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Activation of host T cells that mediate allograft rejection is a 2-step process. The first occurs in secondary lymphoid
organs where T cells encounter alloantigens presented by host DCs and differentiate to effectors. Antigen presentation at
these sites occurs principally via transfer of intact, donor MHC-peptide complexes from graft cells to host DCs (cross-
dressing) or by uptake and processing of donor antigens into allopeptides bound to self-MHC molecules (indirect
presentation). The second step takes place in the graft, where effector T cells reengage with host DCs before causing
rejection. How host DCs present alloantigens to T cells in the graft is not known. Using mouse islet and kidney
transplantation models, imaging cytometry, and 2-photon intravital microscopy, we demonstrate extensive cross-dressing
of intragraft host DCs with donor MHC-peptide complexes that occurred early after transplantation, whereas host DCs
presenting donor antigen via the indirect pathway were rare. Cross-dressed DCs stably engaged TCR-transgenic effector
CD8+ T cells that recognized donor antigen and were sufficient for sustaining acute rejection. In the chronic kidney
rejection model, cross-dressing declined over time but was still conspicuous 8 weeks after transplantation. We conclude
that cross-dressing of host DCs with donor MHC molecules is a major antigen presentation pathway driving effector T cell
responses within allografts.
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Introduction
Allograft rejection is unique among immune responses in that it 
enlists 1%–10% of the total T cell repertoire, a proportion that 
is 100- to 1000-fold greater than that observed after micro-
bial infection (1–3). The unusual number of T cells involved is 
attributed to the high frequency of T cells that recognize intact, 
allogeneic MHC molecules. This pathway of antigen recognition 
is referred to as “direct” to distinguish it from the “indirect” path-
way in which T cells recognize foreign antigens as processed pep-
tides bound to self-MHC molecules (4). Activation of T cells via 
the direct pathway was initially attributed exclusively to donor 
DCs that migrate from the graft to the host’s secondary lymphoid 
organs, as it was presumed that only donor DCs carry intact allo-
geneic MHC molecules (5, 6). Later studies in mouse heart, skin, 
and pancreatic islet transplantation, however, have shown that 
host DCs in secondary lymphoid organs are cross-dressed with 

intact donor MHC molecules and that they, not donor DCs, are 
the principal activators of directly alloreactive T cells (7–9).

Once activated in secondary lymphoid organs, alloreactive T 
cells proliferate and differentiate to effector cells that migrate to the 
graft. The mere arrival of effector T cells in the graft, however, is not 
sufficient for rejection. A second, cognate interaction with graft DCs 
is necessary (10, 11). Recent studies have shown that the graft DCs 
that engage effector T cells are of host origin, which is not surprising, 
considering that donor DCs that accompany the graft migrate out 
during the first days after surgery and have a limited life span or are 
recognized as nonself and killed rapidly by host immune cells (11–13). 
We hypothesized here that, as in secondary lymphoid organs, host 
DCs in the graft are cross-dressed with intact, donor MHC-peptide 
complexes that they then present to alloreactive, host effector T cells. 
Using islet and kidney transplantation in the mouse, we provide direct 
evidence in support of this hypothesis and demonstrate that the intra-
graft cross-dressing pathway is sufficient for sustaining rejection.

Results
Islet transplantation model. To characterize antigen presenta-
tion by host intragraft DCs, we transplanted (B6×BALB/c)F1.
Act- mOVA (H-2b/d) islets, which express chicken OVA ubiq-
uitously on surfaces of cells, under the kidney capsule of 
B6.CD11c-YFP (H-2b/b) recipients and transferred OVA-specific,  
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donors and recipients lacking H-2Kb. These served as negative 
controls, while transplants between H-2Kb–sufficient mice, in 
which both OVA antigen presentation pathways are operation-
al, served as positive controls (Table 1).

Host DCs are extensively cross-dressed with donor MHC class I–
peptide complexes in islet allografts. Intact H-2Kd MHC class I mole-
cules and H-2Kb–SIINFEKL complexes were identified as discreet 
spots on the surfaces of host (CD11c-YFP) intragraft DCs by imag-

DsRed+, TCR-transgenic OT-I effector CD8+ T cells 6 days lat-
er (Figure 1A). In this model, islet grafts are infiltrated with 
host, polyclonal T cells that recognize the semiallogeneic graft 
and OT-I cells that recognize the OVA257–264 SIINFEKL peptide 
bound to the H-2Kb MHC class I molecule (14). OT-I cells there-
fore serve as a tractable, antigen-specific T cell population for 
which antigen presentation can be manipulated. Moreover, the 
6-day delay prior to OT-I transfer allows sufficient time for islet 
grafts to vascularize and host immune cells to replace donor 
immune cells (15). One day after OT-I transfer, grafts were ana-
lyzed by imaging flow cytometry to quantify H-2Kd molecules 
and H-2Kb–SIINFEKL complexes on host DCs and by 2-photon 
intravital microscopy (2P-IVM) to measure OT-I motility and 
interactions with host DCs. To restrict OVA antigen presen-
tation to either the indirect or cross-dressing pathway, H-2Kb 
was eliminated from either the donor or recipient, respectively, 
by crossing the desired strain to B6 H-2Kb-deficient (H-2Kb–/–) 
mice (Table 1). To eliminate both OVA antigen presentation 
pathways simultaneously, we transplanted islets between 

Figure 1. Host DCs are extensively cross-dressed 
with donor MHC class I–peptide complexes in islet 
allografts. (A) F1.OVA H-2Kb–sufficient (H-2Kb/d) or 
F1.OVA H-2Kb-deficient (H-2Kd/–) islets were trans-
planted under the kidney capsule of B6.CD11c-YFP 
H-2Kb–sufficient (H-2Kb/b) or B6.CD11cYFP H-2Kb–defi-
cient (H-2Kb–/–) recipients. 5 × 106 B6.Rag–/–.DsRed 
OT-I CD8+ effector T cells, which recognize the OVA 
peptide SIINFEKL bound to H-2Kb, were transferred i.v. 
6 days later. One day after OT-I transfer, grafts were 
analyzed by imaging flow cytometry (B) and 2P-IVM 
(Figure 2). Control and experimental groups are 
shown in Table 1. (B) Leukocytes were isolated from 
transplanted allografts and analyzed by ImageStream. 
Intact H-2Kb–SIINFEKL complexes and donor H-2Kd 
molecules were identified as discreet spots on surface 
of host (CD11c-YFP) DCs. Representative images from 
each group are shown. (C) Proportion of host DCs 
positive for 1 or more spot of either H-2Kd or H-2Kb–
SIINFEKL. In all groups, the majority of cells (~90%) 
carried only one spot, while the remainder had 2 to 
5 spots (data not shown). The majority of DCs in the 
cross-dressing and control groups carried both MHC 
class I molecules. Each data point represents analysis 
of 1 transplanted animal. On average, 1071 (range = 
100–3900) cells were analyzed per animal. **P < 0.01; 
***P < 0.001; ****P < 0.0001. One-way ANOVA with 
Tukey’s multiple comparison test.

Table 1. Control and experimental groups corresponding to Figure 1A

Group Donor Recipient Source of H-2Kb–SIINFEKL
Negative control F1.OVA (H-2Kd/–) B6.CD11c-YFP (H-2K–/–) Neither donor nor recipient
Indirect F1.OVA (H-2Kd/–) B6.CD11c-YFP (H-2Kb/b) Donor-derived OVA 

Recipient H-2Kb

Cross-dressing F1.OVA (H-2Kb/d) B6.CD11c-YFP (H-2K–/–) Intact donor H-2Kb–SIINFEKL
Positive control F1.OVA (H-2Kb/d) B6.CD11c-YFP (H-2Kb/b) Both donor and recipient
 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/1


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

2 8 9jci.org   Volume 130   Number 1   January 2020

H-2Kd expression. This suggests that host DCs acquired donor 
MHC molecules from graft tissue. Likewise, H-2Kb–SIINFEKL 
complexes were present on H-2Kb–/– host DCs harvested from 
H-2Kb–sufficient F1.Act-mOVA grafts (cross-dressing group) at 

ing flow cytometry (Figure 1B), and the proportion of host DCs 
positive for 1 or more spot of either MHC molecule was quanti-
fied (Figure 1C). Donor H-2Kd molecules were equally present on 
host DCs in all groups despite B6 recipients lacking endogenous 

Figure 2. Cross-dressed host DCs make stable contacts with Ag-specific, CD8+ effector T cells in islet allografts. 2P-IVM was performed on islet grafts 24 hours 
after transferring OT-I effectors as outlined in Figure 1A. Three mice were imaged per group with multiple locations (between 2 and 6) imaged per graft. (A) Equal 
infiltration of allografts with OT-I effectors (red) in all groups. Allografts were well vascularized (magenta) at the time of imaging and had abundant host-derived 
YFP+ DCs (green) in and around islets (blue). Supplemental Video 1, corresponding to the micrographs, illustrates dynamic behavior of OT-I in the grafts. Each data 
point in the plot represents total OT-I counts in 1 graft location imaged. Ctrl, control. (B) OT-I paths over 5-minute imaging period (blue dragon tails) and contact 
with DCs (white surfaces) are shown in the photomicrographs and in Supplemental Video 2. Quantification of OT-I DC contacts per image volume and contact time 
are shown in the graphs. Each data point in the first plot represents total OT-I DC contacts counts in 1 graft location imaged. Each data point in the second plot 
represents contact time for each OT-I cell (all cells that made contact with DCs for more than 90 seconds were analyzed per location imaged; range = 259–1450 
cells/location). (C) Arrest of OT-I effectors in the cross-dressing group is depicted by the shorter paths they took compared with the indirect group (photomicro-
graphs with paths tracked over a 30-minute period) and by the quantitation of mean speed and arrest coefficients (graphs). The arrest coefficient is the proportion 
of time in which a cell moves less than 2 μm/min. Each data point in the plots represents a single OT-I cell (all cells were analyzed per location imaged; range = 
987–2361 cells/location). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Random intercept model with the Bonferroni’s multiple comparison adjustment 
for pairwise comparisons between group means was applied to avoid pseudoreplication errors. Comparisons not shown in Figure 2, B and C, were not significant. 
Scale bars: 50 μm (A); 40 μm (B); 100 μm (C).
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Cross-dressed host DCs are sufficient for sustaining acute islet 
allograft rejection by effector CD8+ T cells. To investigate the biological 
consequence of cross-dressed DCs interaction with effector T cells, 
we studied islet allograft survival in a mouse model in which antigen 
presentation is restricted to the cross-dressing pathway, rejection 
is mediated by effector CD8+ T cells, and host DCs can be deplet-
ed by administration of diphtheria toxin (DT). We transplanted B6.
Act-mOVA pancreatic islets to B6.H-2Kb–/– mice that had received 
either a B6.H-2Kb–/– or B6.H-2Kb–/–.CD11c-DTR bone marrow trans-
plant and were rendered diabetic 1 week prior to transplantation. 
Recipient DCs in the latter group expressed human diphtheria toxin 
receptor (DTR) under control of the CD11c promoter such that DT 
administration depleted host DCs. DT was administered every oth-
er day starting on the day of transplantation to both mouse groups, 
and OT-I effectors were transferred 7 days after transplantation. 
Allograft survival was monitored by measuring blood glucose levels. 
In this model, allograft rejection is dependent on exogenous OT-I 
due to the extremely low frequency of endogenous T cells that react 
to OVA. The transfer of effector, instead of naive, OT-I allowed us 
to study the role of intragraft DCs, since effector T cells bypass sec-
ondary lymphoid organs and home directly to and interact with DCs 
in the graft (16). Finally, by transplanting H-2Kb–sufficient grafts 
into H-2Kb–/– recipients, antigen presentation was restricted to the 
cross-dressing pathway. As shown in Figure 3, all grafts were reject-
ed by 26 days in the group without DTR, while only 1 of 5 grafts was 
rejected on day 55 in the DTR group. The other recipients in the DTR 
group remained euglycemic at time of death, which may have been 
caused by extended DT exposure (censored data points on days 46, 
49, and 57), or at time of termination of the experiment (day 72). 
These data demonstrate that cross-dressing of host DCs in the graft 
with donor MHC class I–peptide complexes is sufficient for driving 
acute rejection by TCR-transgenic CD8+ effector T cells. Although 
we did not test whether indirect antigen presentation is sufficient for 
acute rejection in this study, our previous work had shown that the 
indirect pathway alone is insufficient for the entry and accumulation 
of OT-I effector T cells in B6.Act-mOVA islet grafts (15).

Cross-dressing of host DCs with donor MHC class I–peptide com-
plexes in kidney allografts. To investigate whether cross-dressing 
of host DCs also occurs in primarily vascularized allografts, we 
transplanted F1.Act-mOVA kidneys into B6 WT or H-2Kb–/– mice 
and transferred OT-I effectors 2 days later (Figure 4A and Table 
2). In this model, acute histological rejection is observed in the 
first 2 weeks after transplantation, but the infiltrate declines and 
the grafts undergo slow chronic rejection. Allografts were harvest-
ed 10 or 60 days after transplantation and analyzed by cytometry 

a level that was even greater than the positive control group, in 
which both donors and recipients expressed H-2Kb. This indicates 
that host DCs acquire intact, donor MHC class I–peptide complex-
es from the graft. In contrast, we did not detect H-2Kb–SIINFEKL 
complexes on H-2Kb–sufficient host DCs harvested from H-2Kb–/– 
F1.Act- mOVA grafts (indirect group) above the negative control 
group, suggesting that indirect OVA presentation occurs at very 
low levels. Finally, donor MHC class I molecule acquisition by host 
DCs was uniformly higher in the graft than the spleen (Figure 1C). 
Together, the data indicate that cross-dressing is a conspicuous 
phenomenon within the allograft early after transplantation.

Cross-dressed host DCs make stable contacts with antigen- 
specific, effector CD8+ T cells in islet allografts. To investigate the 
function of cross-dressed DCs, we performed 2P-IVM on islet 
grafts 24 hours after transferring OT-I effector T cells to the 
mouse groups shown in Figure 1A. At the time of imaging, grafts 
were well vascularized and densely populated with host-derived, 
yellow fluorescent protein–positive (YFP+) DCs (Figure 2A). Equal 
numbers of OT-I effectors had infiltrated the tissue in and around 
the graft in all groups (Figure 2A and Supplemental Video 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI125773DS1), but significant differences in the 
dynamic behavior of these cells were observed (Figure 2, B and C, 
Supplemental Videos 1 and 2). To avoid pseudoreplication errors 
in the statistical analysis, we applied the stringent random inter-
cept model to account for potentially correlated multiple observa-
tions within the imaged location, nested within the mouse, rather 
than the standard linear regression model, which ignores these 
correlations. As shown in Figure 2B, the frequency of OT-1 con-
tacts with DCs (defined as contacts lasting more than 90 seconds) 
was significantly higher in the cross-dressed than the negative 
control group, while differences between the other groups did not 
reach statistical significance. However, the duration of these con-
tacts was significantly greater in the cross-dressed than either the 
negative control or indirect groups, but was similar between the 
latter 2 groups (Figure 2B). Commensurate with these findings, 
OT-I effectors traveled much shorter distances, judged by track 
lengths (Figure 2, B and C), and had lower motility (speed) and 
higher arrest coefficient in the cross-dressing and positive control 
groups than in the indirect or negative control groups (Figure 2C). 
These data demonstrate that host DCs cross-dressed with donor 
MHC class I–peptide complexes make stable contacts with anti-
gen-specific, CD8+ effector T cells in the islet graft, whereas host 
DCs presenting donor allopeptide via the indirect pathway were 
not sufficient for stabilizing the infiltrating T cells.

Figure 3. Cross-dressed host DCs are sufficient for acute islet allograft 
rejection by effector CD8+ T cells. B6.Act-mOVA (B6.OVA) islets were 
transplanted to diabetic B6 bone marrow chimeras that had received 
either a B6.H-2Kb–/– (n = 7) or B6.H-2Kb–/–.CD11c-DTR (n = 5) bone marrow 
transplant. 1 × 105 OT-I effectors were transferred 7 days after transplan-
tation. DT (5 ng/g) was administered every other day starting on the 
day of transplantation to both mouse groups. Allografts were deemed 
rejected when blood glucose level exceeded 300 mg/dl for 3 consecutive 
days. Mice that died with normal glucose levels before termination of 
experiment (day 72) were censored and are shown as white circles on the 
survival line. **P < 0.01, log-rank test.
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Figure 4. Cross-dressing of host DCs with donor MHC class I–peptide complexes in kidney allografts. (A) (B6×BALB/c)F1.Act-mOVA (F1.OVA) 
(H-2Kb/d) kidneys were transplanted to B6 H-2Kb–sufficient (H-2Kb/b) WT (n = 5–6) or B6 H-2Kb-deficient (H-2K–/–) (n = 4–6) recipients. 1 × 107 B6.
Rag–/– OT-I CD8+ effector T cells, which recognize the OVA peptide SIINFEKL bound to H-2Kb, were transferred i.v. 2 days later. Grafts were analyzed 
8 or 58 days after OT-I transfer. Control and experimental groups are shown in Table 2. (B) Leukocytes were isolated from transplanted allografts 
and analyzed by ImageStream. Intact H-2Kb–SIINFEKL complexes and donor H-2Kd molecules were identified as discreet spots on surface of host 
(CD11c+) DCs. Representative images from each group from day 10 grafts shown. On average, 426 (range = 153–784) and 3068 (range = 547–10366) 
cells were analyzed per animal on day 10 and day 60, respectively. (C) Proportion of host DCs positive for 1 or more spots of either H-2Kd or H-2Kb–
SIINFEKL. Each data point represents analysis of 1 transplanted animal. (D) Histological analysis of grafts from cross-dressing and control groups 
removed on day 10 and day 60. Photomicrographs show examples of arteritis, tubulitis, intimal hyperplasia, and interstitial fibrosis and tubular 
atrophy (IFTA) in grafts from cross-dressed group. Scale bars: 50 μm. Bar graphs depict quantitation of Banff grades and serum creatinine on day 
10 and day 60. Dashed line denotes lower detection limit for creatinine (<0.2 mg/dl). (E) Flow cytometric analysis of cellular infiltrate in allografts 
removed on day 10 and day 60 from cross-dressing and positive control groups. *P < 0.05; ***P < 0.001, 2-tailed unpaired t test.
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and routine histology. As shown in Figure 4, B and C, the majority 
of host DCs (CD11c+) were cross-dressed with intact donor H-2Kd 
and H-2Kb–SIINFEKL complexes in both mouse groups at 10 days. 
Cross-dressed host DCs decreased significantly by 60 days, but 
remained quite conspicuous, representing approximately 5%–40% 
of the host DC population in the graft (Figure 4C). Histology and 
flow cytometry showed classical features of rejection with similar 
Banff grades and comparable infiltration with polyclonal CD4+ and 
CD8+ T cells in the 2 groups (Figure 4, D and E). Serum creatinine 
measurements at time of harvest were equivalent between groups 
(Figure 4D). We then examined the OT-I cells present in the grafts. 
We found that they constituted the majority of the T cell infiltrate 
at both time points and that their number and capacity to produce 
IFN-γ were comparable between H-2Kb–/– and WT recipients at the 
early time point (Figure 4E). However, significantly fewer OT-I 
cells were detected in the H-2Kb–/– group on day 60, although their 
capacity to produce IFN-γ remained equal to the WT group (Fig-
ure 4E). Together, these results indicate that cross-dressing of host 
DCs occurs extensively in mouse kidney allografts early after trans-
plantation, is still present long-term in grafts, albeit at a lower lev-
el, and is sufficient for sustaining effector T cell accumulation and 
function in the graft. Diminished accumulation of OT-I cells in the 
cross-dressing group at the later time point, however, suggests that 
the indirect antigen presentation pathway may play an increasingly 
important role during chronic rejection.

Discussion
We have provided evidence in 2 transplantation models that 
cross-dressing of host DCs with donor MHC-peptide complexes is 
a major pathway by which donor alloantigens are presented to host 
effector T cells in the graft. We have also shown that this pathway 
is sufficient for allograft rejection. The significance of these find-
ings is that they link alloantigen recognition in the graft to that in 
secondary lymphoid organs: directly alloreactive effector T cells, 
generated in response to intact donor allogeneic MHC-peptide 
complexes on host DCs in secondary lymphoid organs, recognize 
their cognate antigen on similarly cross-dressed host DCs in the 
graft. Since directly alloreactive T cells constitute the vast majority 
of host alloreactive T cells, targeting the cross-dressing pathway 
carries the promise of preventing or interrupting rejection mediat-
ed by effector or memory T cells that enter the graft.

Our findings also raise the possibility that cross-dressed DCs 
activate indirectly alloreactive T cells, which recognize allo-pep-
tides bound to self-MHC molecules, if the donor and recipient 
share one or more MHC loci. In other words, a given MHC mole-
cule common to the donor and recipient could efficiently present 
endogenous allopeptides to and activate indirectly alloreactive 
host T cells once transferred to host DCs. This would constitute a 

rapid mechanism of amplifying the indirect alloimmune response 
by bypassing the need for antigen uptake and processing by host 
DCs, akin to what has been observed after viral infection (17).

Our observation that cross-dressed host DCs are still present 
at a much later time point in kidney allografts underscores that 
the cross-dressing pathway is not restricted to the early posttrans-
plantation period, but may also contribute to chronic rejection. 
It is unclear at this point whether host DCs that acquire donor 
MHC-peptide complexes immediately after transplantation per-
sist long-term in the graft, or whether cross-dressing, for example 
via exosome release (18), is an ongoing, chronic process. It is also 
unclear what the relative contributions of cross-dressing versus 
the indirect pathway are to chronic rejection. Our observation that 
the number of graft-infiltrating, donor antigen-specific T cells 
diminishes with time in the absence of the indirect pathway sug-
gests that this pathway becomes increasingly important over time. 
This concept is supported by older studies in the literature, but 
remains to be tested directly in our model (19, 20).

In this study, we adoptively transferred TCR-transgenic  
CD8+ T cells (OT-I) that recognize a model antigen (OVA) to 
lymphocyte-replete transplant recipients to investigate the role 
of cross-dressing in the alloimmune response. This approach 
was necessary for tracking donor antigen-specific T cells and for 
manipulating antigen presentation by eliminating a single MHC 
molecule (H-2Kb). Alloreactive polyclonal T cells cannot be tracked 
by present methodologies, and antigen presentation to these cells 
cannot be manipulated without global deletion of MHC class I 
and/or class II molecules, which would result in global deletion of 
target alloantigens in the graft or of CD8+ T cells, CD4+ T cells, or 
both in the host (21). We maximized the physiological relevance of 
our model by transplanting organs from F1.OVA mice that express 
allogeneic MHC molecules as well as the model antigen, thus elic-
iting both a polyclonal and a TCR-transgenic response in the host. 
We believe that our conclusions are applicable to polyclonal T cells 
because we did observe transfer of allogeneic H-2Kd molecules to 
which the polyclonal T cells react, because of the universality of 
TCR-MHC-peptide complex interactions at the molecular level, 
and because prior work has shown that TCR-transgenic T cells 
specific to a nonself (mismatched) MHC molecule are also acti-
vated via the cross-dressing pathway (8).

In summary, our findings imply that the recent shift in our 
understanding of which antigen presentation pathway is key to ini-
tiating alloimmune responses in secondary lymphoid organs also 
applies to events that occur in the transplanted organ. They also 
open avenues for therapeutic intervention aimed at interrupting 
effector or memory T cell activation and function in the graft.

Methods
Mice. B6 (C57BL/6J; Thy1.2, CD45.2, H-2Kb), B6.Act-OVA (C57BL/6J-Tg 
[CAG-OVA]916Jen/J; CD45.2, H-2Kb), B6.SJL-Ptprca Pepcb/BoyJ 
(CD45.1), OT-I (C57BL/6-Tg[TcraTcrb]1100Mjb/J; CD45.2, H-2Kb), 
CD11c-DTR/eGFP (B6.FVB-1700016L21RikTg(Itgax–DTR/EGFP)57Lan/J), DsRed 
(B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J), and B6.CD11c-YFP (B6.Cg-Tg 
(Itgax-Venus)1Mnz/J) mice were purchased from The Jackson Labo-
ratory. B6.H-2Kb–/– (catalog 4216) mice were purchased from Taconic, 
and BALB/c mice (BALB/cAnNCrl; CD45.2, H-2Kd) from Charles Riv-
er. B6.Act-OVA.H-2Kb–/– and B6.CD11c-YFP.H-2Kb–/– mice were gener-

Table 2. Control and experimental groups  
corresponding to Figure 4A

Group Donor Recipient Source of H-2Kb–SIINFEKL
Cross-dressing F1.OVA (H-2Kb/d) B6 (H-2K–/–) Intact donor H-2Kb–SIINFEKL
Positive control F1.OVA (H-2Kb/d) B6 (H-2Kb/b) Both donor and recipient
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25 μg of anti-Dec205-OVA antibody (Dec205-OVA) i.v. plus 50 μg of 
agonistic anti-CD40 (FGK45) i.p. to generate OT-1 effector cells (23). 
Spleens were harvested 5 days later,and CD45.2+DsRed+/Thy1.1+CD4–

CD45.1– Lin (CD11c, CD11b, Ter119, CD16/32, B220, F4/80, DX5)– 
cells were sorted on a high-speed cell sorter (BD Aria). Sorted cells 
were washed and counted, and 5 × 106 cells were injected i.v. into trans-
planted mice for islet allograft imaging experiments, 1 × 105 for islet 
allograft survival studies, and 1 × 107 for kidney allograft studies. The 
vast majority of transferred OT-I cells were CD44hiCD62Llo (10).

2P-IVM. 2P-IVM was performed on islet grafts transplanted under 
the left kidney capsule. A Nikon A1 Multiphoton microscope equipped 
with a Chameleon femtosecond-pulsed laser (Coherent) tuned and 
mode-locked to 860 nm, available through the University of Pitts-
burgh Center for Biological Imaging, was used for all experiments. 
Mice were anesthetized with isoflurane and oxygen, and core body 
temperature was maintained at 37°C with a homeothermic controller 
(CWE Inc.). Blood vessels were visualized by injecting 75 μg Evans blue 
i.v. The kidney housing the transplanted islets was extraverted from 
its original location with intact vascular connection and immobilized 
in a custom cup mount (24). Z-stacks were acquired with a ×25 water 
immersion objective (NA: 1.05) 20–80 μm below the kidney capsule. 
Slices were acquired at a step size of 4.5 μm. Brightness and laser pow-
er were adjusted based on imaging depth and kept below phototoxic 
level. Images were acquired with a resonance scanner with 8× averag-
ing at a resolution of 512 × 512 pixels. Approximately 36-second–long 
stacks were repeatedly scanned up to 60 times for a maximum imag-
ing time of 36 minutes per location. Multiple different locations per 
islet graft were imaged. Spectral unmixing was performed on all video 
files offline using Nikon Elements software (version 4.x). All acquired 
videos were analyzed using Imaris software (Bitplane). Drift was cor-
rected using YFP+ cells as a reference point. All DsRed+ cells detected 
during the imaging time were enumerated and tracked using Imaris.

Tissue digestion and flow cytometry. After imaging, mice were euth-
anized and the kidney containing the graft was excised and placed 
immediately in cold PBS. The kidney capsule was then manually 
incised around the graft, and tissue containing the islets was scraped 
off with forceps using a stereoscope (Olympus). Islets were incubat-
ed in RPMI media containing 500 U/mL collagenase D, 0.02 mg/mL 
DNAse I, and 5% FBS for 30 minutes at 37°C. This suspension was fil-
tered through a 70 μm filter and washed. The pellet was treated with 
RBC lysis buffer for 5 minutes at RT and washed again. Spleens were 
homogenized by crushing the organ through a 40 μm filter, followed 
by RBC lysis for 5 minutes at RT. Cells were then stained for viabil-
ity, CD11b, H-2Kd, and H-2Kb–SIINFEKL and analyzed by imaging 
flow cytometry (Amnis ImageStreamX Mark II). Viable CD11c+(YFP+)
CD11b+DsRed–CTV– cell expression characteristics, such as spot count-
ing, were then analyzed offline using IDEAS software (BD). For renal 
allografts, kidney tissue was digested and cell suspension analyzed by 
imaging flow cytometry as described for islet grafts. Additional flow 
cytometry was performed to quantify CD4+, CD8+, and OT-I cells. 
IFN-γ production was measured by flow cytometry 16 hours after ex 
vivo stimulation with donor splenocytes as previously described (25).

Histological analysis. Kidney allograft tissue was fixed in para-
formaldehyde, paraffin embedded, sectioned, and stained with 
H&E, Masson trichrome, PAS, and Verhoeff–Van Giessen stain. All 
slides were scanned on a Zeiss Axioscan, with blinded reading by 
a renal pathologist and graded according to the Banff criteria (26). 

ated in our animal facility by breeding B6.Act-OVA and B6.CD11c-YFP 
mice with B6 H-2Kb–/– mice, respectively. OT-I mice were bred onto a 
B6.RAG–/– (Thy1.2) background; then OT-I DsRed mice were generated 
by breeding B6.RAG–/–.OT-I mice with B6.DsRed mice. Flow cytometry of 
OT-I cells from these mice was performed on blood to ensure high-level 
DsRed expression. F1.Act-mOVA and F1.Act-mOVA.H-2Kb–/– mice were 
generated by breeding BALB/c mice with B6.Act-OVA and B6.Act-OVA. 
H-2Kb–/– mice, respectively. B6.H-2Kb–/–. CD11c-DTR.CD11c-YFP mice were 
generated by breeding B6.H-2Kb–/– with B6.CD11c-YFP mice, followed by 
crossing with B6.CD11c-DTR mice. B6.H-2Kb–/–.CD11c-YFP.CD11c-DTR 
and B6.H-2Kb–/–.CD11c-YFP bone marrow chimeras were generated by 
irradiating B6.H-2Kb–/– mice at 10 Gy followed by adoptive transfer of 1 × 
107 cells i.v. taken from the femurs of B6.H-2Kb–/–.CD11c-YFP.CD11c-DTR 
and B6.H-2Kb–/– mice, respectively. These mice were given antibiotic (sul-
fatrim) in food for 2 weeks following irradiation. Reconstitution was con-
firmed 8 weeks after bone marrow transplantation. Mice were maintained 
under specific pathogen–free (SPF) conditions.

Reagents. Anti-CD11c-biotin (clone HL3), andi-CD11b-biotin 
(M1/70), anti-CD16/32-biotin (2.4G2), anti-B220-biotin (RA3-6B2), 
and anti-CD45.1-FITC (A20) were purchased from BD Biosciences 
— Pharmingen; anti-CD4-BV421 (GK1.5) and anti-CD11b-PE-CF594 
(M1/70) were from BD Horizon; anti-CD8-FITC (53-6.7), anti-IFN-γ- 
PE-Cy7 (XMG1.2), F4/80-biotin (BM8), anti-CD49b-biotin (DX5), 
anti-CD45.2-APC-eFluor780 (30-F11), streptavidin-APC, and anti- 
H-2Kb–SIINFEKL (eBio25-D1.16) were from eBioscience; anti-H-2Kd-
PE-Cy7 (SF1-1.1) were from BioLegend; and Ter119-biotin (TER-119) 
and CellTracker Violet BMQC were from Invitrogen. From Sigma- 
Aldrich, we obtained Ficoll PM400, collagenase D, DNAse I, colla-
genase V, and DT. Dec205-OVA fusion antibody provided in-house. 
Anti-CD40 (FGK45) was purchased from BioXCell.

Islet transplantation. Mouse pancreatic islets were isolated and 
transplanted as established by Bertera et al. (22). Briefly, pancreata 
were perfused with collagenase V injected into the common bile duct, 
harvested, and digested. Islets were separated over a Ficoll gradient, 
handpicked with a Pasteur pipette, and cultured overnight in complete 
RPMI medium supplemented with 10% FBS at 37°C and 5% CO2. 
For graft survival experiments, islets were injected immediately into 
the left renal subcapsular space of diabetic mice. For imaging exper-
iments, cultured islets were labeled with 10 μM CellTracker Violet 
for 1 hour before transplantation. Diabetes was induced by injecting 
200 mg/kg streptozocin in 0.1M sodium citrate buffer (pH 4.0) i.p. 4 
days prior to transplantation and confirmed by elevated blood glucose 
levels (>300 mg/dl). Blood glucose of less than 150 mg/dl after trans-
plantation was considered engraftment, and more than 300 mg/dl for 
3 consecutive days was considered islet graft nonengraftment or rejec-
tion. For survival experiments, 5 ng/g body weight DT was injected i.p. 
every other day starting from the time of transplantation.

Kidney transplantation. Mouse kidney transplants were performed 
as previously described (11) using (BALB/c × B6)F1.mAct-OVA donors 
and B6 recipients. Recipient native kidneys were removed at the time 
of transplantation. Allograft function was monitored by visual obser-
vation of recipients for signs of uremia. Serum creatinine was deter-
mined at time of harvest.

Generation and adoptive transfer of OT-I effector T cells. Spleens from 
B6.RAG–/–.OT-I DsRed+ or Thy1.1+ (CD45.2) mice were processed to sin-
gle-cell suspensions, and 1 to 5 × 105 splenocytes were transferred i.v. 
to B6 (CD45.1) mice. These recipient mice were then immunized with 
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For quantification purposes, Banff grades were assigned the follow-
ing numerical values: normal = 0, borderline = 0.5, IA = 1.0, IB = 1.5, 
IIA = 2.0, and IIB = 2.5.

Statistics. Statistical analysis of allograft survival was calculated 
using the log-rank test. Data shown in Figure 2 were analyzed as fol-
lows: to assess statistical significance of differences in the contact 
count or OT-I number across groups (negative control, positive con-
trol, indirect, and cross-dressed), a random intercept linear model 
was fit in Stata (27) to account for potential within-mouse correla-
tions across multiple videos. If the overall (Wald) test was statistical-
ly significant (P < 0.05), each of the 6 pair-wise contrasts was then 
tested using Bonferroni’s adjustment to account for multiple com-
parisons. For assessing differences in contact time, mean speed, or 
arrest coefficient, a random intercept model (and the same test of 
the overall model followed by tests of the pair-wise group contracts) 
was again fit except with a separate random intercept for each video 
to account for the multiple measurements and associated within- 
movie correlation.

All other experiments were analyzed using either 1-way ANOVA 
with Tukey’s multiple comparison test or the 2-tailed, nonparametric, 
unpaired t test. All statistical calculations were made using GraphPad 
Prism, version 8.12, or Stata software. P < 0.05 was considered significant.
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