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Introduction
Transplantation is a life-saving treatment for end-stage organ failure, but for the majority of  recipients, ongo-
ing graft function relies on long-term maintenance immunosuppression, with the attendant complications of  
cancer, opportunistic infection, and metabolic derangement (1). Achievement of  alloantigen-specific toler-
ance would alleviate the burden of  immunosuppressive therapy, improving both graft and patient outcomes.

The liver is a tolerogenic environment. Spontaneous liver transplant tolerance is observed in both small 
and large animal models (2–4), and up to 20% of clinical liver transplant recipients may be successfully 
weaned from all immunosuppression (5). Primary viral infections of  hepatocytes frequently persist (6–8), 
while tolerance of  various transgene products expressed in the liver following transduction of  hepatocytes 
with viral vectors has also been documented (9–13). Recombinant vectors based on the Adeno-associated 
virus (AAV) are promising candidates for liver-directed gene transfer — not only for the treatment of  mono-
genic liver diseases (14, 15), but also for the induction of  systemic, antigen-specific tolerance (16), an appli-
cation that may be of  great benefit to transplant recipients. AAV vectors have an excellent safety profile and 
are currently being evaluated in a range of  clinical trials (17). Recent advances in AAV vector biology have 
yielded vectors with greatly increased transduction efficiency for human hepatocytes (18). We have previously 

Adeno-associated viral vector–mediated (AAV-mediated) expression of allogeneic major 
histocompatibility complex class I (MHC class I) in recipient liver induces donor-specific tolerance 
in mouse skin transplant models in which a class I allele (H-2Kb or H-2Kd) is mismatched between 
donor and recipient. Tolerance can be induced in mice primed by prior rejection of a donor-strain 
skin graft, as well as in naive recipients. Allogeneic MHC class I may be recognized by recipient T 
cells as an intact molecule (direct recognition) or may be processed and presented as an allogeneic 
peptide in the context of self-MHC (indirect recognition). The relative contributions of direct and 
indirect allorecognition to tolerance induction in this setting are unknown. Using hepatocyte-
specific AAV vectors encoding WT allogeneic MHC class I molecules, or class I molecules containing 
a point mutation (D227K) that impedes direct recognition of intact allogeneic MHC class I by CD8+ T 
cells without hampering the presentation of processed peptides derived from allogeneic MHC class 
I, we show here that tolerance induction depends upon recognition of intact MHC class I. Indirect 
recognition alone yielded a modest prolongation of subsequent skin graft survival, attributable to 
the generation of CD4+ Tregs, but it was not sufficient to induce tolerance.
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demonstrated that AAV-mediated expression of  donor major histocompatibility complex class I (MHC class 
I; H-2Kᵇ) in MHC-mismatched recipient hepatocytes induces donor-specific tolerance in a mouse skin trans-
plant model. Tolerance can be induced in mice primed by prior rejection of  a donor-strain skin graft, as well 
as in naive recipients (19). The ability to overcome preexisting immunity is particularly relevant to the clinical 
setting, where heterologous immunity presents a barrier to transplant tolerance induction (20). To progress 
toward clinical translation of  this strategy, it is imperative to determine whether tolerance induction can be 
generalized to other mismatched alleles and MHC backgrounds, and to understand more about the underly-
ing mechanisms; in the process, we may also come to understand more about allorecognition in spontaneous 
liver transplant tolerance.

Allogeneic MHC class I may be recognized by recipient T cells as an intact molecule on the surface 
of  the antigen-presenting cell (APC) (direct recognition) or may be processed and presented as allogeneic 
peptide fragments in the context of  self-MHC molecules (indirect recognition), reviewed in ref. 21. Antigen 
presentation by several populations of  liver-resident cells including hepatocytes (22), Kupffer cells (12), 
DCs (23–26), and sinusoidal endothelial cells (27) has been reported to induce tolerance. Hepatic stellate 
cells may themselves act as APC (28, 29) or may regulate the outcome of  antigen presentation by other 
cell types (30, 31). The structure of  the hepatic microcirculation facilitates interactions between circulating 
naive T cells and hepatocytes (32), promoting tolerance induction. Recognition of  intact allogeneic MHC 
class I by alloreactive CD8+ T cells depends upon engagement of  the CD8 coreceptor by residues present in 
the acidic loop of  the α3 domain of  MHC class I (33, 34). Accordingly, recognition of  an intact allogeneic 
MHC class I transgene product can be impeded by introducing a point mutation from a conserved aspartic 
acid to lysine at position 227 of  the class I heavy chain (D227K) (35, 36). The D227K mutation does not 
impair presentation of  processed MHC class I peptides. In this study, we have utilized AAV vectors encod-
ing the D227K mutant or WT allogeneic MHC class I molecules (H-2Kb or H-2Kd) to determine the relative 
contributions of  direct and indirect allorecognition to transplant tolerance induction.

Results
AAV-mediated gene transfer of  H-2Kd to C57BL/6 recipient hepatocytes induces tolerance to H-2Kd-bearing skin grafts. 
We have previously shown that expression of  H-2Kᵇ in the recipient liver induces donor-specific tolerance 
in a mouse skin transplant model where H-2Kb is mismatched between the donor and the B10.BR (H-2k) 
host. Tolerance could be induced in mice in which T cells were primed by prior rejection of  a donor-strain 
skin graft, as well as in naive recipients (19).

To evaluate whether this protocol could eventually be used to induce donor-specific tolerance in a clini-
cal setting, it was critical to demonstrate that tolerance induction was generalizable to additional allogeneic 
MHC class I transgenes and recipient haplotypes. We treated C57BL/6 (H-2b) mice with a hepatocyte-spe-
cific AAV 2/8 vector encoding H-2Kd (AAV-Kd, Supplemental Figure 1; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.97500DS1). Strong expression of  H-2Kd was 
detectable in the livers of  transduced mice from day 2 (d2) after inoculation, with near-maximal expression 
achieved by d7 (Supplemental Figure 2A). All hepatocytes were transduced at doses between 5 × 1010 and 
2 × 1012 vector genome copies (vgc) (Supplemental Figures 2, B–D). At a dose of  5 × 1011 vgc, surface 
expression of  H-2Kd on transduced hepatocytes was equivalent to that of  the native Kd on hepatocytes of  
the d-haplotype mouse strain Dba/2 — and greater than that on hepatocytes of  the H-2Kd transgenic donor 
strain B6.Kd (Supplemental Figure 2E). Transduced cells showed typical hepatocyte morphology and 
expressed the hepatocyte marker cytokeratin 8 (Supplemental Figures 2, F and G). Transgene expression 
was stable and accompanied by minimal cellular infiltration (Supplemental Figures 3, A–F), with serum 
ALT remaining within the normal range (up to 51 IU/l, ref. 37; Supplemental Figure 3G). While there 
were no significant changes in overall CD4+ or CD8+ T cell numbers in the liver following inoculation with 
AAV-Kd, FoxP3+ cell density increased from 0.7 ± 0.3 cells/high-power field (HPF) to 18.3 ± 4.9 cells/HPF 
on d14 (P = 0.002, Supplemental Figure 3, B–D).

To demonstrate tolerance to H-2Kd, AAV-Kd–transduced mice received skin grafts from B6.Kd donors on 
d7 after inoculation. Dose-dependent survival prolongation was observed, culminating in indefinite survival 
of all grafts at a dose of 5 × 1011 vgc, compared with a median survival time (MST) of 15 days in untreated 
recipients and 19 days in recipients inoculated with a third-party control vector encoding H-2Kk (P = 0.0008; 
Figure 1A). A modest acceleration of rejection tempo was observed in mice primed by rejection of a B6.Kd 
graft, compared with unprimed recipients of grafts from the same donor (MST 17 days vs. 22.5 days, P = 0.03, 
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Figure 1B). Indefinite survival of secondary grafts was obtained in recipients that had been primed 30 days prior 
to inoculation with 5 × 1011 vgc AAV-Kd, whereas graft survival in primed recipients was not prolonged by 5 × 
1010 vgc AAV-Kd (MST 21.5 days compared with 24 days in untreated primed recipients, P = 0.228, Figure 1C). 
A heavy cellular infiltrate was present in rejecting grafts, accompanied by complete loss of the graft epithelium 
(Figure 1D). In contrast, the histological appearances of long-surviving B6.Kd allografts to mice transduced 
with AAV-Kd resembled those of syngeneic transplants (Figure 1, E–G), and persistent expression of the alloge-
neic MHC class I was detectable (Figure 1, H–K). These findings in the H-2Kd to H-2b model closely parallel the 
original observations in H-2k mice transduced with AAV-Kb, suggesting that expression of allogeneic MHC class 
I in recipient hepatocytes is a broadly applicable strategy for transplant tolerance induction.

The D227K mutation does not affect membrane expression of  allogeneic MHC class I molecules. To determine 
the contribution of  intact vs. processed donor class I in tolerance induction, we generated AAV-Kᵇ–D227K 
and Kᵈ-D227K vectors (Supplemental Figure 1, B and C) in which a point mutation in the α3 domain of  the 
encoded class I heavy chains abrogates CD8 binding to MHC class I (33–36), thus impeding direct allorecog-
nition. WT and mutant (D227K) MHC class I molecules were expressed at comparable levels on the surface 
of  transduced hepatocytes on d7 following a dose of  5 × 1011 vgc of  the relevant vectors (Figure 2).

The D227K mutation disrupts recognition of  intact allogeneic MHC class I, without affecting recognition of  pro-
cessed class I. To test the effects of  the D227K mutation on the direct and indirect allorecognition pathways, 

Figure 1. Dose-dependent prolongation of Kd-bearing skin graft survival after transduction of recipient hepatocytes with AAV-Kd. (A) C57BL/6 mice (n = 6/
group) were inoculated with AAV-Kd at doses ranging from 5 × 109 to 5 × 1011 vector genome copies (vgc) or with 5 × 1011 vgc of a control vector encoding the 
third-party MHC class I molecule H-2Kk. Skin grafts were performed 7 days later. Graft survival was analyzed using the log-rank (Mantel-Cox) test. Syngeneic 
skin grafts from C57BL/6 donors survived indefinitely. Median survival time (MST) of B6.Kd skin grafts to uninjected C57BL/6 recipients (n = 12) was 15 days. 
AAV-Kk did not extend survival (MST 19 days; P = 0.58), whereas a dose-dependent survival prolongation was noted with AAV-Kd, culminating in 100% survival 
at d100 after transplantation in mice receiving 5 × 1011 vgc AAV-Kd (P = 0.0008 vs. 5 × 1011 vgc AAV-Kk). (B) C57BL/6 mice were first primed by receiving a B6.Kd 
skin graft. Mice were rested for 30–35 days to allow a memory response to develop and then received a secondary graft of B6.Kd skin. A modest acceleration of 
rejection tempo was observed in primed mice (n = 6), compared with unprimed recipients of grafts from the same donor (n = 6; MST 17 days vs. 22.5 days; P = 
0.03; Gehan-Breslow-Wilcoxon test). (C) C57BL/6 mice were primed and rested as above and were then inoculated with AAV-Kd at 5 × 1010 (n = 3) or 5 × 1011 (n = 
6) vgc i.v., followed after an additional 7 days by a secondary graft. Skin graft survival was analyzed as for A. Median survival of secondary B6.Kd grafts was not 
prolonged in primed mice treated with 5 × 1010 vgc AAV-Kd, while all mice inoculated with 5 × 1011 vgc AAV-Kd accepted a secondary graft indefinitely (P = 0.0039 
compared with 5 × 1010 vgc AAV-Kd). (D) At d14–16 after transplant, histological examination of B6.Kd allografts to control mice showed complete rejection, with 
extensive infiltration of the graft and loss of the graft epithelium. (E–G) In contrast, B6.Kd grafts to B10.BR mice inoculated with 5 × 1011 vgc AAV-Kd had normal 
histological appearances at d14–16 (E) and d100 (G), comparable with those of syngeneic grafts (F). (H–J) Expression of H-2Kd in the tolerated grafts increased 
early after transplantation (I and J) compared with that in freshly collected B6.Kd tail skin (H). (K) Ongoing H-2Kd expression was detectable in tolerated grafts 
and had returned to baseline levels by d100. Magnification, 200× for D–K.
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TCR-transgenic T cells recognizing intact (Des-TCR RAG1–/– [Des-RAG]) or processed (TCR75-RAG1–/– 
[TCR75-RAG]) allogeneic class I were used as reporter cells in adoptive transfer experiments. Alloreactive 
Des-RAG CD8+ T cells (H-2k haplotype) directly recognize H-2Kb complexed with 1 of  3 ubiquitously 
expressed self-peptides (38). CFSE-labeled Des-RAG T cells were transferred to syngeneic B10.BR recip-
ient mice transduced with either AAV-Kb or AAV-Kb-D227K at d2 after inoculation with rAAV, and liver 
leucocytes were isolated from these mice following a further 2 days (Figure 3A). Des-RAG cells recovered 
from mice expressing WT H-2Kb on hepatocytes expressed the activation markers CD69 (Figure 3B) and 
PD-1 (Figure 3C) and started to divide. In contrast, Des-RAG T cells isolated from the livers of  mice 
expressing H-2Kb-D227K did not show any evidence of  activation or proliferation (Figures 3, B and C). 
Consistent with the observed difference in the extent of  proliferation between Des-RAG cells transferred 
to mice inoculated with AAV-Kb or Kb-D227K vectors, the absolute number of  cells recovered from the 
Kb-expressing livers was 56,421 ± 13,959, compared with 2,482 ± 861 cells recovered from livers expressing 
Kb-D227K (Figure 3D, P = 0.02), corresponding to a 20-fold difference in the proportion of  Des-RAG T 
cells within the liver leucocyte populations (P = 0.04, Figure 3E).

CD4+ TCR75-RAG T cells (H-2b haplotype) recognize a Kd-derived peptide (QEGPEYWEEQTQRAK) 
complexed with IAb. CFSE-labeled TCR75-RAG cells were adoptively transferred to C57BL/6 recipients 
7 days following injection with either AAV-Kd or AAV-Kd-D227K, and they were recovered from the liver, 
spleen, or draining lymph node (LN) 3 days later (Figure 4A). B6.Kd mice, which constitutively express the 
peptide on all antigen-presenting cells, were used as a positive control. In all 3 compartments, proliferation 
of  the transferred TCR75-RAG cells was comparable in mice transduced with either vector (Figure 4B, 
Supplemental Figure 4). In the liver and draining LN, proliferation in the AAV-transduced mice was almost 
as extensive as that occurring in B6.Kd mice, while in the spleen, TCR75-RAG cells had undergone fewer 
divisions in the AAV-transduced mice than in the B6.Kd controls (Figure 4B). Expression of  the activation 
markers CD69 and PD-1 followed similar patterns in mice transduced with AAV-Kd or AAV-Kd-D227K; 
surface expression of  CD69 slowly declined with succeeding cell divisions (Figure 4C), while that of  PD-1 
increased (Figure 4D). Taken together, these reporter cell experiments confirm that the D227K mutation 
abrogates recognition of  intact allogeneic MHC class I by CD8-dependent T cells, while recognition of  
processed class I peptides by CD4+ T cells is unimpaired.

There was a significant increase in the proportion of  activated CD8+ T cells (CD44+ PD-1+) among the 
liver leucocytes of  mice transduced with AAV-Kd (peaking at 36.8% ± 2.0% on d10 compared with 1.2% 
± 0.3% on d2, P < 0.0001) (Figure 5, A and B), consistent with an endogenous alloresponse with potential 
contributions from both direct and indirect recognition of  H-2Kd. A more modest increase in the propor-
tion of  CD44+PD-1+CD8+ T cells in C57BL/6 mice transduced with AAV-Kd-D227K was detected (9.5% 
± 3.8% on d10, against 0.95% ± 0.52% on d2, P = 0.014), suggesting that some recognition of  processed 

Figure 2. Comparable expression of D227K-mutant and WT MHC class I molecules in recipient hepatocytes. Flow 
cytometry was used to determine expression of MHC class I transgenes in recipient liver at d7 after inoculation with 
AAV-Kb, Kb-D227K, Kd, and Kd-D227K vectors. The epitopes recognized by the monoclonal antibodies B8-24.2 (Kb) or 15-5-
5S (Kd) do not include the α3 domain containing the D227K mutation. Comparable expression of Kb was detected in B10.
BR hepatocytes isolated from mice transduced with either AAV-Kb or AAV-Kb-D227K (A). Similarly, equivalent levels of Kd 
expression were detected on hepatocytes from C57BL/6 mice inoculated with AAV-Kd or Kd-D227K (B). Experiments were 
performed twice with 2 replicate mice per group on each occasion. Representative histograms are shown.
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Kd peptides by CD8+ T cells does occur in C57BL/6 recipients following Kd expression. From d4–10, the 
proportion of  activated CD8+ T cells was significantly greater in the livers of  mice transduced with AAV-Kd 
than those treated with AAV-Kd-D227K (P < 0.0001, Figure 5B). A similar pattern was noted in spleno-
cytes from inoculated mice, although the proportions of  activated CD8+ T cells in the spleen were much 
smaller than those in liver (Figure 5C). Absolute numbers of  activated CD8+ T cells in these tissues were 
consistent with the observed proportions (Supplemental Figure 5).

Tolerance to subsequent skin allografts depends upon recognition of  intact allogeneic MHC class I. H-2Kb–
bearing skin from 178.3 mice was grafted onto B10.BR recipients transduced with either AAV-Kb or 
AAV-Kb-D227K at a dose of  5 × 1011 vgc, 7 days prior to transplantation. Uninjected B10.BR mice 
rejected H-2Kb–mismatched 178.3 skin with a MST of  16 days, while grafts on to AAV-Kᵇ–injected 
mice survived indefinitely (P < 0.0001). Administration of  AAV-Kᵇ-D227K slightly prolonged graft 
survival (MST 27 days; P = 0.0016, compared with uninjected mice) but tolerance was not achieved 
(P = 0.0005, compared with mice transduced with AAV-Kb; Figure 6A). These results were recapit-
ulated in the B6.Kd to C57BL/6 model. Skin grafts mismatched for H-2Kd were transplanted from 
B6.Kd donors to C57BL/6 recipients 7 days following inoculation with 5 × 1011 vgc AAV-Kd or AAV-
Kd-D227K. Grafts to mice transduced with AAV-Kd survived indefinitely, while MST was 15 days in 
untreated C57BL/6 recipients (P = 0.0001). A modest survival prolongation of  B6.Kd skin grafts was 
achieved when recipient mice were transduced with AAV-Kd-D227K (MST 28.5 days; P = 0.0002, 

Figure 3. The D227K mutation of H2-Kb impairs direct recognition by Kb-specific CD8+ Des-RAG T cells. (A) B10.
BR mice were inoculated with 5 × 1011 vgc AAV-Kb or Kb-D227K. Two days later, 1 × 106 CFSE-labeled Des-RAG lymph 
node cells were adoptively transferred to these recipient mice. After a further 48 hours, liver leucocytes were isolat-
ed, stained, and examined by flow cytometry. (B and C) Des-RAG cells transferred into mice transduced with AAV-Kb 
expressed the activation markers CD69 (B) and PD-1 (C) and had started to divide. In contrast, Des-RAG cells recovered 
from the livers of mice inoculated with AAV-Kb-D227K showed no signs of activation or proliferation. (D) Consistent 
with the observed difference in the extent of proliferation between Des-RAG cells transferred to mice inoculated with 
AAV-Kb or Kb-D227K vectors, the absolute number of Des-RAG cells recovered from the Kb-expressing livers was 56,421 
± 13,959, compared with 2,482 ± 861 cells recovered from livers expressing Kb-D227K; P = 0.02. (E) Des-RAG T cells 
comprised 3.78% ± 1.12% of leucocytes recovered from the livers of mice transduced with AAV-Kb and 0.19% of liver 
leucocytes in AAV-Kb-D227K–treated mice (P = 0.04). This experiment was performed twice with 3–4 mice/group for 
each experiment. Representative dot plots are shown. Box shows minimum to maximum, with a line at the mean. Data 
are described as mean ± SEM and were analyzed using an unpaired t test.
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compared with uninjected recipients), but again, tolerance was not induced (P = 0.0005, compared 
with recipients inoculated with AAV-Kd; Figure 6B).

IFN-γ production by alloreactive responder cells is reduced by recognition of  intact but not processed MHC class I.  
Recipient anti-donor alloresponses were measured using IFN-γ ELISpot. C57BL/6 mice were primed 
against H-2Kd using a B6.Kd skin graft, and were then rested for 30–35 days after rejection to allow 
development of  a memory response. The number of  responder cells producing IFN-γ upon exposure to 
H-2Kd–bearing stimulators increased from 41.78 ± 16.45 spot-forming cells (SFC)/million unfraction-
ated splenocytes (SFC/1 × 106) in naive C57BL/6 to 336.1 ± 71.67 SFC/1 × 106 in primed mice (P = 
0.0009, Figure 7A). Inoculation of  primed C57BL/6 mice with AAV-Kd significantly decreased IFN-γ 
production (117.4 ± 22.36 SFC/1 × 106; P = 0.0217, compared with primed uninjected mice; Figure 
7A), while treatment with AAV-Kd-D227K did not reduce the anti–H-2Kd response (247.4 ± 66.33 
SFC/1 × 106, P = 0.4730). Parallel results were obtained when pooled, CD8-enriched splenocytes from 
primed mice were used as responders (Figure 7B).

Depletion of  CD4+ Tregs abrogates skin graft survival prolongation following gene transfer of  CD8 interaction 
mutant but not WT allogeneic MHC class I. The modest survival prolongation that was observed when recip-
ients were treated with rAAV-Kb-D227K or rAAV-Kd-D227K may be due to recognition of  processed 
donor MHC class I by recipient CD4+ or CD8+ T cells. To ascertain whether the generation or activation 
of  CD4+ Tregs in response to H-2Kb or H-2Kd allopeptides was contributing to this survival prolonga-
tion, Tregs were depleted from some recipients, employing anti–folate receptor 4 (anti-FR4) antibodies 
in WT mice (Figures 8 and 9) or Diphtheria toxin (DT) in depletion of  regulatory T cell (DEREG) mice 
(Figure 10). To reduce Treg numbers, AAV-transduced B10.BR recipients received the anti-FR4 antibody 

Figure 4. The D227K mutation does not impede indirect recognition of Kd by indirectly alloreactive TCR75-RAG T cells. (A) C57BL/6 mice were inoculated with 
5 × 1011 vgc AAV-Kd or Kd-D227K. B6.Kd mice, which constitutively express the IAb-Kd(54-68) epitope on antigen-presenting cells, were positive-control recipients, 
while C57BL/6 mice were used as negative controls. CFSE-labeled TCR75-RAG lymphocytes (1 × 107) were transferred to vector-transduced and control mice 7 days 
after inoculation. After a further 3 days, leucocytes were isolated from the spleen, liver, and liver-draining LN; stained; and examined by flow cytometry (n = 3–4/
group). (B) The congenic marker CD45.1 was used, along with CD4, to identify transferred TCR75-RAG cells. TCR75-RAG cells proliferated to a similar extent when 
transferred to mice transduced with either AAV-Kd (red line) or AAV-Kd-D227K (black line). TCR75-RAG cells transferred into C57BL/6 recipients did not divide (gray 
filled histogram). In the liver and draining LN, the extent of proliferation was similar to that in positive control B6.Kd mice, while in the spleen, proliferation had 
progressed further in the positive control than in the transduced mice. Representative histograms are shown (n = 3–4/group). (C and D) In mice inoculated with 
either AAV-Kd or Kd-D227K, similar patterns of expression of CD69 and PD-1 on TCR75-RAG cells were observed. CD69 surface expression declined with successive 
cell divisions (C), while PD-1 expression levels increased as division progressed (D). Representative plots from the draining LN (n = 3/group) are shown.
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TH6. The nondepleting anti-FR4 antibody 12A5 does not compete for epitope binding against TH6 
(Supplemental Figure 6A) and was used for FR4 detection. TH6 treatment significantly reduced the 
numbers of  CD4+FoxP3+ T cells in both peripheral blood (6.98 × 104 ± 9.72 × 103 vs. 1.09 × 104 ± 5.38 
× 103, P = 0.008, Figure 8, A and C) and spleen (1.03 × 106 ± 2.19 × 104 vs. 7.86 × 105 ± 5.17 × 104, P = 
0.01, Figure 8, B and D) while having no effect upon CD8+ T cells (Supplemental Figure 6, B and C). A 
substantial proportion of  CD4+FoxP3+ T cells express both CD25 and FR4. As expected, the number of  
these cells in peripheral blood and spleen declined significantly following TH6 administration (Figure 8, 
C and D). While the reduction of  the FR4+ fraction in spleen was accompanied by an overall decrease in 
CD4+FoxP3+ T cell numbers, there was also an increase in the proportion of  CD25+FR4– cells upon TH6 
treatment (Figure 8B), suggesting that FR4 engagement may have resulted in shedding or internaliza-
tion of  this receptor on some cells, as previously observed (39). The survival prolongation of  178.3 skin 
grafts in B10.BR mice inoculated with Kᵇ-D227K was abrogated when the recipients were treated with 
anti-FR4 (clone TH6). MST was reduced from 27 days in AAV-Kb-D227K–transduced mice receiving 
an isotype-control antibody to 17.5 days in mice receiving anti-FR4 (P = 0.042, Figure 9B). Skin graft 

Figure 5. Activation of endogenous CD8+ alloreactive T cells in the presence or absence of direct recognition of allogeneic MHC class I. C57BL/6 mice 
were transduced with 5 × 1011 vgc AAV-Kd or Kd-D227K. At intervals between 48 hours and 10 days after inoculation, leucocytes were isolated from liver, 
draining LN, and spleen, and CD3+CD8+ T cells were analyzed for expression of the activation markers CD44 and PD-1. (A) The frequency of PD-1hi cells 
among CD8+ T cells from liver increased substantially during the first 10 days after inoculation in mice treated with AAV-Kd and, to a lesser extent, in 
mice transduced with Kd-D227K. n = 3–6 mice/group; representative plots shown. (B) Data were analyzed using a 2-way ANOVA with Sidak’s and Tukey’s 
post tests; the proportion of activated (CD44+PD-1hi) CD8+ T cells in liver peaked at 36.8% ± 2.0% on d10 after inoculation with AAV-Kd compared with 
1.2% ± 0.3% on d2 (P < 0.0001). In mice that had received AAV-Kd-D227K, the proportion of CD44+PD-1Hi CD8+ T cells was 9.5% ± 3.8% on d10, compared 
with 0.95% ± 0.52% on d2 (P = 0.014, n = 3–6/group). From d4–10, the proportion of activated CD8+ T cells was significantly greater in the livers of mice 
transduced with AAV-Kd than those treated with AAV-Kd-D227K (P < 0.0001). (C) Parallel changes were noted in splenocytes and LN cells (not shown) from 
inoculated mice (n = 3–6/group), although the proportions of activated CD8+ T cells in spleen or LN were much smaller than those in liver, and the peak 
proportions of activated CD8+ T cells were attained on d7 (0.85% ± 0.08% for AAV-Kd–transduced mice, 0.34% ± 0.7% for mice receiving AAV-Kd-D227K, 
and 0.11% ± 0.02% in untransduced mice). Statistical analysis employed 2-way ANOVA with Sidak’s and Tukey’s post tests. Box shows minimum to maxi-
mum with a line at the mean. Data are described as mean ± SEM.
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survival in the D227K-FR4 group was equivalent to that in uninjected recipients (MST 17.5 days vs.. 
16 d, P = 0.469), while neither anti-FR4 nor control antibody administration influenced the survival of  
syngeneic skin grafts or of  H-2Kb–mismatched grafts to B10.BR mice transduced with AAV-Kb (MST > 
100 days for all groups).

The proportion of  CD4+ T cells expressing FoxP3 fell from 14.4% ± 1.7% to 0.965 ± 0.19% in the 
peripheral blood of  DEREG mice treated with DT (P = 0.0015; Figure 10, A and C). Similarly, CD4+-

FoxP3+ T cells were reduced from 23.1% ± 1.8% to 5.7% ± 0.8% in DT-treated DEREG spleen (Figure 
10, B and C). Absolute numbers of  CD4+FoxP3+ T cells declined from 42,067 ± 3,982 to 971 ± 192 in 
the peripheral blood of  DT-treated DEREG mice (P = 0.0005) and from 1.5 × 106 ± 0.5 × 106 to 1.08 
× 105 ± 0.63 × 105 in spleen (P = 0.038, Figure 10D). The number and proportion of  FoxP3+ cells in 
C57BL/6 mice were unaffected by DT administration (Supplemental Figures 7B and Supplemental 
Figure 8B). The effect of  DT administration on other cell subsets is shown in Supplemental Figures 7 
and 8. The survival prolongation of  Kd-mismatched B6.Kd grafts onto DEREG recipients treated with 
rAAV-Kd-D227K (MST 27 days) was blocked when mice receiving Kd-D227K were also treated with 
DT (MST 18 days; P = 0.0046; Figure 10F). Treg depletion did not shorten the survival of  skin grafts in 
mice inoculated with AAV encoding WT H-2Kd (MST > 100 days) or in mice with no viral vector treat-
ment (20d vs. 18d, P = 0.51). To determine whether Tregs generated in response to either direct presen-
tation of  H-2Kd or indirect presentation of  H-2Kd–derived peptides could mediate linked suppression of  
responses to other d-haplotype alloantigens, full haplotype mismatched Dba/2 skin grafts (H-2d) were 
applied to H-2Kd–tolerant C57BL/6 mice that had accepted B6.Kd skin grafts for more than 100 days 
following AAV-Kd inoculation, or to naive C57BL/6 recipients. No survival prolongation was observed 
in H-2Kd–tolerant mice (Supplemental Figure 9).

Discussion
In this study, we have demonstrated that tolerance of  allogeneic MHC class I can be induced in several 
different donor-recipient strain combinations by AAV-mediated gene transfer to hepatocytes and that 
recognition of  intact donor MHC class I molecules by alloreactive CD8+ T cells is a requirement for tol-
erance induction. In accordance with data from a number of  other studies (19, 40–42), tolerance induc-
tion is dependent upon the expression of  high levels of  the donor MHC class I in recipient hepatocytes. 
The vector dose required to achieve tolerance was 5 × 1011 vgc, 10-fold higher than the dose of  AAV-Kb 
required to achieve indefinite survival in the majority of  naive B10.BR mice in an earlier study (19), 
despite uniform strong expression of  Kd on the surface of  all hepatocytes across the liver lobule at the 
lower dose of  5 × 1010 vgc. The reasons for this difference are unclear but may relate to a higher precur-
sor frequency of  Kd-reactive T cells in C57BL/6 recipients compared with the frequency of  Kb-reactive  
cells in B10.BR hosts, or to more rapid turnover of  hepatocytes in C57BL/6, leading to the loss of  

Figure 6. Allogeneic skin graft tolerance induction requires recognition of intact donor MHC class I. (A) B10.BR mice were injected with 5 × 1011 vgc 
AAV-Kb (n = 6) or Kb-D227K (n = 6), or were not transduced (n = 16). Seven days later, mice received 178.3 skin grafts, which express Kb on an H-2k back-
ground. Statistical analysis of graft survival was carried out using the log-rank (Mantel-Cox) test. Modest graft survival prolongation was observed in 
mice transduced with AAV-Kb-D227K (MST 26 days vs. 16 days in uninjected controls, P = 0.0016), but tolerance was not achieved. Conversely, all mice 
inoculated with AAV-Kb accepted 178.3 skin grafts indefinitely (P = 0.0005 vs. Kb-D227K). (B) C57BL/6 mice received 5 × 1011 vgc AAV-Kd or Kd-D227K (n 
= 6 per group) or no vector (n = 12) and, after a further 7 days, were transplanted with B6.Kd skin (Kd-transgenic on an H-2b background). Survivals were 
analyzed as for A. Skin graft survival was increased to 28.5 days in mice transduced with AAV-Kd-D227K compared with 15 days in untransduced recipi-
ents (P = 0.001), but again, tolerance was not induced. All grafts survived beyond 100 days in mice transduced with AAV-Kd (P = 0.0005 vs. Kd-D227K).
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episomal AAV vector genomes. Gene transfer to recipient liver using AAV vectors is an emerging ther-
apy for the induction of  antigen-specific tolerance (16), which could be of  significant benefit in the 
setting of  clinical organ and tissue transplantation. A broad array of  mismatched MHC antigens may 
be encountered by recipients, and so establishing the generalizability of  this approach beyond the strain 
combination where it was initially demonstrated is a prerequisite for further progress toward clinical 
translation. Understanding the mechanisms that contribute to tolerance induction is essential to facili-
tate refinement and optimization of  tolerance-induction protocols. Moreover, insights gained from the 
study of  responses to allogeneic MHC transgenes expressed in the liver may enhance our understanding 
of  related phenomena such as spontaneous liver transplant tolerance.

Multiple pathways for donor antigen presentation may be active following transduction of  recipient 
hepatocytes with donor MHC class I. Intact allogeneic class I expressed on the hepatocyte surface may 
be directly recognized by recipient CD8+ T cells. Semidirect recognition may follow the transfer of  intact 
donor class I from hepatocytes to the surface of  other cell types (43–45). Peptides derived from the allo-
geneic class I protein may be presented to self-restricted CD8+ T cells associated with MHC class I of  the 
recipient haplotype (46), either on hepatocytes (indirect recognition) or on other APC (cross-presentation). 
Cross-presentation in the liver is restricted to liver sinusoidal endothelial cells and some liver DC subsets 
(26, 27), and in the absence of  inflammation, it is generally associated with tolerance induction (27, 47–49). 
Presentation of  donor class I peptides by recipient MHC class II to recipient CD4+ T cells (indirect recog-
nition) may also occur (50). We took advantage of  a point mutation that abrogates CD8 coreceptor binding 
and, thus, interferes with recognition of  the intact donor MHC class I (35) — but does not prevent peptide 
processing and presentation — to examine the contributions of  intact and processed MHC class I to trans-
plant tolerance induction.

In both B10.BR and C57BL/6 strains, impairment of  direct or semi-direct recognition of  intact 
donor MHC class I by introduction of  the D227K mutation prevented tolerance induction. Recogni-
tion of  processed donor MHC class I alone yielded a modest survival prolongation in both strain com-
binations, attributable to the generation of  CD4+ Tregs. However, depletion of  Tregs in the presence 

Figure 7. IFN-γ production by alloreactive responder cells is reduced by recognition of intact but not processed 
MHC class I. (A) Anti-Kd alloresponses were estimated using IFN-γ ELISpot. C57BL/6 mice were primed against Kd 
by rejection of a B6.Kd skin graft. Thirty to 35 days later, some mice were injected with 5 × 1011 vgc AAV-Kd or Kd-
D227K. After a further 7 days, splenocytes from inoculated mice, primed mice that were not inoculated with vector, 
or unprimed C57BL/6 controls (n = 9–10/group) were prestimulated in a 1-way multiple linear regression (MLR) with 
irradiated B6.Kd splenocytes, and IFN-γ–producing cells were enumerated using ELISpot. (B) Statistical analysis 
was performed using 1-way ANOVA in conjunction with Sidak’s multiple comparisons test. The number of respond-
er cells producing IFN-γ in response to Kd-bearing stimulators increased from 41.78 ± 16.45 spot-forming cells/
million unfractionated splenocytes (SFC/1 × 106) in naive C57BL/6 to 336.1 ± 71.67 SFC/1 × 106 in primed mice (P = 
0.0009). Inoculation of primed C57BL/6 mice with AAV-Kd significantly decreased IFN-γ production (117.4 ± 32.63 
SFC/1 × 106, P = 0.015 compared with primed mice not receiving vector), while treatment with AAV-Kd-D227K did 
not reduce the anti-Kd response (247.4 ± 66.33 SFC/1 × 106, P = 0.55). Parallel results were obtained when pooled, 
CD8-enriched splenocytes from primed mice were used as responders (n = 3/group). Results were analyzed as for 
A. CD8-enriched splenocytes from unprimed C57BL/6 mice contained 807.6 ± 23.84 SFC/1 × 106, while 2,324 ± 525.8 
SFC/1 × 106 were detected in the primed animals (P = 0.0265). In primed mice transduced with AAV-Kd, the number 
of IFN-γ–producing cells fell to 384.4 ± 122 SFC/1 × 106 (P = 0.007), whereas a nonsignificant reduction was noted 
when primed mice received AAV-Kd-D227K (1,014 ± 313.5 SFC/1 × 106, P = 0.053). Box shows minimum to maximum 
with a line at the mean. All data are described as mean ± SEM.
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of  direct recognition of  donor MHC class I did not alter graft survival, in contrast to several other 
models of  tolerance induction following gene transfer to liver, where CD4+ Tregs are critical mediators 
of  tolerance (9–12). Activation (and subsequent regulatory conversion) of  CD4+ T cells by peptides 
derived from these cytosolic or secreted transgene products may form a more prominent component of  
the recipient immune response than in our model where the transgene product is an allogeneic MHC 
class I molecule expressed on the cell surface.

Reported outcomes of  primary CD8+ T cell activation in liver in the presence of  a moderate or 
large antigen load include deletion (by suicidal emperipolesis or apoptosis; refs. 51–53), exhaustion, 
and functional silencing (19, 41, 53) or the development of  a regulatory phenotype (54). CD8+ Tregs 
generated in response to AAV-mediated expression of  H-2Kd in hepatocytes were able to mediate 
acceptance of  allogeneic pancreatic islet grafts following adoptive transfer into naive, immunocompe-
tent recipients (54). The fate of  CD8+ T cells activated through direct recognition by allogeneic MHC 

Figure 8. A monoclonal antibody against FR4 reduces Treg numbers in peripheral blood and spleen. Administration of the anti-FR4 monoclonal 
antibody TH6 (100 μg), i.v., was used to deplete the population of CD4+ Tregs from B10.BR mice. The nondepleting anti-FR4 antibody 12A5 does 
not compete for epitope binding against TH6 (Supplemental Figure 6) and was used for FR4 detection. TH6 treatment significantly reduced the 
numbers of both CD4+FoxP3+ T cells (gated on CD3+) and of the CD25+FR4+ fraction (gated on CD4+FoxP3+) in the peripheral blood (A and C) and 
spleen (B and D) of B10.BR mice at 24 hours after injection. CD4+FoxP3+ T cells in peripheral blood declined substantially from 6.98 × 104 ± 9.72 × 103 
in controls to 1.09 × 104 ± 5.38 × 103 in TH6-treated mice (C) (P = 0.008), while a lesser reduction in CD4+FoxP3+ T cells (from 1.03 × 106 ± 2.19 × 104 to 
7.86 × 105 ± 5.17 × 104, P = 0.01) was detected in the spleen (D). CD25+FR4+ T cells in peripheral blood decreased from 3.45 × 104 ± 5.59 × 103 to 216 ± 
131(P = 0.0036) following anti-FR4 administration (C), whereas in spleen, the reduction in CD25+FR4+ T cells was from 3.86 × 105 ± 7.75 × 103 to 3.42 
× 104 ± 3.02 × 103, P < 0.0001. While decline of the FR4+ fraction in spleen was accompanied by an overall reduction in CD4+FoxP3+ T cell numbers, 
there was also an increase in the proportion of CD25+FR4- cells upon TH6 treatment (B), suggesting that FR4 engagement may have resulted in 
shedding or internalization of this receptor on some cells. n = 3/group for all experiments. A and B show representative flow plots. In C and D, 
box shows minimum to maximum with a line at the mean. Data are described as mean ± SEM, and statistical analyses were performed using an 
unpaired t tests.
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class I expressed in hepatocytes has not been determined in this study. High frequencies of  PD-1+CD8+ 
T cells were detected in mice inoculated with AAV-Kd (but not AAV-Kd-D227K), consistent with the 
findings of  other recent studies (53, 54). Whether this denotes exhaustion, regulatory potential, or 
any other aspect of  T cell function has yet to be established for this model. IFN-γ production by both 
unfractionated and CD8-enriched splenocytes upon exposure to H-2Kd–bearing stimulator cells was 
significantly reduced in mice inoculated with AAV-Kd but not those treated with AAV-Kd-D227K. 
While reduced ability to secrete IFN-γ upon stimulation is a hallmark of  T cell exhaustion, it is also 
possible that many alloreactive CD8+ T cells have been deleted from the responding population and/
or that the actions of  CD4+ and CD8+ Tregs may have contributed to this outcome. Moreover, while 
hepatocytes are certainly capable of  activating naive CD8+ T cells, it is not certain whether or not 
CD8+ T cells may also be activated by other APC, consequent upon cell-to-cell transfer of  intact allo-
geneic MHC from transduced hepatocytes, and what the significance of  this might be. Unlike the 
findings of  Le Guen et al. (54), but in accordance with our previous observations (19), tolerance to a 
single mismatched MHC antigen (H-2Kd ) did not confer tolerance to a subsequent full haplotype mis-
matched skin graft from Dba/2 (H-2d) donors. In this respect, skin graft rejection may be more difficult 
to overcome than islet rejection, or the lower dose of  AAV-Kd vector used by Le Guen and colleagues 
(54) (1.2 × 1012 vgc/kg compared with the dose of  approximately 2 × 1013 vgc/kg required to achieve 
skin graft tolerance in the current study) may have favored the emergence of  a regulatory phenotype 
rather than deletion or silencing.

In conclusion, recognition of  intact MHC class I by alloreactive CD8+ T cells is required for tol-
erance induction via liver-directed expression of  donor MHC class I. Indirect recognition of  class 
I allopeptides and generation of  Tregs can produce a modest prolongation of  class I–mismatched 
skin graft survival but does not induce tolerance. These findings have significant implications for 
the development of  strategies to induce transplant tolerance in the clinic. Future approaches that 
might increase the generation of  CD4+ Tregs while maintaining the potent induction of  tolerance 
in alloreactive CD8+ T cell populations might include coadministration of  soluble with surface-ex-
pressed MHC class I to increase uptake of  the allogeneic MHC by class II–expressing recipient 
APC (12). Alternatively, allogeneic MHC class I gene transfer to hepatocytes may be combined 
with regulatory cell infusion protocols, such as those evaluated under the auspices of  the One study 
(55–57) and subsequent clinical trials.

Figure 9. Depletion of CD4+ Tregs blocks prolongation of Kb-bearing skin graft survival by AAV-Kb-D227K. B10.BR mice inoculated with either 
AAV-Kb or Kb-D227K (5 × 1011 vgc) 7 days prior to a Kb-bearing 178.3 skin graft received i.v. injections of 100 μg TH6 or isotype control mAb every 4 
days between d–4 and d20 (A). Skin graft survivals (B) were compared using the logrank test. Skin grafts to B10.BR mice transduced with AAV-Kb 
survived indefinitely, irrespective of the coadministration of anti-FR4 (n = 4) or isotype control antibody (n = 4), as did syngeneic grafts (not shown). 
Conversely, the survival prolongation obtained through treatment of recipient mice with AAV-Kb-D227K (MST 26 days, compared with 16 days in 
untransduced mice, P = 0.015) was maintained when the isotype control mAb was coadministered (MST 27 days; n = 3) but abolished when anti-FR4 
was given (MST 17.5 days; n = 6; P = 0.0046).
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Methods

Mice
C57BL/6JArc (H-2b) and Dba/2JArc (H-2d) mice (termed C57BL/6 and Dba/2) were purchased from 
the Animal Resources Centre. DEREG (H-2b) BAC transgenic mice express a simian DT receptor–
enhanced GFP (DTR-eGFP) fusion protein under control of  the endogenous forkhead box P3 (FoxP3) 
promoter/enhancer regions on the BAC transgene (58). DEREG mice were backcrossed for 3 gen-
erations to C57BL/6J prior to use in these experiments. B6.Kd mice (59) (H-2b) express an H-2Kd 
transgene ubiquitously on a C57BL/6 background. TCR75 mice are also of  H-2b haplotype and are 
CD45.1+/+. They express a transgenic TCR on CD4+ T cells, which recognizes the peptide QEGPEY-
WEEQTQRAK (H-2Kd residues 54–68) restricted by I-Ab (60, 61). B6.Kd and TCR75 mice were orig-
inally developed by R. Pat Bucy at the University of  Alabama (Tuscaloosa, Alabama, USA) and were 
provided by Robert Fairchild, Cleveland Clinic (Cleveland, Ohio, USA), and Anita Chong, University 
of  Chicago (Chicago, Illinois, USA), respectively. B6.Kd mice were backcrossed for 3 generations to 
C57BL/6J, prior to use. TCR75-RAG mice were derived by crossing TCR75 mice with CD45.1+/+ 

Figure 10. Depletion of CD4+FoxP3+ Tregs abrogates the survival prolongation of Kd-bearing skin grafts to b-haplotype DEREG mice. DEREG or 
C57BL/6 mice were treated with 12 ng/g Diphtheria toxin (DT) i.p. for 3 consecutive days, following which blood and splenocytes were collected and 
stained for the presence of FoxP3+ T cells. A and B are gated on CD3+CD4+ cells and show representative plots (n = 3). DT administration did not alter 
the percentage of FoxP3+ cells in the blood (A) or spleen (B) of C57BL/6 mice. In contrast, CD3+CD4+ T cells expressing the GFP reporter under the 
control of FoxP3 were almost completely absent from DT-treated DEREG mice, while a small residual population of FoxP3+GFP– cells remained fol-
lowing depletion. C (gated on CD3+CD4+ cells) summarizes the proportion of cells expressing FoxP3 in all DT-treated mice. In DEREG mice, FoxP3 cells 
declined from 14.4% ± 1.7% to 0.96% ± 0.19% of CD4+ T cells in blood (P = 0.015) and from 23.1% ± 1.8% to 5.7% ± 0.8% of CD4+ T cells in spleen (P = 
0.010), upon DT administration. (D) Absolute numbers of CD4+FoxP3+ T cells were reduced from 42,067 ± 3,982 to 971 ± 192 in the peripheral blood of 
DT-treated DEREG mice (P = 0.0005) and from 1.5 × 106 ± 0.5 × 106 to 1.08 × 105 ± 0.63 × 105 in spleen (P = 0.0038). Boxes in C and D show minimum 
to maximum with a line at the mean. Data described as mean ± SEM, statistical analyses were performed using an unpaired t test; n = 3/group. (E 
and F) Survival of B6.Kd skin grafts to DEREG mice transduced with AAV-Kd was not influenced by DT treatment. Conversely, B6.Kd skin graft survival 
in DEREG mice inoculated with AAV-Kd-D227K was reduced from 27 to 18 days (P = 0.0046) when DT was coadministered, abrogating the survival 
prolongation due to expression of the Kd-D227K transgene. n = 6/group; survival analysis was performed using the log-rank test.
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RAG1–/– mice (B6.SJL-Ptprca Pepcb /BoyJArc x B6.129S7-Rag1tm1Mom/ARC). DEREG, B6.Kd, 
and TCR75-RAG mice were bred at the University of  Sydney. The 178.3 mice (originally provided 
by W. Heath and M. Hoffmann, Walter and Eliza Hall Institute, Melbourne, Australia) ubiquitously 
express transgenic H-2Kb on an H-2k haplotype background. Des-TCR mice express an H-2Kb–specific 
TCR identifiable by a clonotypic mAb (Désiré). Des-RAG mice were obtained by crossing DES-TCR 
mice with H-2k RAG1–/– mice. B10.BR (H-2k), 178.3, and Des-RAG mice were bred at the Centenary 
Institute (Camperdown, Australia). Male mice aged between 8 and 12 weeks were used in these exper-
iments. Characteristics of  the different mouse strains used in this study are summarized in Supplemen-
tal Table 1.

AAV vectors
The 1107-bp coding sequence of  H-2Kd was obtained from Dba/2 spleen complementary DNA (forward 
primer 5′ - AGA AGT GGG CAG CTG TGG - 3′; reverse primer 5′ - CTC TGG TTG TAG TAT CTC 
TGT GC - 3′). H-2Kb was cloned as previously described (19). H-2Kd and H-2Kb sequences incorporating 
the D227K mutation were created in silico and manufactured by GeneArt (Thermo Fisher Scientific). Each 
gene was then packaged into an AAV2/8 vector, purified, and quantitated as previously described (19, 62).

Histology and immunostaining
Preparation of  fresh frozen sections. OCT-embedded frozen tissue blocks were cut into 6 μm–thick sections 
(using a Shandon Cryotome E, Thermo Fisher Scientific). Sections were transferred to precoated glass slides 
(SuperFrost, Menzel-Glazer) and allowed to air dry for 1 hour at room temperature (RT), prior to fixation in 
acetone for 8 minutes at RT. When dry, acetone-fixed sections were stored at –80°C until further use.

IHC on frozen sections. Fresh frozen sections were thawed to RT for 15 minutes and then rehydrated by 
washing in tris-buffered saline (TBS). Tissue was encircled with a wax pen (Dako, catalog S2002). TBS 
with 20% normal mouse serum (NMS) (MilliporeSigma, catalog M5905) and 5% normal porcine serum 
(NPS) (Thermo Fisher Scientific, catalog 31890) was applied to the sections for 20 minutes to block nonspe-
cific antibody binding. FITC-conjugated primary antibodies against H-2Kd CD4, CD8α, F4/80, or B220 
or the corresponding isotype controls (Supplemental Table 2) were diluted in TBS/5%NPS, applied to 
the sections, and incubated in a humidified chamber for 30 minutes at RT. Slides were then washed twice 
in TBS. The secondary antibody (Supplemental Table 2) at 5 ng/ml in TBST/NMS/NPS diluent was 
added to the sections, which were again incubated in a humidified chamber for 30 minutes at RT. After 
washing in TBS, color development was achieved using diaminobenzidine (DAB) substrate chromogen 
system (Dako, catalog K3468). Chromogen DAB was diluted in substrate to a concentration of  50 μl/ml, 
applied to the sections, and incubated in a humidified chamber for 2 minutes. Slides were counterstained in 
Mayer’s hematoxylin solution (MilliporeSigma, catalog MHS16) for 2 minutes, air-dried for 24 hours, and 
coverslipped using 24 mm × 24 mm Deckgläser cover slips (Knittel Glass) and Fronine safety mount No.4 
(Thermo Fisher Scientific, catalog FNNII068).

Processing and histochemical staining of  paraffin-embedded tissue sections. Tissue processing and H&E staining 
were performed by the Histopathology Laboratory, Discipline of  Pathology, Sydney Medical School. Briefly, 
formalin-fixed tissue was paraffin-embedded, dehydrated, cleared, and infiltrated with paraffin wax before 5 
μm sections were cut onto on precoated glass slides (SuperFrost, Menzel-Glazer). Fresh paraffin-embedded 
sections were stored at 4°C until further use. Before staining, precut sections were gently warmed to RT. 
Slides were then soaked in 3 changes of  histolene for 10 minutes each, followed by rehydration of  sections 
in graded ethanol. Finally, sections were washed in 2 changes of  dH2O for 3 minutes each. Once rehydrated, 
the sections were kept hydrated throughout the entire staining process and not allowed to dry out.

IHC on paraffin sections. Deparaffinized and rehydrated paraffin-embedded sections were micro-
waved (1100W, Panasonic) in citrate buffer (pH6) for 1 minute on 100% power and then for a further 
20 minutes at 10% power for antigen retrieval. Slides were then cooled to RT and washed in TBS with 
0.01% v/v Tween-20 (TBST; MilliporeSigma, catalog P1379). Tissue was encircled with a wax pen and 
then TBST with 20% normal goat serum (NGS) (Abcam, catalog ab156046) was applied to the sections 
for 20 minutes. The primary antibody against mouse Ly-6B.2 or relevant isotype control (Supplemental 
Table 2) was diluted in TBST with 1% NGS to a concentration of  10 μg/ml, applied to sections, and 
incubated in a humidified chamber for 1 hour at RT. Following incubation, slides were washed in 2 
changes of  TBST and then incubated with 3% H2O2/CH3OH solution for 5 minutes at 4°C to block 
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endogenous peroxidase activity before further washing in TBST. Sections were incubated with the sec-
ondary antibody (Supplemental Table 2) and diluted in TBST/NGS in a humidified chamber for 1 
hour. Slides were washed again in TBST, followed by visualization using the Vectastain ABC kit (Vector 
Laboratories, catalog PK-4000), according to the manufacturer’s directions. Briefly, Solution A and B 
were diluted in TBST/NGS to a concentration of  5 μl/ml each, applied to the sections, and incubated 
in a humidified chamber for 30 minutes at RT. Color development with DAB, counterstaining, and cov-
erslipping were performed as above.

Skin transplantation
All procedures were performed under inhalational anesthesia with isoflurane (Baxter, catalog AHN3637),1%–
3%, in oxygen at 0.5–1 l/min. Tail skin was harvested by making a midline incision along the ventral aspect 
of  the amputated tail. The skin was mobilized and separated from underlying connective tissue and then 
irrigated in sterile saline, flattened, and dissected to yield 6 x 1cm2 grafts. Grafts were stored over ice, between 
saline-soaked gauze impregnated with ampicillin (Alphapharm), 3 mg/ml, until transplanted. Recipient mice 
received buprenorphine (Temgesic, Schering-Plough) (0.05 mg/kg, s.c.) for analgesia and 0.5 ml warmed 
normal saline s.c. for preoperative hydration. Temperature was maintained via a Physitemp TCAT-2DF Con-
troller (Physitemp Instruments). The back and lateral thoracic regions were shaved with a scalpel blade from 
the cervical to the distal thoracic levels, and they were sterilized using Chlorhexidine 0.5% in ethanol 70% 
(Pfizer). Two graft beds were prepared and irrigated with sterile saline. Each mouse received both a syngeneic 
(R) and allogeneic (L) graft. Graft edges were secured with small amounts of  cyanoacrylate tissue adhesive 
(Dermabond, Ethicon, catalog ANX12). A nonadhesive absorptive dressing was placed on top of  the graft 
and secured with adhesive cloth bandage. A further 0.5 ml of  warmed saline and prophylactic ampicillin (100 
mg/kg) were administered s.c. prior to conclusion of  the procedure. Skin grafts were deemed rejected when 
less than 20% of the graft remained. Some mice received a secondary skin graft following either rejection or 
long-term acceptance of  the primary graft.

Tissue collection
At the termination of  each experiment, tissue was collected under anesthesia. Blood was sampled via infe-
rior vena cava (IVC) puncture, allowed to clot at RT for 60 minutes, and was then centrifuged at 1,000 g for 
10 minutes before serum was withdrawn.

Liver was handled gently to avoid damage. The liver was divided into portions: one was formalin-fixed 
for 24 hours before paraffin-embedding and sectioning, and the second was embedded in OCT (Tissue-Tek, 
Sakura Finetec) and frozen in liquid N2 vapor, prior to storage at –80°C.

Hepatocyte isolation
Midline laparotomy was performed under anaesthesia; the IVC was identified. A 22 G cannula was intro-
duced distal to the renal bifurcation and secured using a 5-0 silk tie. Retrograde perfusion of  the liver 
was achieved via the IVC cannula. The hepatic portal vein was transected to allow outflow of  perfusate. 
The liver was sequentially perfused with the following solutions at a flow rate of  5 ml/min (administered 
using a Masterflex L/S 7528-30, Thermo Fisher Scientific); firstly with 25 ml of  HBSS (Lonza, catalog 
10-543F), then with 25 ml of  HBSS with 0.5 mM EDTA (MilliporeSigma, catalog E6758), followed by 25 
ml of  HBSS, and finally with 25 ml of  HBSS plus 5 mM CaCl2 (calcium chloride, MilliporeSigma, catalog 
C5670) and 0.05% of  collagenase IV (collagenase Type IV, Thermo Fisher Scientific, catalog 17104019). 
All solutions were warmed to 37°C. The gall bladder was removed and discarded. Lobes of  the liver were 
collected, taking care to avoid damage, and transferred into a Petri dish containing RPMI 1640 (Lonza, 
catalog 12-702F) medium with 2% FCS (RPMI/FCS2) at 4°C and gently agitated to disperse the hepato-
cytes. The hepatocyte slurry was transferred to a 50 ml conical tube and washed with RPMI/FCS2 by 
centrifugation at 50 g for 3 minutes. The hepatocyte pellet was gently resuspended in 15 ml PBS (ambient 
temperature), and then 9 ml of  isotonic Percoll PLUS (GE Healthcare Life Sciences, Australia) were add-
ed and mixed. The mixture was centrifuged at 500 g for 15 minutes at RT with the brake off. Debris and 
excess solution was aspirated from the tube, and the hepatocyte pellet was washed twice, as above. Viable 
hepatocytes were resuspended in RPMI + 10%FCS (RPMI/FCS10) and counted on a hemocytometer 
using Trypan Blue exclusion.
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Leukocyte isolation from liver, spleen, and draining LN
For liver leukocyte isolation, the IVC was cannulated as above. The liver was flushed with 20 ml of  PBS at 
RT, with venting via a portal vein incision. Liver lobes were transferred onto a 100 μm cell strainer, gently 
pressed through and washed through with cold RMPI/FCS2, and then transferred into a 50 ml conical 
tube. The liver slurry was washed twice with 50 ml RPMI + 5% FCS (RPMI/FCS5) by centrifugation at 
400 g for 10 minutes. The supernatant was decanted, and the cell pellet was then resuspended in 15 ml PBS 
(RT). Isotonic Percoll PLUS (9 ml)were added and mixed; tubes were centrifuged at 500 g for 15 minutes, 
with no brake. The supernatant was discarded, and the liver leucocytes were then washed once before being 
resuspended in 2 ml of  red cell lysis solution and left to incubate for 2 minutes. Following this, the liver 
leucocytes were washed twice with RPMI/FCS5 before viable cells were counted, as above. The spleen 
was pressed through a 70 μm nylon mesh strainer into a 50 ml conical tube, and the strainer was rinsed 
with 50 ml cold RPMI/FCS5. The cells were spun at 400 g for 10 minutes. The supernatant was discarded, 
and cells were then incubated in 2 ml of  red cell lysis buffer for 2 minutes at RT. The cells were washed 
and counted, as above. The liver draining (hepatic portal, para-aortic, and mesenteric) LNs were identified 
using 10× surgical magnification and excised. The nodes were ruptured through a 40 μm nylon mesh 
strainer and then prepared as for splenocytes, with the omission of  the red cell lysis step.

Adoptive transfers
Lymphocytes were collected and processed as detailed above. They were resuspended in RPMI/FCS10 
to yield 1 ×  107 cells per 900 μl, and 900 μl aliquots were dispensed into round-bottom polystyrene tubes. 
CFSE (100 μl of  100 μM; Thermo Fisher Scientific, catalog C34570) was added to each tube, mixed by 
vortex, and allowed to incubate at RT for 4 minutes. The reaction was quenched by the addition of  RPMI/
FCS10. The labeled cells were pooled, washed twice with cold medium, filtered through 40 μm nylon 
mesh, and counted. Des-RAG (1 × 106) or 1 × 107 TCR75-RAG cells were resuspended in 500 μl sterile 
PBS for i.v. injection.

Flow cytometry
Briefly, a single-cell suspension of  1 × 106 leucocytes in ice-cold FACS buffer (PBS/2% FCS) was trans-
ferred into a polystyrene round-bottom tube. The cells were blocked with 1 μg mouse Fc Block (BD Biosci-
ences, catalog 553141) for 10 minutes at 4°C. To this, a cocktail of  directly conjugated primary antibodies 
(Supplemental Table 2) was added and incubated for 20 minutes on ice. To determine viability, all cells 
were washed twice with ice-cold PBS and then incubated with Zombie NIR (BioLegend, catalog 423105) 
for 15 minutes at RT. For FoxP3 detection, cells were fixed and permeabilized after surface and viability 
staining using the anti–mouse/rat FoxP3 staining set (eBioscience, catalog 77-5775-40) and then incubated 
with anti-FoxP3 (FJK-15s). Alternatively, 2.5 × 105 hepatocytes were blocked as above and stained with 1 
μg of  biotin-conjugated anti–mouse H-2Kd (clones SF1-1.1 or 15-5-5S) or H-2Kb (clone B8-24-3), followed 
by washing and then by incubation with streptavidin-PE for 20 minutes on ice. Clones 15-5-5S and B8-24-
3 were chosen for comparison of  surface expression between the WT and mutant forms of  H-2Kd or Kb 
because they recognize determinants within the α1 and α2 but not α3 domains of  the relevant MHC class 
I heavy chain (63, 64). For some experiments, hepatocytes were fixed and permeabilized following surface 
and viability staining, as above, and stained to detect the hepatocyte marker cytokeratin 8. After 2 further 
washes, cells were filtered and run on an LSR Fortessa X-20 (BD Biosciences). Analysis of  data was per-
formed using FlowJo v10.

Imaging flow cytometry
Isolated C57BL/6 hepatocytes were stained with antibodies against both Kd and Kb, as well as Zombie 
NIR. Hepatocytes were then run on an AMNIS ImageStream Mk II (MilliporeSigma) at 40× magnification 
and the low-speed setting. Imaging flow files were analyzed using IDEAS v6.2 software (MilliporeSigma).

ELISpot
IFN-γ ELISpot assays were performed following the manufacturer’s protocol (U-Cytech, catalog CT317-
PR5). B6.Kd and C57BL/6 mouse splenocytes were isolated and the B6.Kd stimulator cells irradiated at 15 
Gy. For some assays, CD8-enriched responder splenocytes were prepared using the CD8α+ T Cell Isolation 
Kit and accompanying protocol (catalog 130-104-075, Miltenyi Biotec). For enrichment, unfractionated 
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splenocytes were incubated with a cocktail of  antibody and detection beads, and they were then separated 
on the autoMACS Pro Separator (Miltenyi Biotec) using the “Depletes” program. The negative fraction 
containing CD8+ T cells was washed, counted, and subsequently used for ELISpot. The fraction of  CD8+ 
T cells within the enriched splenocyte populations averaged 75% ± 3.8%, and CD4+ T cells were virtually 
undetectable following separation (Supplemental Figure 10).

For prestimulation, 1 × 106 of  stimulator and 1 × 106 responder splenocytes were suspended in 250 μl 
RPMI/FCS10 plus penicillin-streptomycin (Invitrogen, catalog 15140) in each well of  a 96-well U-bottom 
plate (Corning, catalog 3788). They were cultured at 37°C + 5% CO2 in a humidified incubator for 24 hours 
and then transferred into an antibody-coated polyvinylidene difluoride (PVDF) plate, serially diluted, and 
incubated for a further 16 hours. The plates were then developed, and the spots were counted using an AID 
iSpot plate reader as previously described (19).

Depletion studies with anti-FR4 or DT
The anti-FR4 monoclonal antibody TH6 (65) was used to deplete Tregs from B10.BR mice. This antibody 
has been previously demonstrated to increase the effectiveness of  antitumor vaccination, through a reduc-
tion in Treg numbers and function (66). Mice were inoculated with 5 × 1011 vgc of  either AAV-Kb or AAV-
Kb D227K, 7 days prior to skin transplantation. They also received 100 μg of  either TH6 (clone TH6, eBio-
science, catalog 16-5446-85) or the isotype control antibody Rat IgG2a κ (clone eBr2a, eBioscience, catalog 
16-4321-85) i.v. in 500 μl sterile PBS on d–4, and each 4 days thereafter until d20 after transplant. Prior 
dose-response studies had determined that a low dose of  12 ng/g DT, administered i.p. to DEREG mice on 
3 consecutive days, effectively depleted CD4+CD25+FoxP3+ Tregs from peripheral blood, spleen, and liver 
(67). DEREG mice or C57BL/6 controls were inoculated i.v. with AAV-Kd or AAV-Kd-D227K at 5 × 1011 
vgc, or no vector 7 days prior to skin transplantation. Half  of  each group were treated with DT (Unnicked, 
Corynebacterium diphtheria, Merck, catalog 322326) 12 ng/g i.p. in PBS for 3 days preceding transplan-
tation and on postoperative days 3–5, 10–12, 16–18, and 23–25, or until skin graft rejection supervened.

Statistics
Statistical analysis was performed using Prism 7.0 for Mac OS X (GraphPad Software). Survival curves 
were compared using the log-rank (Mantel-Cox) or Gehan-Breslow-Wilcoxon tests. Differences between 2 
groups were evaluated using a 2-tailed unpaired t test, while 3 or more groups were compared using 1-way 
ANOVA followed by Sidak’s or Tukey’s multiple comparisons test. For analysis of  2 variables, 2-way ANO-
VA was used, with additional application of  Sidak’s or Dunnett’s multiple comparisons tests.
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