDCs transferred RFP+ EVs 
to lymphoid tissue YFP+ cDCs. The RFP+ EVs were retained on the 
surface of YFP+ cDCs up to a follow-up period of 4 hours (Supple-
mental Video 6), or were internalized (Figure 6, B–E, and Sup-
plemental Videos 3, 5, and 7). By contrast, we detected minimal 

mental Figure 6) supports our finding by EM that donor EVs are 
also internalized by recipient APCs for alloantigen processing for 
indirect presentation to T cells (Figure 4C).

To identify the type(s) of EVs that transfer MHC, cocultures 
of BALB/c and B6 DCs were done using donor (BALB/c) DCs pre-
treated with Rab27a siRNA to inhibit exosome release (19), or in 
the presence of imipramine or DEVD, which decrease release of 
microvesicles (MVs) or apoptotic EVs, respectively (20–22) (Supple-
mental Figures 7 and 8). Transfer of IAd from BALB/c to B6 cDCs 
was reduced only by treatment of donor DCs with Rab27a siRNA 
(Figure 5C), which indicates that in our model, exosomes play a key 
role in the transfer of donor MHC antigens to recipient APCs.

Graft DCs transfer EVs to recipient APCs upon arrival in graft-
draining lymphoid tissues. Our findings suggest that donor leuko-
cytes from the graft must first home to the lymphoid tissue, and 
then transfer EVs carrying donor MHC to recipient APCs. To test 
this idea, BALB/c bone marrow–derived DCs (BMDCs) express-

Figure 4. Passage of MHC molecules via transfer of exosomes between DCs in vitro. (A) Passage of IAd from CFSE-labeled BALB/c cDCs to B6 cDCs in vitro 
(analyzed by FACS). Images of cDCs, FACS-sorted in R1, showing (BALB/c) H2Dd and IAd transferred to (B6) cDCs through EVs expressing CD9 and CD63. 
R2: BALB/c (donor) cDCs releasing exosomes bearing H2Dd and IAd (rectangle). R3: Recipient cDCs do not express donor MHC on their surface. Results are 
representative of 3 experiments. Transmission EM, original magnification, ×20,000–×60,000. Images are representative cells from 4 independent experi-
ments. (B) Size of EVs bearing BALB/c H2Dd and IAd, and attached to B6 cDCs. (C) Images of EVs expressing BALB/c H2Dd and IAd, and CD9, which have 
been internalized by (B6) cDCs. Recipient cDCs were FACS-sorted in R1 (A), then labeled with biotin-H2Kd and -IAd Abs plus CD9 Ab, followed by gold- 
conjugated secondary reagents, and then maintained at 37°C (30 minutes) to promote internalization of the EVs. Original magnification, ×20,000–
×80,000. A representative single cell from 1 of 2 independent experiments is shown.
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Figure 5. Efficiency of transfer of intact MHC molecules via exosomes between DCs. (A) Transfer efficiency of H2Kd and IAd from BALB/c to B6 cDCs (ana-
lyzed by FACS). Mean ± SD. One representative experiment of 2. (B) Percentages of B6 cDCs that acquired H2Kd and IAd from BALB/c cDCs following culture 
with BALB/c cDCs together, or separated by 0.4-μm-pore transwells (analyzed by FACS). Results are representative of 4 experiments. Numbers in dot 
plots indicate percentages of cells in the corresponding quadrant. (C) Effect of imipramine or DEVD added to the culture medium, or pretreatment of donor 
BALB/c DCs with Rab27a siRNA, on transfer of IAd from BALB/c DCs to B6 cDCs in vitro (analyzed by FACS). Results from 1 representative of 4 independent 
experiments are shown. P values were generated by 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.
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transfer of RFP to YFP+ cDCs after injection of control BALB/c 
BMDCs expressing cytosolic RFP (Supplemental Video 8), which 
should be able to transfer MVs or apoptotic blebs containing cyto-
solic RFP within the EVs. These results indicate that migrating 
DCs transfer clusters of exosomes to cDCs in lymphoid organs in 
vivo, and that such EVs remain attached to the cell surface or are 
internalized by the acceptor DCs.

Acquisition of EVs released by graft migrating DCs promotes recip-
ient APC activation. We found that recipient splenic cDCs upregu-
late activation markers after transplantation of BALB/c hearts in 
B6 mice (Figure 7A). Therefore, we investigated whether passage 
of EVs promotes DC activation. Following injection of CD63-RFP 
BALB/c BMDCs in CD11c-YFP B6 mice, those splenic cDCs that 
acquired RFP-tagged exosomes expressed higher amounts of 
endogenous MHC class II (IAb), CD40, CD80, and CD86, but sim-
ilar levels of the regulatory molecule PD-L1, in comparison with 
splenic cDCs without RFP (Figure 7B). We investigated whether 
this phenomenon was due to preferential uptake of the exosomes 
by already mature cDCs, or to exosome-induced maturation of 

immature or semimature cDCs. The effect(s) of exosomes on 
DC maturation was analyzed in vitro by incubation of immature 
B6 BMDCs with exosomes or cell surface–shed MVs — the latter 
as a control EV, released by BALB/c immature or mature BMDCs 
(Figure 8, A and B). We selected surface expression of endogenous 
MHC class II (IAb) as a marker of B6 BMDC maturation, because 
other commonly used markers of DC activation such as CD86 can 
be transferred to the acceptor DCs through the BALB/c exosomes 
(Figure 8, B and C). Incubation with mature BALB/c exosomes 
augmented, in a dose-dependent manner, surface expression of 
IAb molecules on B6 BMDCs (Figure 8D). Addition of immature 
BALB/c exosomes or MVs released by BALB/c mature BMDCs 
had little or no effect (Figure 8D). The increase of surface IAb con-
tent on B6 BMDCs required exposure to intact exosomes, since 
the effect disappeared when the EVs were disrupted by repetitive 
freezing and thawing (Figure 8D). Mature BALB/c exosomes also 
augmented, in a dose-dependent manner, expression of CD40, 
CD80, and CD86 (but not PD-L1) (Figure 9A), and the ability to 
stimulate third-party naive T cells in acceptor B6 BMDCs (Figure 

Figure 6. Recipient cDCs acquire clusters of donor-
derived exosomes in vivo. (A) Time-lapse analysis 
(confocal) of transfer of RFP-tagged exosome 
clusters from a migrating CD63-RFP BALB/c DC 
(blue nucleus + RFP-exosomes) to a lymph node 
cDC (YFP+, in green). Scale bar: 1 μm. (B) Side view 
of A. The arrow indicates internalized RFP-tagged 
EVs. (C) Left: 3D panoramic view (confocal) of a 
lymph node of a CD11c-YFP B6 mouse injected 
with CD63-RFP BALB/c DCs. Right: RFP-exosome 
clusters in relationship to host YFP+ cDCs, on the 
same image analyzed with Imaris X64. Red dots: 
RFP-exosomes on YFP+ B6 cDCs. Yellow dots: RFP-
exosomes internalized by YFP+ B6 cDCs. Blue dots: 
RFP-exosomes in CD63-RFP BALB/c DCs, free or 
captured by YFP– cells. (D) 3D view (multiphoton) of 
the spleen of a CD11c-YFP B6 mouse injected i.v. with 
CD63-RFP BALB/c DCs. Arrow: interaction between 
injected CD63-RFP BALB/c DCs and host YFP+ 
cDCs. Scale bar: 15 μm. (E) Analysis (Imaris X64) of 
transfer (arrows) of RFP-exosome clusters from a 
CD63-RFP BALB/c DC to host YFP+ cDCs (in green) 
in the spleen. In A–E, results are representative of 4 
independent experiments.
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ras (Figure 10B). In both cases, the few donor DCs detected were 
located within or next to splenic T cell areas (Figure 10C). Thus, 
the method used for depletion of recipient cDCs did not interfere 
with the ability of graft-derived cDCs to migrate to the spleen or 
to home to T cell areas.

BALB/c hearts transplanted in DC-depleted CD11c-DTR-B6 
chimeras exhibited less damage and inflammation than BALB/c 
grafts from controls (Supplemental Figure 10). As expected, the 
frequency of T cells against donor peptides presented by recipi-
ent cDCs (Figure 10D) and the titer of anti-donor antibodies (Abs) 
in serum (Figure 10E) (both dependent on recipient APCs) were 
similar to those in naive animals. Importantly, splenic T cells from 
cDC-depleted recipients did not respond against donor intact 
MHC molecules (Figure 10D), which indicates that recipient 
cDCs were necessary for sensitization of directly alloreactive T 
cells. The results were not due to DT-induced depletion of CD11c+ 
T cells (Supplemental Figure 11) or splenic CD11c+ macrophages 
(Supplemental Figure 12).

Transfer of donor MHC molecules in an orthotopic transplant 
model. We investigated whether transfer of donor MHC molecules 
through passage of exosome clusters also occurs in an orthotopic 

9B). These results indicate that exosomes released by mature DCs 
promote the maturation of acceptor DCs.

Recipient cDCs present acquired donor MHC molecules to direct-
ly alloreactive T cells. Since cDCs acquire donor MHC through 
EVs, we evaluated the role of recipient cDCs in priming directly 
alloreactive T cells. BALB/c hearts were transplanted in CD11c–
diphtheria toxin receptor (CD11c-DTR) B6 BM chimeras, where 
DT injection depletes recipient cDCs. Control CD11c-DTR-B6 
chimeras not exposed to DT rejected BALB/c heart grafts as 
rapidly as WT B6 recipients (Figure 10A). In contrast, survival 
of BALB/c cardiac grafts was significantly prolonged in CD11c-
DTR-B6 BM chimeras depleted of recipient cDCs by DT injec-
tion (Figure 10A). This was not due to nonspecific effects of DT, 
since control DT-injected WT B6 BM chimeras rejected BALB/c 
hearts (Figure 10A) as rapidly as untreated WT B6 recipients (not 
shown). The increased survival of the BALB/c grafts in DT-treated  
CD11c-DTR-B6 BM chimeras was not due to impaired homing of 
donor DCs to spleens depleted of recipient cDCs. Indeed, simi-
lar numbers of donor migrating DCs (CD11c+IAd hi) were detected 
by microscopy on PODs 1 and 3 in spleens of DT-treated CD11c-
DTR-B6 BM chimeras and control DT-injected WT B6 BM chime-

Figure 7. Transfer of exosomes promotes cDC maturation in the spleen. (A) Recipient MHC class II (B6, IAb) and CD86 expression by cDCs and plasmacytoid 
DCs (pDCs) from spleens of CD45.1 B6 mice transplanted with CD45.2 BALB/c hearts, analyzed by FACS on successive PODs. Results are representative of 
3 mice per variable. (B) Effect of transfer of RFP-tagged exosomes between migrating CD63-RFP BALB/c BMDCs injected i.v. and spleen-resident cDCs of 
CD11c-YFP B6 mice. Numbers in dot plots indicate percentages of cells in the corresponding quadrants. CD63-RFP BALB/c BMDCs were matured by overnight 
incubation with IL-1β plus TNF-α. Comparison by FACS analysis of expression of endogenous (B6) MHC class II (IAb), CD40, CD80, CD86, and PD-L1 between 
YFP+ cDCs without and with RFP+ content, analyzed 16 hours after BMDC injection. Results are from representative experiments with 4 mice per group.
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Discussion
After organ transplantation, donor 
cDCs migrate to the recipient lym-
phoid tissues and prime directly 
alloreactive T cells (1, 2). However, 
we found that after heterotopic 
(abdomen) cardiac transplantation 
in mice, donor DCs are detected 
in the spleen and graft-draining 
lymph nodes in low numbers, likely 
because, as shown before, they 
have short lifespan and are targets 
of NK cells and cytotoxic T cells 
(8–11). Besides, the transplanted 
heart contains a limited number 
of tissue-resident DCs — ranging 
between 11 × 104 and 44 × 104 per 
heart (24) — from which a reduced 
percentage home in recipient lym-
phoid tissues. Indeed, we found 
that, at its peak, only 1,127 ± 372 
donor cells (mostly migrating DCs) 
reach the recipient spleen. This 
figure represents the average num-
ber of donor leukocytes at a given 
time, since donor leukocytes are 
constantly arriving and becoming 
apoptotic within the spleen. Beyond 
this potential caveat, and consider-
ing that the mouse spleen harbors 
approximately 20 × 106 T cells 
(Mouse Phenome Database, http://
phenome.jax.org, 2006), the ratio 
between donor migrating DCs and 
recipient T cells is approximately 
1:20,000. Although mature DCs 

are potent APCs, their allostimulatory ability is barely detectable 
in mixed leukocyte cultures below a DC/T cell ratio of 1:100 (12). 
It is unlikely that these differences could be explained only by the 
3D structure of the lymphoid tissue or mobility of naive T cells in 
vivo. Therefore, we investigated in this model the mechanism(s) by 
which the relatively few donor passenger DCs that reach the graft-
draining lymphoid tissues prime so efficiently directly alloreac-
tive T cells. We first noticed that although graft-derived DCs were 
detected at very low numbers in draining lymphoid tissues, most of 
the donor MHC molecules were found on clusters of EVs bound to 
recipient cDCs. Similar results were found in a fully mismatched 
orthotopic nonvascularized skin transplant model in mice.

Next, we investigated the origin of the EV-associated donor 
MHC molecules bound to the recipient cDCs in the draining 
lymphoid tissues. A possible explanation is that the graft sheds 
soluble MHC molecules into circulation, which are trapped by 
secondary lymphoid tissues. Interestingly, since its description 
in the 1980s (25, 26), soluble MHC molecules were shown to be 
associated with membrane fragments, which later were charac-
terized as EVs (27). It is still uncertain whether systemic release 
of MHC molecules — likely through EVs — by parenchymal and 

transplant model of skin allografts. Following bilateral trans-
plantation of BALB/c (H2d, CD45.2) skin on the back of B6 (H2b, 
CD45.1) mice, we were unable to detect by FACS donor migrat-
ing cDCs in the recipient spleen (Figure 11A) and graft-draining 
lymph nodes (i.e., axillary and inguinal). This agrees with previ-
ous studies done in fully mismatched skin transplant models in 
mice (8, 23). During the first week after transplantation, however, 
a percentage of the recipient splenic cDCs acquired donor MHC 
class I (H2Kd + H2Dd) and class II (IAd) molecules (Figure 11, A 
and B). Both CD8α+ and CD8α– cDCs were cross-dressed with 
donor MHC molecules (Figure 11A). The content of donor MHC 
antigen per DC and the percentages of recipient cDCs bearing 
donor MHC molecules increased along with time after surgery 
(Figure 11B). Passage of donor MHC molecules to recipient cDCs 
was not detected in controls grafted with syngeneic skin (Figure 
11B). By ImageStream technology (EMD Millipore), the donor 
H2Kd/H2Dd and IAd molecules were detected in spots on the 
recipient cDCs (Figure 11C). The punctate areas containing donor 
MHC molecules coexpressed the exosome marker CD63 (Figure 
11C), which indicates they represent clusters of donor-derived 
exosomes bound to the recipient cDCs.

Figure 8. Effect of different EVs released by DCs on DC maturation. (A) EM analysis of MVs and exosomes 
secreted by BALB/c BMDCs matured by incubation with IL-1β and TNF-α. Original magnification, ×20,000. (B) 
Western blot analysis of the endoplasmic reticulum protein gp96 (control), the exosome-associated protein 
CD81, and the DC activation/maturation marker CD86 on different EVs released by BALB/c BMDCs. One repre-
sentative Western blot of 2 is shown. (C) Detection of donor (BALB/c) MHC molecules (H2Dd-IAd) and CD86 on 
exosomes (arrow) from BALB/c mature BMDCs transferred to an acceptor B6 BMDC (asterisk). Transmission 
EM, original magnification, ×20,000. (D) Expression of endogenous MHC class II (IAb) (analyzed by FACS) on the 
surface of B6 BMDCs untreated or incubated with MVs or exosomes from BALB/c BMDCs. As a negative control, 
exosomes were added after 5 freeze/thaw cycles (F/T). Results are from 1 representative experiment of 3.  
P values were generated by 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.
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A second possibility is that recipient monocyte-derived DCs 
(CD11cintCD11bhiLy6C+) infiltrating the grafts take up donor MHC 
molecules and then migrate to lymphoid tissues to prime directly allo-
reactive T cells, or transfer donor MHC to recipient cDCs. This seems 
unlikely, since donor MHC was detected on cDCs (CD11chiCD11bint 

Ly6C–), instead of monocyte-derived DCs in the spleen.
A third possibility is the one described in this study, in which 

donor migrating DCs first reach the recipient lymphoid tissues 
and then transfer EVs carrying donor MHC and APC-activating 
signals to a higher number of recipient cDCs (28).

Previous studies have shown that leukocytes transfer MHC 
via mechanisms that have been termed cross-dressing (29, 30), 
trogocytosis (31), or cell nibbling (32), depending on the model 
and type of cell involved. In the transplantation field, Lechler 
and colleagues originally described cross-dressing of DCs with 
allogeneic MHC molecules as the basis of what they termed the 
semidirect pathway of allorecognition (33). Since then, others 
have detected in mouse models the presence of donor MHC mol-
ecules on recipient APCs after heart and kidney transplantation, 
and even the reversed passage of host MHC molecules to donor 

nonmigrating stromal cells of cardiac allografts is sufficient to 
prime directly allospecific T cells in graft-draining lymphoid 
organs. Interestingly, in the fully mismatched nonvascularized 
skin transplant model, we detected recipient cDCs carrying 
donor MHC molecules together with the exosome marker CD63 
on the cell surface, but, unlike in the heart transplant model, we 
did not find donor DCs in the graft-draining lymphoid tissues. 
This finding opens the following 2 possibilities in the skin trans-
plant model: (a) that donor exosomes are released within the 
graft-draining lymphoid tissue by donor migrating DCs that die 
rapidly after their arrival; or (b) that donor exosomes are released 
systemically by nonmigrating cells of the graft, or by donor DCs 
before leaving or trapped within the allograft. A potential prob-
lem with this latter idea is that once released systemically, the 
EVs passively traffic through the bloodstream and other bodily 
fluids, where they become dispersed, and from where they are 
rapidly captured for degradation by macrophages throughout 
the body (15). Actually, systemic dilution and rapid clearance of 
circulating EVs by phagocytes are drawbacks for the therapeutic 
application of systemically administered EVs (15).

Figure 9. Transfer of exosomes released by mature DCs promotes maturation of the acceptor DCs. (A) Expression of endogenous MHC class II (IAb), CD40, 
CD80, CD86, and PD-L1 (by FACS) on B6 BMDCs untreated or incubated with MVs or exosomes from BALB/c mature BMDCs. One representative of 3 experi-
ments is shown. (B) Ability of B6 BMDCs, untreated or exposed to MVs or exosomes from mature BALB/c BMDCs, to promote proliferation of naive (third-
party) C3H T cells in CFSE–mixed leukocyte cultures analyzed by FACS. Numbers in dot plots indicate percentages of cells in the corresponding quadrants. 
In A and B, 1 representative experiment of 4 is shown.
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Figure 10. Recipient cDCs present donor MHC molecules to directly alloreactive T cells after heart transplantation. (A) Survival of BALB/c cardiac grafts 
in CD11c-DTR-B6 BM chimeras depleted of recipient cDCs. Recipient numbers are in parentheses. (B) Quantification by immunofluorescence microscopy of 
donor (BALB/c) cDCs (CD11c+IAd+) on tissue sections of spleens of B6 (H2b) recipients, on successive PODs. Results represent the analysis of 10 panoramic 
sections of each spleen per POD and animal group. Results were analyzed with 1-way ANOVA followed by Tukey-Kramer multiple comparisons test. Cells 
were counted with MetaMorph Offline 7.7.50 software. NS, not significant; ND, not detected. (C) Top: Donor (BALB/c) cDCs detected on tissue sections of 
spleens from DT-treated WT B6 BM chimeras (control) and DT-injected CD11c-DTR BM chimeras were identified by expression of IAd hi (green) and CD11c 
(red). Bottom: Homing of donor (BALB/c, IAd+) cDCs (green) to splenic T cell areas (red) in DT-treated WT B6 BM chimeras (control) and DT-injected CD11c-
DTR BM chimeras. Arrows indicate the donor DCs shown in detail in the insets. Nuclei were stained blue with DAPI. Immunofluorescence microscopy, 
original magnification, ×400. Sections are representative of 3 animals per variable. (D) Enzyme-linked ImmunoSpot (ELISPOT) analysis of the recipient 
T cell response against donor MHC molecules (direct pathway) or donor-derived peptides presented by recipient MHC molecules (indirect pathway) in the 
spleen on POD 7. Results were pooled from 3–4 mice per group. P values were generated by 1-way ANOVA followed by Tukey-Kramer multiple comparisons 
test. (E) Anti-donor (BALB/c) Ab titers in serum on POD 7. Recipient numbers are in parentheses.
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Figure 11. Transfer of donor MHC molecules after skin transplantation. (A) Top dot plots: Detection by FACS of donor (CD45.2+CD45.1–) cells migrated 
from BALB/c (CD45.2+) fully mismatched skin allografts in B6 (CD45.1+) mice. Donor cells were undetectable by FACS within the “live cell gate” on PODs 1, 
3, and 7, in the spleen (A) and in the draining lymph nodes (axillary + inguinal, not shown). Bottom dot plots: Detection by FACS of donor MHC class I (H2Kd 
+ H2Dd) molecules on recipient (CD45.1+CD45.2–) splenic cDCs. Recipient splenic CD8α+ and CD8α– cDCs acquired donor MHC class I molecules. Numbers 
in dot plots indicate percentages of cells in the corresponding quadrants. Results are representative of 6 mice per time point. (B) Left: FACS analysis of 
intensity of expression of donor MHC class I (H2Kd + H2Dd) and class II (IAd) molecules on recipient (B6) splenic cDCs after BALB/c skin transplantation. 
Right: Percentages of recipient (B6) splenic cDCs cross-dressed with donor MHC class I (H2Kd + H2Dd) and class II (IAd) molecules, analyzed by FACS after 
BALB/c skin transplantation. Results were pooled from 2 experiments, each with 3 mice per time point. P values were generated by 1-way ANOVA followed 
by Tukey-Kramer multiple comparisons test. (C) Analysis by ImageStream technology of recipient (B6, CD45.1+) splenic cDCs (CD11c+) cross-dressed with 
donor (BALB/c) MHC class I (H2Kd + H2Dd) and class II (IAd) molecules, both located in spots containing the exosome marker CD63. ImageStream, original 
magnification, ×60, 5,000 cells analyzed.
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cDC surface. EVs carry on the surface adhesion molecules and 
their ligands that could stabilize the EV cluster.

Transfer of RFP-tagged exosomes from BALB/c migrating 
BMDCs to lymph node– or spleen-resident B6 YFP+ cDCs occurred 
within minutes. We also demonstrated that the transferred exo-
somes were retained on the acceptor cDC for hours, or internal-
ized. Transfer of clusters of exosomes — and potentially other 
types of donor-derived EVs — likely facilitates organization of the 
immunological synapse (much bigger in diameter than an individ-
ual exosome), and provides sufficient density of donor MHC mol-
ecules to promote activation of directly alloreactive naive T cells.

Unlike other types of EVs, exosomes released by activated 
DCs promoted activation of acceptor cDCs in our model, which 
depended on the dose of exosomes transferred and the preserva-
tion of the vesicular structure. Previous studies have shown that 
exosomes released by mast cells (45), red blood cells (46), or 
pathogen-infected macrophages (47) promote activation of DCs 
and monocytes. Interestingly, exosomes released by mature DCs 
are enriched in miR-155 and contain heat-shock proteins, both 
inducers of DC activation (48, 49).

If donor migrating cDCs transfer through EVs donor MHC 
molecules and APC-activating signals to recipient cDCs, deple-
tion of the latter cells should interfere with priming of directly 
alloreactive T cells. Accordingly, in the absence of recipient cDCs, 
T cell priming against donor MHC molecules was drastically 
impaired, and therefore cardiac allograft rejection was delayed. 
This confirms that in our model (nonsensitized recipients), the 
relatively few donor DCs homed in the spleen were not sufficient 
to prime directly alloreactive naive T cells. These donor DCs rath-
er function as antigen-transporting cells, spreading donor MHC 
and APC-activating signals to a higher number of recipient cDCs 
in lymphoid tissues.

Certain microbial components, allergens, and model or tumor 
antigens are sorted into exosomes released by APCs, including 
DCs (15). Although our findings are in transplantation, transfer of 
preformed self MHC:peptide complexes via exosomes or other EVs 
from migrating DCs to a higher number of lymphoid tissue–resi-
dent cDCs could also enhance T cell stimulation during microbial 
infections, allergies, or vaccinations. In this regard, Smyth et al. 
have elegantly shown that virally infected migrating cDCs transfer 
functional MHC class I:peptide complexes to splenic cDCs, which 
then primed CD8 T cells against virus-encoded antigens (30, 50). 
Cross-dressed DCs are also relevant for expansion of memory 
CD8 T cells after viral infections (29). DCs designed for vaccina-
tion transfer in vitro MHC class I:peptides via exosomes to other 
DCs for efficient CD8 T cell priming (51). Thus, amplification of 
the T cell response via passage of exosomes between migrating 
DCs and cDCs of lymphoid tissues is likely a generalized phenom-
enon not restricted to transplant immunity.

In summary, our study has identified dissemination within 
graft-draining lymph nodes of donor-derived exosomes bearing 
MHC molecules and APC-activating signals, as a key component 
of the effectiveness of the response against non-self MHC mol-
ecules in organ transplantation. We demonstrated that this is a 
general phenomenon that occurs in vascularized (heart) and non-
vascularized (skin) transplant models. Our findings do not exclude 
the potential contribution of other types of donor-derived EVs in 

DCs after BM transplantation (34–36). By the semidirect path-
way, an individual DC from the recipient is able to present both 
(a) donor intact MHC molecules to trigger activation of directly 
alloreactive naive CD8 T cells and (b) donor-derived peptides in 
recipient (self) MHC molecules to stimulate indirectly alloreac-
tive CD4 T cells required to provide linked help to the APC for 
stimulation of the naive CD8 T cells (37–39). The semidirect 
pathway explains how indirect-pathway T cells not only stimu-
late but also cross-regulate the function of direct-pathway T cells 
through the same recipient APC (40, 41). The results presented 
here unveil at the ultrastructural level and in vivo the mecha-
nism of transfer of MHC molecules between donor and recipient 
cDCs, which is the basis of the semidirect pathway. Furthermore, 
they demonstrate that spreading of clusters of exosomes bear-
ing donor MHC molecules plus APC-activating signals increases 
the probability that the relatively few donor DCs migrated from 
mouse cardiac allografts will prime effectively directly alloreac-
tive T cells at the extremely low DC/T cell ratios detected in the 
graft-draining lymphoid tissues.

Interestingly, until now the mechanism(s) behind passage of 
MHC between leukocytes in vivo has not been fully elucidated. 
Exchange (or unidirectional passage) of fragments of plasma 
membrane between donor and acceptor cells has been proposed 
(42). However, transfer or exchange of patches of plasma mem-
brane between leukocytes has not been confirmed at the ultra-
structural level. A more plausible alternative is that leukocytes 
transfer MHC through EVs, which differ in biogenesis, size, 
and molecular composition. MVs and apoptotic cell blebs range 
between 0.2 and 1 μm in size and are shed from the surface mem-
brane of living and dying cells, respectively (16). In contrast, exo-
somes are smaller vesicles (30–120 nm) of endocytic origin gen-
erated in late endosomes/MVBs, and secreted when MVBs fuse 
with the plasma membrane (16).

An interesting finding in our model is that transfer of MHC 
between cDCs was minimal when cells were separated with 
0.4-μm-pore transwells. In general, the conclusion of such a result 
is that MHC transfer occurs through capture of plasma membrane 
patches from donor cells, instead of transfer of free floating EVs. 
However, our results by EM showed that the donor MHC mol-
ecules were transferred via clusters of clumped small EVs that, 
because of their size and Brownian motion, were unable to pass 
through the 0.4-μm pores. Besides, transfer of such EV clusters 
may also require cell-to-cell contact.

The composition of EVs depends on the lineage and activa-
tion of the parent cell. EVs released by mature DCs are enriched 
in MHC, adhesion, and T cell costimulatory molecules (28, 43). 
Numerous studies have shown that APCs acquire MHC molecules 
by binding APC-derived exosomes added as free EVs to the cul-
ture medium (28, 29, 43, 44). These results have led to the idea 
that APCs always capture exosomes and other EVs as free-float-
ing individual vesicles through mechanisms that do not require 
intercellular contact. In contrast, our work demonstrates that 
donor migrating DCs transfer MHC molecules by passing clus-
ters of small EVs — instead of individual EVs — to recipient cDCs. 
Release of small EVs to the confined area of the intercellular space 
limits dispersion of the EVs by Brownian motion, allowing reten-
tion of the transferred EVs within a confined area of the acceptor 
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noma cells stably transfected with the human Flt-3 ligand gene (A. 
Fierro, University of Chile, Santiago, Chile). After 14 days, spleens 
were removed and digested with collagenase, and DC-enriched sus-
pensions were obtained by centrifuging of the splenocytes over 16% 
Histodenz gradients. cDCs were then purified with CD11c magnetic 
beads (Miltenyi Biotec) (DC purity ≥95%). BALB/c cDCs were labeled 
with 7.5 μM Vybrant CFDA SE Cell Tracer. Unlabeled B6 cDCs were 
cocultured with CFSE-labeled BALB/c cDCs, at 1:1 ratio, in 24-well 
plates (500,000 cDCs of each per well), in 1 ml of complete medium 
supplemented with 1,000 U/ml of GM-CSF, alone or with increas-
ing concentrations of imipramine (Sigma-Aldrich) or the peptide 
Z-DEVD-FMK (MBL). Unlabeled B6 cDCs were also cocultured at 1:1 
cell ratio, with CFSE-labeled BALB/c BMDCs previously transfected 
with Rab27a siRNAs or control (eGFP) siRNAs. For assessment of 
MHC transfer efficiency, a fixed number of B6 cDCs (500,000 cells 
per well) was cocultured with 2-fold serial dilutions of CFSE-labeled 
BALB/c cDCs. In some experiments, the CFSE-labeled BALB/c cDCs 
were cultured separated from the unlabeled B6 cDCs by 0.4-μm-pore 
transwells (Corning). After 20 hours of culture, cells were harvested 
and cDC clusters disaggregated by rinsing with ice-cold 0.01-M EDTA 
in PBS and pipetting. Dead cells were removed by centrifugation over 
a Lympholyte M gradient (20 minutes, 4°C, 1,500 g) (Cedarlane). 
cDCs were labeled with PE-H2Kd, APC-IAd, and PerCP-Cy5.5-CD11c 
Abs, fixed in PFA, and analyzed by FACS.

Confocal microscopy. BALB/c DCs were generated from BM precur-
sor cells cultured in RPMI 1640 supplemented with 10% FCS, GM-CSF 
(1,000 U/ml), and IL-4 (500 U/ml). Day 6 BMDCs were purified with 
CD11c magnetic beads and transduced (MOI = 100) with the recom-
binant adenovirus (RAd)-CD63-RFP encoding RFP cDNA (Evrogen) 
fused to mouse CD63 cDNA (Sino Biological Inc.), or with the control 
vector RAd-RFP (encoding RFP cDNA alone) or RAd-Empty (no trans-
gene). One hour after transduction, BMDCs were labeled with Hoechst 
stain (Invitrogen), washed 3 times, and injected s.c. (footpad, 2 × 106 
BMDCs in 50 μl PBS) or i.v. (tail vein, 5 × 106 BMDCs in 200 μl PBS) 
in CD11c-YFP B6 mice. Before injection, CD11c+ BMDC purity was 
≥ 95% and cell viability ≥ 98% (by FACS). After BMDC injection (16 
hours), the ipsilateral popliteal lymph nodes or the spleens were har-
vested. The spleens were cut into 400-μm-thick explants with a vibra-
tome. The lymph nodes and spleen explants were embedded in 3% 
low-melting-temperature agarose and mounted in a custom-designed 
closed chamber perfused with medium bubbled with 95% O2/5% CO2, 
at 37°C. Samples were imaged with a Nikon Eclipse Ti confocal system 
or with a Nikon A1MP+ multiphoton confocal microscope. Time-lapse 
(3 minutes) 3D series of up to 5 different locations of each sample were 
collected up to a 4-hour period. Images were analyzed with the imaging 
software NIS-Elements version 4.20 (Advanced Research, Nikon) and 
Imaris X64 version 8 (Bitplane, Oxford Instruments).

Purification of EVs. MVs and exosomes were purified from cul-
ture supernatants of BALB/c BMDCs maintained in medium with 
exosome-free FCS during the last 48 hours of culture. To promote DC 
maturation, in some experiments BALB/c BMDCs were incubated 
with IL-1β (20 ng/ml) and TNF-α (50 ng/ml) during the last 24 hours 
of culture. For isolation of MVs, BMDC (day 6) culture supernatants 
were centrifuged at 300 g (10 minutes), 1,200 g (20 minutes), and 
10,000 g (30 minutes), all at 4°C. The 10,000-g pellets were collected, 
washed in PBS, and centrifuged at 10,000 g (30 minutes), and the final 
pellets were harvested in 200 μl of PBS.

T and B allosensitization, or other subsets of recipient APCs. This 
phenomenon may not be restricted to secondary lymphoid tissues 
but could also be operational in the graft where recipient APCs are 
cross-dressed and present donor MHC to recipient T cells (52). 
These recipient APCs could activate memory T cells that infiltrate 
the graft — bypassing lymphoid tissues — or could return to the 
secondary lymphoid tissues to prime T cells.

Methods
Mice and reagents. Male C57BL/6 (B6), BALB/c, CB6F1/J, C3H/HeJ 
(C3H), B6.SJL-PtprcaPepcb/BoyJ (CD45.1 congenic), B6.PL-Thy1a/
CyJ, B6.Cg-Tg(Itgax-venus)1Mnz/J (CD11c-YFP), and B6.FVB-
Tg(Itgax-DTR/eGFP)57Lan/J (CD11c-DTR) mice were purchased 
from The Jackson Laboratory. 2C and 1H3.1 RAG1KO B6 mice were 
bred in our animal facility. Cytokines and Abs were purchased from 
PeproTech, and Abs from Abcam, BD Pharmingen, eBioscience, Invi-
trogen–Molecular Probes, Jackson ImmunoResearch Laboratories, 
Thermo Scientific, Santa Cruz Biotechnology, or Cedarlane. DT was 
purchased from Sigma-Aldrich.

Heart and skin transplantation. Heterotopic (abdomen) vascular-
ized cardiac transplantation was performed with the method of Corry 
et al. (53). Palpation for heartbeat was conducted daily to determine 
organ survival. For the skin transplants, ears were removed from the 
donors and then split with forceps into dorsal and ventral halves. The 
dorsal halves, which contain no cartilage, were transplanted on beds 
prepared on the left and right lateral flanks of the recipient mice.

Estimation of donor cell number by quantitative PCR. DNA was 
extracted with TRIzol (Invitrogen) from spleens and mediastinal and 
retroperitoneal lymph nodes of B6 mice untreated or 1, 2, 3, or 7 days 
after they received BALB/c heart grafts. DNA was diluted in DNase/
RNase–free water (100 ng/μl), and BALB/c DNA was amplified 
and quantified by quantitative PCR with a StepOne thermal cycler 
(Applied Biosystems), using primers targeted to a region of the MHC 
class II IEα gene (H2-Eα) encoded in the BALB/c H2d haplotype (Gen-
Bank K00971) and absent in the B6 genome. Primers were designed 
with the Invitrogen custom primer software Oligo Perfect Designer. 
H2-Eα forward 5′-AGAAAATGGCCACAATTGGA-3′ and reverse 
5′-TCTGGGAGCTCATCAGAACA-3′ primers were from Invitrogen. 
DNA integrity and loading were normalized using the housekeeping 
gene S15 (forward primer 5′-GTGGAAGCTGGTGGATTCAT-3′ and 
reverse primer 5′-ACACCCAGAAAGGAACATGC-3′). Reactions were 
done in 50 μl of total volume with 1.2 μg of genomic DNA, which is 
equivalent to approximately 106 cells. Final concentration (200 mM) 
of each primer was mixed with 25 μl of 2× Fast SYBR Green Master Mix 
(Applied Biosystems). DNase- and RNase-free water was used to bring 
the reactions to a final volume of 50 μl. The quantitative PCR cycling 
conditions were as follows: initial hold for 20 seconds at 95°C, followed 
by 40 cycles of 95°C for 15 seconds (denaturing), and 60°C for 1 minute 
(annealing/extending). For standardization, BALB/c DNA was serially 
diluted into B6 DNA, resulting in BALB/c/B6 DNA ratios from 1:10 to 
1:106. DNase/RNase–free water and DNA extracted from untreated 
naive B6 mice were used as controls. Normalization to control for DNA 
integrity and loading, and to compensate for inter-PCR variation, was 
performed with the Pfaffl method. The PCR-derived standard curve 
had a sensitivity of 1 BALB/c cell per 106 B6 splenocytes.

Assay of MHC transfer between DCs. Splenic DCs were isolated 
from B6 or BALB/c mice injected (s.c.) with 107 to 2 × 107 B16 mela-
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Statistics. GraphPad Prism was used for statistical analyses. 
Results are expressed as mean ± SD. Multiple comparisons on a single 
data set were done by 1-way ANOVA, followed by Tukey-Kramer mul-
tiple comparisons test. Graft survival was compared by Kaplan-Meier 
analysis and the log-rank test. In all experiments, a P value less than 
0.05 was considered significant.

Study approval. Studies were approved by the IACUC of the 
University of Pittsburgh.

Supplemental material. The supplemental material (online) 
includes 12 Supplemental Figures, 8 Supplemental Videos, and 
Supplemental Methods.

Author contributions
QL, DMR-C, SJD, WJS, ATL, and AEM performed experiments. 
DBS and MLGS conducted EM analysis. GE designed and cloned 
the recombinant adenovirus. GAG and SCW performed high-
resolution confocal microscopy. QL, ATL, and AEM designed the 
research and wrote the paper.

Acknowledgments
We thank L.D. Falo for providing the B6 CD11c-DTR-eGFP mice, 
G. Chalasani for the 2C mice, and A. Gamboto and Kaori Okada for 
help in the generation of viral vectors. This work was supported by 
grants from the American Heart Association (14GRNT19810000 
to A.E. Morelli), the NIH (R01-HL130191 to A.E. Morelli, R01-
AR068249 to A.T. Larregina, and F30-DK082131 to S.J. Divi-
to), and the National Natural Science Foundation of China 
(NSFC81401318 to Q. Liu), and funds from the T.E. Starzl Trans-
plantation Institute (to A.E. Morelli).

Address correspondence to: Adrian E. Morelli, W1556 Biomedi-
cal Science Tower, 200 Lothrop Street, Pittsburgh, Pennsylvania 
15261, USA. Phone: 412.624.2193; E-mail: morelli@pitt.edu.

For isolation of highly purified exosomes, BALB/c BMDC (day 6) 
culture supernatants were centrifuged at 300 g (10 minutes), 1,200 g (20 
minutes), and 10,000 g (30 minutes) and the supernatants ultrafiltered 
(2,000 g, 20 minutes) through Vivacell 100 filters. The filtered superna-
tants were adjusted to 11 ml with PBS and centrifuged at 100,000 g for 
90 minutes. The 100,000-g pellets with the exosomes were floated on 
a continuous sucrose gradient (0.25–2.5 M) as previously described (54) 
with minor modifications. The fractions containing the exosomes were 
pooled, adjusted to 11 ml with PBS, and centrifuged at 100,000 g for 90 
minutes, and the pellets were collected in 200 μl of PBS.

The amount of protein in the EV preparations was assessed with 
a NanoDrop 2000c, the morphology of the EVs was analyzed by EM, 
and the average size of the EVs was measured with an LM10 Nano-
Sight instrument equipped with a high-sensitivity EMCCD camera 
and NTA 2.0 software (NanoSight) (55). To test the effect of EVs on 
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