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Abstract

Background—Minor histocompatibility (miHA) antigen vaccines have the potential to augment
graft-versus-tumor effects without graft-versus-host disease (GVHD). We used mixed
hematopoietic chimerism in the canine model of MHC-matched allogeneic hematopoietic cell
transplantation (HCT) as a platform to develop a miHA vaccination regimen.

Methods—We engineered DNA plasmids and replication-deficient human adenovirus type 5
(rAd5) constructs encoding large sections of canine SMCY and the entire canine SRY gene.

Addressfor correspondence: Steven Rosinski, Transplantation Biology Program, Fred Hutchinson Cancer Research Center, P.O.
Box 19024, D1-100, 1100 Fairview Ave N., Seattle, WA 98109; srosinsk@fhcrc.org.

S.L.R, B.S., and S.S.G. participated in research design, performance of research, data analysis, and writing of the paper. S.C.R.
participated in research design. D.H.F., G.A.S, G.J.M, and J.T.F. contributed new reagents. R.S. participated in research design and
writing of the paper.

Steven L. Rosinski: srosinsk@fhcrc.org

Brad Stone: bstone.154@gmail.com

Scott S. Graves: sgraves@fhcrc.org

Deborah H. Fuller: fullerdh@u.washington.edu

Stephen C. De Rosa: sderosa@fhcrc.org

Gregory A. Spies: gspies@fhcrc.org

Gregory J. Mize: gmize@fhcrc.org

James T. Fuller: jtfuller@myuw.net

Rainer Storh: rstorb@fhcrc.org

Disclosure: The manuscript was neither prepared nor funded in any part by a commercial organization, including educational grants.
The authors of this manuscript have no conflicts of interest to disclose.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosinski et al. Page 2

Results—Priming with rAd5 constructs and boosting with ex vivo plasmid-transfected dendritic
cells and cutaneous delivery of plasmids with a particle-mediated epidermal delivery device
(PMED) in two female dogs induced antigen-specific T cell responses. Similar responses were
observed following a prime-boost vaccine regimen in three female HCT donors. Subsequent donor
lymphocyte infusion resulted in a significant change of chimerism in 1 of 3 male recipients
without any signs of GVHD. The change in chimerism in the recipient occurred in association
with the development of CD4+ and CD8+ T cell responses to the same peptide pools detected in
the donor.

Conclusions—These studies describe the first in vivo response to miHA vaccination in a large,
outbred animal model without using recipient cells to sensitize the donor. This model provides a
platform for ongoing experiments designed to define optimal miHA targets, and develop protocols
to directly vaccinate the recipient.

INTRODUCTION

Following the clinical application of major histocompatibility complex (MHC)-matched
allogeneic hematopoietic cell transplantation (HCT), it became apparent that graft rejection
(1), graft-versus-host disease (GVHD) (2), and curative graft-versus-tumor (GVVT) responses
(3) could occur due to non-MHC antigenic differences between the donor and recipient,
referred to as minor histocompatibility antigens (miHAs). Additionally, clinical observations
that cures of the underlying malignancies following allogeneic HCT (4) or donor
lymphocyte infusions (DLI) (5) can occur in the absence of GVHD suggested that GVT
effects could be separated from GVHD.

MiHAs are MHC-presented antigenic peptides derived from male-specific genes encoded on
the Y chromosome in sex-mismatched transplants (HY), as well as disparate peptides
derived from autosomally-encoded non-synonymous coding variations (6). Many miHAs are
ubiquitously expressed, but subsets demonstrate a tissue- or cell type-restricted pattern of
expression. This observation has led to the hypothesis that therapies targeting miHAs
expressed preferentially on hematopoietic cells may promote GVT responses with little or
no GVHD, providing a valuable therapeutic option to treat relapsed or refractory
hematologic malignancies post-allogeneic HCT (7).

Strategies designed to produce GVT responses without GVHD can be broadly separated into
protocols requiring ex vivo manipulation or those relying on direct in vivo sensitization. For
ex vivo manipulation, phase I/11 clinical trials of expanded donor-derived T cell clones
specific for recipient miHAs were infused with some success, but also demonstrated the
barriers of safety, efficacy, and feasibility that prevent broader application of this approach
(8-11). Gene-engineered donor T cells targeting specific miHA/MHC combinations may
prove even more efficacious (12), but ex vivo manipulation remains costly, time consuming,
and potentially dangerous. In contrast, direct in vivo sensitization with a miHA vaccine may
offer a safer and less costly approach. Importantly, adoptive transfer of miHA-sensitized
donor T cells has been shown to eradicate implanted malignancies in congenic mouse
models (13,14). We sought to build on these findings by establishing a safe and effective
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miHA sensitization regimen in the transplant donor of a large outbred animal model of
allogeneic HCT.

The canine allogeneic HCT model has a remarkable track record of translating therapies into
clinical protocols for human HCT (15), and we propose to use the canine model of mixed
hematopoietic chimerism as a platform to develop a miHA vaccine (16). Stable mixed
hematopoietic chimerism is achieved following 200 centigray (cGy) total body irradiation
(TBI), MHC-identical marrow infusion, and a short course of post-grafting
immunosuppression (16). In the mixed chimeric state, regulatory T cells induce donor T cell
tolerance to residual recipient hematopoiesis, which we use as a surrogate of relapsed
disease (17,18). Our group has performed 14 “unsensitized” donor lymphocyte infusions
(DLISs) into stable mixed hematopoietic chimeras and has never observed an effect on
chimerism (combination of published and unpublished observations) (19,20). However, if
the donor is first “sensitized” against recipient miHAs using viable recipient-derived skin
implants, organ transplantation, or injections of peripheral blood mononuclear cells
(PBMCs), DLI reliably converts the recipient to full donor hematopoiesis, representing the
experimental equivalent of a GVT response (19-21). Since recipient cells used for
sensitization can present a large repertoire of miHA disparities expressed in many tissues,
conversion is often accompanied by fatal GVHD (19-21). Our initial goal was to use this
model to develop a miHA vaccine regimen that does not utilize recipient cells to sensitize
the donor.

To develop a miHA vaccine, large sections of canine SMCY and the entire canine SRY gene
were cloned into expression plasmids and replication-deficient human adenoviral vectors
(rAd5; Figure 1 shows a diagram of how these constructs sensitize donor T cells). An
overlapping peptide pool matrix covering the entire coding sequence of the cloned
constructs was produced in order to evaluate immune responses using ELI1Spot and
intracellular cytokine staining (ICS). Based on the antigen-specific responses that developed
following the use of the rAd5 constructs and plasmids in two test females, we tested a
prime-boost vaccination regimen in three female allogeneic HCT donors. These donors
developed antigen-specific T cell responses and adoptive transfer of vaccine-“sensitized”
donor T cells into their respective male mixed chimeric recipients resulted in a substantial
increase in donor chimerism in one of three recipients.

MATERIALS AND METHODS

Experimental animals and DLA typing

Random-bred beagles and mini-mongrel cross breads were raised at the Fred Hutchinson
Cancer Research Center (FHCRC), Seattle, WA or purchased commercially. Animals were
housed in kennels certified by the American Association for Accreditation of Laboratory
Animal Care. All study designs were approved by the Institutional Animal Care and Use
Committee. Dog leukocyte antigen (DLA)-typing used highly polymorphic microsatellite
markers within DLA class | (DLA 88) (22) and class Il regions (DLA-DRB1) (23,24). Table
1 summarizes the DLA typing information.
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Minimal intensity DLA-identical HCT and chimerism analysis

On day 0, HCT recipients were treated with 200 cGy TBI, intravenous infusion of marrow
from their respective DLA-identical siblings, and post-grafting immunosuppression
consisting of oral cyclosporine at 15 mg/kg orally twice daily from days -1 to 35 and
mycophenolate mofetil at 10 mg/kg twice daily injected subcutaneously from days 0 to 28 as
previously described (25). Chimerism analyses were done on PBMCs and granulocytes
following separation of blood on Ficoll (density =1.074), and quantified by fluorescent
variable number of tandem repeat PCR analysis, as described (26).

Vaccine preparation and administration

Plasmids and rAd5 vectors expressing three domains of canine SMCY and the entire canine
SRY gene were produced as described in Supplemental Digital Content (SDC) Table S1.
The amino acid sequences are shown in Figure 2, and were injected into the dogs as follows:

(1) The rAd5 vectors were separated into three insulin syringes; one contained pooled
rAd5 SMCY domains 1 and 2, another contained rAd5 SMCY domain 3, and the third
contained rAd5 SRY. Each syringe injected 200 microliters intramuscularly (IM) into a
separate muscle group (two flank muscles and one shoulder muscle).

(2) CD34-derived dendritic cells (DCs) were produced as described (27,28). DCs
underwent transfection in P3 nucleoporation solution plus 4 ug of plasmid DNA (four
plasmids mixed at equal concentrations) per 1x10% DCs per well in a 96-well shuttle
using an AMAXA-96 well shuttle program set at FD-137 (Lonza, Basel, Switzerland).
Post-transfection viability was assessed using Acridine Orange/Ethidium Bromide. DCs
were suspended in 1 mL (1 mg) of Poly (1:C) HMW VacciGrade adjuvant (InvivoGen,
San Diego, CA) and injected subcutaneously into the scruff of the neck. As a positive
control for transfection efficiency, a small sample of DCs were transfected using 4 ug of
the green fluorescent protein (GFP) control included in the kit, and analyzed following
overnight culture by flow cytometry with data expressed as percent of cells expressing
GFP.

(3) For invivo transfection of plasmids, the four plasmids were mixed at equal
concentrations, and 2 pg of plasmid DNA was coated onto 0.5 mg of 1 micron gold
particles per cartridge, as described (29). The dogs underwent general anesthesia. Eight
cartridges were then delivered to each side of the abdomen lateral to the mammary
glands using the particle-mediated epidermal delivery device (PMED), Powderject
XR1, set between 400 to 500 pounds per square inch (Powderject Vaccines, Inc.,
Middleton, WI), as described (30).

Donor lymphocyte infusion (DLI)

Female donor dogs underwent general anesthesia, central venous catheter placement in the
external jugular vein, and collection of 200 mL leukapheresis product, as described (COBE
2997; Blood Component Technology, Lakewood, CO) (31,32). Cell counts with differentials
were obtained using an ADVIA 2120i (Siemens, Deerfield, IL). Recipients were pre-treated
with diphenhydramine and the entire leukapheresis product was slowly infused.
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Interferon-y ELISpot and intracellular cytokine staining (ICS)

RESULTS

PBMCs were suspended in CTL-Test Medium (Cellular Technology Ltd, Shaker Heights,
OH) and stimulated the same day with peptide or peptide pools prepared as described in
SDC Table S2, or with the same amount of DMSO used to dissolve the peptide as a negative
control. Phytohemagglutinin (PHA) at a final concentration of 25 pg/mL was used as a
positive control. ELISpots were performed as described and counted with a Bioreader 5000
(Biosys, Miami, FL) (33). ICS was based on described methods using canine-specific
antibodies for CD3, CD4, CD8, and IFN-vy (34,35). The samples were analyzed using a
FACS Canto Il (BD Biosciences, San Jose, CA). Data was analyzed using FlowJo Software
(Treestar Ashland, OR).

IM prime injection of rAD5 constructs in two female dogs

Dog H619 was given an IM dose of 0.25x1010 rAd5 viral particles (VP) per construct
resulting in a 1x1011 VP total dose (36). This dose was well tolerated and induced T cell
responses that peaked at 4 weeks (Figure 3A), consistent with observations following rAd5
vaccination in humans (36). A second female dog, H581 was given a larger initial dose of
1x102 rAd5 VP per construct (4x1012 /P total dose) with the rationale that a larger dose
may produce a stronger response. The higher dose was also well tolerated but produced high
background responses in the pooled peptide ELISpot assays at 2, 3, and even 4 weeks after
the injection without an associated increase in either magnitude or length of a response to
the encoded antigens (Figure 3B). At this stage of sensitization, we were unable to
demonstrate a positive ELISpot to individual peptides within the positive peptide pools for
either dog (not shown). At 6 weeks post rAd5 IM injection, responses against the peptide
pools had declined to undetectable levels in both dogs (not shown).

DC boost of expression plasmids in two female dogs

We sought to determine whether marrow-derived DCs transfected with the expression
plasmids could boost the immune response. The two female dogs initially treated with rAd5
constructs were boosted with sequential daily subcutaneous injections of transfected DCs
along with the toll-like receptor 3 agonist poly(l:C) as an adjuvant similar to a previously
reported method (37). Bilateral marrow aspiration, CD34+ selection, culture, and harvest
produced sufficient DCs for a two day subcutaneous injection of DCs for H619 as follows:
day 1, 2.75x10° DCs with 55% transfection efficiency (TE), and day 2, 2.3x108 DCs with
16% TE (week 14, Figure 3A). For H581, the same procedure produced a single injection of
1.82x108 DCs with 11% TE (week 12, Figure 3B). Positive pooled ELISpot responses were
shown one week after this vaccination for H619 (week 15, Figure 3A). By two weeks after
the injection in H619, the number and magnitude of the positive pools by ELISpot had
decreased (not shown). No responses were observed for H581 (week 13, Figure 3B).

PMED boost of expression plasmids in two female dogs

We next tested the immune response following in vivo cutaneous delivery by PMED. Both
H619 and H581 underwent PMED-DNA vaccination at weeks 18 and 16, respectively, after
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the rAd5 prime injections. H619 demonstrated a robust response with multiple positive
peptide pools (week 19, Figure 3A). Positive responses were shown for individual peptides
within the peptide pools and confirmed by ICS (not shown). No positive response was seen
for H581 at week 17 (Figure 3B). To further confirm the PMED method of delivery and to
demonstrate a response in a second female dog, both H619 and H581 underwent a second
PMED vaccination at weeks 22 and 20, respectively. Both H619 and H581 demonstrated a
robust response with multiple positive peptide pools at weeks 23 and 21, respectively. The
responses were confirmed by ICS with the majority of these responses due to CD4+ T cells,
although a CD8 component to the response was evident within pools 15 and 16 for H619
and within pool 15 for H581 (Figure 3, Figure 4, and Table 2).

Confirming the pooled ELISpot results with individual peptide responses

Next, we confirmed responses against individual peptides from within the positive peptide
pools for both H619 and H581 at weeks 23 and 21, respectively. The data are presented in a
13 x 13 peptide pool matrix of overlapping peptides; each column and each row displays the
peptides included in a pool (Figure 5). Strongly positive pools are highlighted in yellow.
Individual peptides found at the intersections of two strongly positive pools (highlighted in
orange) underwent single peptide ELISpot confirmation (Figure 6). Two peptides that
overlapped a negative and positive pool, thus predicted not to elicit a single peptide
response, are highlighted in red and included in the individual peptide analysis (Figure 6).

Responses against individual peptides were defined for each targeted pool and verified by
ICS (Figure 4, Table 2). As predicted, the red highlighted peptides were negative by
individual peptide ELISpots in both dogs. In contrast, positive responses were shown from
within the orange highlighted peptides (Figure 6). H619 responses to individual peptides
mapped to SMCY domain 2 (D2) peptides 34-37 (P34-37), SMCY domain 3 (D3) peptide
60 (P60), SRY peptides 17 and 18 (P17-18), and SRY peptide 27 (P27) (Figure 6A). All of
these individual peptides were confirmed by ICS and showed a CD3+CD4+IFN -y response
with the exception of SMCY D2P37 that was negative by ICS. In this manner, most peptide
pool responses were accounted for by individual peptides highlighted in orange for H619 at
week 23. In a similar fashion for H581 at week 21 (Figure 6B), responses against individual
peptides were detected by ELISpot from within the orange highlighted peptides and
confirmed by ICS (Table 2). From these experiments, responses were shown to individual
peptides encoded within three of the four constructs including SMCY domain 2, SMCY
domain 3, and SRY.

PMED prime viral boost vaccine study in female donors

Next, we posed the question whether a prime-boost vaccine was an effective means to
produce a sensitized DLI and whether injecting vaccine-sensitized female donor cells into a
male mixed chimeric recipient could convert the recipient to full donor chimerism. To this
end, three female HCT donors 39, 8, and 6 months following marrow donation underwent
two rounds of PMED-plasmid DNA priming separated by four weeks, and then four weeks
later underwent a rAd5 IM boost injection of 0.25x1010 VP per construct (1x1011 VP total
dose). Pooled peptide ELISpot analyses were performed for each donor dog six weeks after
the start of the vaccine regimen, corresponding to two weeks after the second PMED-DNA
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prime. No responses were detected at week 6. By week 10, two weeks after the rAd5 boost,
only high backgrounds were observed for negative controls, consistent with the highly
stimulatory capacity of an IM injection of 1x1071 VP, However, by four weeks after the
rAd5 boost, corresponding to 12 weeks after initiation of the vaccine regimen, significant
and specific ELISpot responses were apparent for all three donor dogs. For the first donor
(D1), ELISpot responses were shown against multiple pools, and there was sufficient sample
to confirm pools 2, 6, 8, and 20 as CD8+ responses by ICS (Figure 7A and Table 2). For D2,
pools 10, 16, and 17 were positive by ELISpot, and pool 10 was confirmed by ICS as a
CD8+ response (Figure 7B, and Table 2). For D3, pools 9, 15, and 16 were positive by
ELISpot. Pools 9 and 15 were confirmed as a CD4+ response and pool 16 as a CD8+
response by ICS (Figure 7C, Figure 4G-J, and Table 2).

DLI into stable male mixed chimeric recipients

The male transplant recipients H382 (R1), H597 (R2), and H519 (R3) demonstrated stable
mixed chimerism off all immunosuppression without any signs of GVHD for 42, 11, and 9
months after transplant at the time of the DL, respectively. Following vaccine-mediated
sensitization of the donors as described above, R1 received 1.2 x108 leukocytes/kg, R2
received 3.2x108 leukocytes/kg, and R3 received 0.7x108 leukocytes/kg. Refer to SDC
Table S3 for the cell differential.

Following DLI, recipients were evaluated by pooled peptide ELISpot, analysis of donor
chimerism, and monitored for development of GVHD. Pooled ELISpot analyses were
performed at 1 and 5 weeks post-DLI, corresponding to weeks 13 and 17 from the beginning
of the vaccine series in the donor. No responses were observed in any of the three recipients
(Figure 7). However, R3 began to demonstrate a change in donor chimerism starting eight
weeks and completed by 13 weeks after the DLI. For R3, donor granulocytes increased from
30% to 90%, and the donor PBMCs from 50% to 70%. Donor chimerism did not change in
the other two recipients (Figure 8). A pooled peptide ELISpot was performed 14 weeks after
the DLI in R3, corresponding to week 26 since the beginning of the vaccine series in the
donor. Peptide pools 15 and 16 were positive by ELISpot. Pool 15 was confirmed as a CD4+
response and pool 16 was confirmed as a CD8+ response by ICS. Of note, R3’s female
donor, D3, had the same CD4+ response to pool 15 and CD8+ response to pool 16 at the
time of the DLI (Figure 7C, Figure 4KN, and Table 2). As responses in R3 were generally
low, we were unable to show an ELISpot response against a single peptide contained within
the positive pools from either R3 or D3 (not shown). No positive pooled ELISpot responses
were seen in R3 by 16 weeks after the DLI, corresponding to 28 weeks since the beginning
of the vaccine series (Figure 7C). No GVHD was observed in any of the recipients.

DISCUSSION

MiHA vaccination of the allogeneic HCT recipient with antigens expressed only on
hematopoietic cells represents an approach to produce GVT responses without GVHD for
the treatment of relapsed or refractory hematologic malignancies after MHC-matched
allogeneic HCT. However, this requires a vaccine regimen that can produce antigen-specific
T cells that drive in vivo responses in hosts that have donor T cells undergoing immune
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reconstitution, pharmacologic immunosuppression, and actively developing tolerance to the
targeted antigens. Although there is scientific rationale that suggests this is obtainable, we
focused our initial studies on first establishing a miHA vaccine regimen in the donor.

These studies describe the first in vivo response to miHA vaccination in a large, outbred
animal model without using recipient cells, and justify the need for future experiments. This
study focused on the well-established T cell-mediated responses of donor T cells to miHAs.
Future studies are needed to evaluate .for humoral responses (38,39), expand our study with
a larger numbers of animals, and determine the reason why partial donor conversion
occurred in only 1 of 3 transplant recipients. One potential explanation is that the donors
were inadequately sensitized and extra rounds of sensitization are needed to drive
conversion of chimerism in the recipient following DLI. Consistent with this hypothesis are
the weak pooled ELISpot responses in the three vaccinated donors compared to the robust
responses to single peptides shown for the initial two test female dogs that each received an
extra round of sensitization. Alternatively, DLA restriction may play a role in how
efficiently a miHA is presented. Notably, the DLA for the recipient that underwent partial
conversion included DRB1 9/22 and DLA-88 03801/50101, while the initial test female
H619 that produced the most robust responses also expressed DRB1 9/22 and DLA-88
03801. Thus, one or more of these DLA alleles may be capable of driving a response against
a vaccine-encoded epitope with a minimal number of vaccinations. Another possibility is
that the effect of a DLI using ubiquitously expressed antigens is blunted as compared to
miHAs primarily expressed on hematopoietic cells (13,14). This may explain why R3
experienced only a partial versus a full donor conversion.

Putting aside the ethical limitations, miHA vaccination of human transplant donors followed
by adoptive transfer into the recipient would overcome many of the challenges of
establishing a miHA vaccine in the transplant recipient. First, miHA vaccination of human
transplant donors is likely safe, as miHA sensitization is a naturally occurring phenomenon
during pregnancy (40,41) and also occurs following infusion of non-irradiated blood
products (42). Second, murine studies have shown that adoptive transfer of CD8+ memory T
cells from donors vaccinated against a single miHA (H60) eliminated implanted tumors
without GVHD, and was proposed as an alternative approach to ex vivo engineering (13).
Third, numerous studies have shown responses to tumor-associated antigens delivered by
DCs (43), plasmids (44), or viral vectors (45), and analogous approaches using miHAS are
planned or ongoing (46). Fourth, we have shown that the canine model of mixed
hematopoietic chimerism provides a large animal model to develop a miHA vaccine (18,20).
This study adds to our understanding of this approach, demonstrating that plasmid- and
viral-based methods produce miHA-specific responses and in vivo effects following DLI.

The clinical application of a miHA vaccine will likely require targeting hematopoietic-
restricted miHAs. In humans, the chance of having at least one mismatch for one of the eight
known hematopoietic system-restricted miHASs has been reported to be 21.2% and 33.6% in
the Caucasian population for MHC-matched sibling donor-recipients and MHC-matched
unrelated donor-recipients, respectively (47). To identify this type of variation in the dog,
we plan to cross-reference next generation sequencing data and newly released single
nucleotide polymorphism data with tissue expression microarray data (http://
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www.broad.mit.edu/mammals/dog/snp/) (48). Non-synonymous disparities in genes
expressed primarily in hematopoietic cells are ideal candidate vaccine targets. Preliminary
expression array analysis has identified several hundred transcripts that are expressed at
significant levels in PBMCs, but not in common GVHD target tissues including gut and skin
epithelium, and saline-perfused liver (unpublished results). Targeting these variations in a
multi-epitope vaccine (49) using our prime/boost regimen will directly evaluate whether
targeting hematopoietic-restricted variations will generate a robust GVT-like response with
little or no GVHD.

Widespread application of a miHA vaccine is likely to require vaccination of the allogeneic
HCT recipients, entailing a therapy that overcomes T regulatory-induced tolerance without
affecting the ability of resident donor T cells to respond to the vaccine. One potential
approach is suggested by our knowledge of MHC-matched allogeneic HCT. For example,
we have shown that 200 cGy TBI overcomes T regulatory cell tolerance for a short period of
time, (17,50,51). Also, 200 cGy TBI provided as part of HCT conditioning regimens does
not prevent resident T cells from responding to miHAs, as demonstrated by the requirement
of post-grafting immunosuppression of recipients in order to prevent graft rejection (16).
Collectively, these observations suggest that 2 Gy TBI overcomes T regulatory cell
tolerance but not the ability of donor T cells to respond to miHAs, thus offering a window to
test a miHA vaccine directly in the recipient. The evolution of novel vaccination techniques
(52,53) and manipulation of costimulatory molecules (54) used for cancer immunotherapy
may also suggest strategies to induce miHA sensitization in the setting of T regulatory cell
tolerance in the recipient.

In conclusion, vaccination with specific miHAs unique to the recipient holds promise as a
future therapy to separate GVT from GVHD. However, translating this knowledge into a
clinical protocol carries significant risk. We will address these risks by developing a miHA
vaccination regimen in a canine model of allogeneic HCT. This platform allows experiments
testing a variety of miHA targets, including variations that are expressed primarily on
hematopoietic cells. Finally, we plan to explore methods for direct sensitization of the
recipient against specific miHAS, thereby eliminating the requirement for donor vaccination
and subsequent DLI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

rAd5 replication-deficient human adenovirus type 5
PMED particle mediated epidermal delivery device or “gene gun”
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2. Endogenous miHA processing and
presentation directly from somatic cells.

S—

1. Endogenous miHA processing
and presentation directly from
the dendritic cell.

Donor dendritic cells Donor somatic cell

3. Exogenous miHA presentation by
dendritic cells of miHA generated from
somatic cells on MHC class Il, and cross-
presentation of miHA on MHC class I.

MiHA

Endocytosis

Figure 1. Immunological mechanisms behind the miHA vaccine
Donor T cell activation to the miHA-encoded in the vaccine constructs occurs by several

mechanisms (55). Direct transfection with the expression plasmids or transduction with
rAd5 of donor dendritic cells and somatic cells occurs following vaccination. The constructs
are shuttled to the nucleus (dotted lines). This is followed by transcription, translation,
peptide processing, and expression of miHAs on MHC class | via the endogenous pathway
to donor CD8 T cells directly from the dendritic cells and somatic cells (solid arrows). The
transfected or transduced somatic cells act as an antigen reservoir, producing miHAs that
undergo endocytosis by dendritic cells that are then presented by the exogenous pathway on
MHC class Il or through cross-presentation on MHC class | (solid arrows).
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Cloned SMCY Domain 1
SMCY EFGSGFPVSSSQGILSPEEEEYATSGWNLNVM
SMCX EFGSGFPVSDNKRHLTPEEEEYATSGWNLNVM

Cloned SMCY Domain 2

SMCY FPNSELLQRLRNCIHEAEACVSQVLGLVSGQEA---
RIQTSPLTLTELRVLLEQMSSLPCAMHQIEDVKEVLEQVEAYQTIEAREALASLCPSVGLMRSLLEK

SMCX
FPNSELLQRLKNCLSEAEACVSRALGLVSGQEAGPHRVAGLOMTLAELRAFLDQMNNLPCAMHQIGDVKGILEQVEGYQAEAREALASLPSSPGLLQSLLER

SMCY  GQQLGVDVPEAHQLOQOVEQARWLDDVKKALAPSAQRGSLVIMQGLLVTGTKIASSPCVDKARAELQELL
SMCX  GQQLGVEVPEAQQLORQVEQARWLDEVKRTLAPAARRGTLAVMRGLLVAGASVAPSPAVDKARAELQELL

Cloned SMCY Domain 3
SMCY RLETILALLVALQRLPVRLPEGEALQCLTERAIVWQGRARQALASKDVTTLLGQLAELRHQLQAETRLQEPf—YHSTPACAPLREGSGRDMPIQVP
SMCX RLETILALLVALQRLPVRLPEGEALQCLTERAISWQGRARQALASEDVTALLGRLAELRQRLOQAEPRPEEPPTYPPAPASDPLREGSGKDMPK-VQ

SMCY  GLLPNVDSTSSHEKIASVQGEDLEVLSSLLSQLSGPVLDLPEATRVPLEELMLEGDLLEVTLDENHRIWQLLQAGQPPDLERICTLLELEKPEHKGSR
SMCX  GLLENGDSVTSPEKVALGEGSDLELLSSLLPQLTGPALELPEATRAPLEELMLEGDLLEVTLDENHSIWQLLQAGQPPDMERIRTLLELEKAERHGSR

SMCY TRGRAIEKRRRRQQQEVDLGMKSKNLVQEELQSKKARNSGNKSEEGQEEEEFEEERDSENIFLTCSVDHSSVLKVNPNSVRQ——NDSGITASFPS
SMCX ARGRALERRRRRK---VDRGGEGDDPAREELEPKRVRSSGPEAEEAQEEEELEEETGGEGPPQTLPTTGSPSTQENQNGLEPALATSGPSAPFST

Cloned SRY Domain

SRY MFRALNCDDHGAAVQONAFGFPRKSSDRWTDNSTSNYRCESGGNGRDSGRNRVRRPMNAFLVWSRDQRRKMALENPQMONSEISKQLGYQWKMLTE
SRY AEKWPFFEEAQRLQAMHREKYPDYKYRPRRKATAQKSHKLLPAASSSMLCKQVHVDERFYPFTYTDSCSRAAHTRMEDQLSCSQPMSTARSLLQQE
SRY YHSSSASLRDSPETLAAQMSADASFYSKK

Figure 2. Protein sequencesfor SMCY and SRY
Here is the alignment of the three cloned domains of canine SMCY with the X homologue

SMCX, and the cloned SRY protein sequence, as there is no X chromosome homologue.
Sequences of the domains were compared to the Canis Familiaris GenBank reference
sequence DQ156494.1 for KDM5D (SMCY), and GenBank reference sequence
AF107021.1 for SRY. The non-homologous disparities between SMCY and SMCX are
underlined, and insertions or deletions between the homologues marked with gaps. As
compared to the GenBank sequence for SMCY, the cloned domains contain two non-
synonymous single nucleotide polymorphism changes: in domain 1, an arginine (R) to a
glycine (G), and in domain 2, a methionine (M) to isoleucine (1), highlighted in light gray.
SMCY domain 3 contained three intron sequences with the amino acid insertion site
highlighted in dark gray.
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Figure 3.
Pooled peptide ELISpot results tracking an immune response to the encoded disparities

following the vaccine series for H619 (A) and H581 (B). DMSO-negative (Neg) controls are
shown for each time point tested. Only positive peptide pools are shown following the
DMSO-negative control from that time point and defined as greater than 50 spot-forming
cells (SFC) per 108 PBMCs on average, with non-overlapping standard deviations with the
DMSO-negative control. The arrow plots out the time in weeks following the prime and
boost vaccinations and the subsequent pooled peptide ELISpot assays. Specific pools
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underwent ICS confirmation. A plus sign (+) indicates a positive ICS response and a minus
sign (=) indicates a negative ICS response (ICS examples shown in Figure 4 and data listed
in Table 2).
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Figured4. Three-color intracellular cytokine staining for interferon-y to confirm EL|Spot results
For each sample, a lymphocyte gate was drawn in the forward scatter and side scatter plot

(A). All samples were stained with CD3-FITC, and either CD4-PE or CD8-PE. The CD4 or
CD8+ T cells were gated from the lymphocyte gate as shown (B). All samples underwent
intracellular cytokine staining for interferon-y (APC). The percentage of interferon-y-
expressing CD4+ or CD8+ T cells were then determined by placing a gate with an adequate
proximity to the DMSO-negative control (C) and maintaining that same gate for all samples
tested. A positive response was defined as greater than or equal to 0.1% interferon-vy-
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expressing CD3+CD4+ or CD3+CD8+ T cells as long as the DMSO negative control for
that sample remained below 0.05%. Phorbol myristate acetate (PMA) at 100 ng/mL and
lonomycin at 1 pg/mL was used as a positive control (D). The percentage of interferon-y
CDA4+ T cells of H619 responding to pool 15 (E) and peptide SRY P17 (F). The percentage
of interferon-y CD4+ T cells of D3 (H353) responding to pool 15 (G-H) and percentage of
interferon-y CD8+ T cells responding to pool 16 (1-J). The percentage of interferon-y CD4+
T cells of R3 (H519) responding to pool 15 (K-L) and percentage of interferon-y CD8+ T
cells responding to pool 16 (M-N). The remainder of the data is listed in table format (Table
2).
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Pooled ELISpot Results From Week 23 of the Vaccine Series for H619
Results 45+/-30 83+/-8 60+/-22 [1308+/-48| 72+/-10 | 55+/-30 | 35+/-10 | 130+/-48 | 645+/-61 | 247+/-23 |1420+/-52(635+/-104| 53+/-19
Pools 1 2 3 4 5 6 7 8 9 10 11 12 13
308+/-193 14 D1 P1 D2 P8 D2 P21 | D2 P34 D3 P7 D3 P20 | D3 P33 | D3 P46 | D3 P59 | SRY P3 | SRY P16 | SRY P29 | SRY P42
1261+/-125 15 D1P2 D2P9 | D2P22 | D2P35 | D3P8 | D3P21 | D3P34 | D3 P47 | D3 P60 | SRY P4 | SRY P17 | SRY P30 | SRY P43
1048+/-300 16 D1P3 | D2P10 | D2P23 | D2P36 | D3P9 | D3P22 | D3P35 | D3 P48 | D3P61 | SRY P5 | SRY P18 | SRY P31 | SRY P44
268+/-105 17 D1P4 | D2P11 | D2P24 | D2P37 | D3P10 | D3 P23 | D3 P36 | D3 P49 | D3P62 | SRY P6 | SRY P19 | SRY P32 | SRY P45
205+/-48 18 D1P5 | D2P12 | D2P25 | D2P38 | D3P11 | D3 P24 | D3 P37 | D3 P50 | D3 P63 | SRY P7 | SRY P20 | SRY P33 | SRY P46
48+/-21 19 D1P6 | D2P13 | D2P26 | D2P39 | D3P12 | D3 P25 | D3 P38 | D3 P51 | D3 P64 | SRY P8 | SRY P21 | SRY P34 | SRY P47
100+/-40 20 D2 P1 D2P14 | D2P27 | D2P40 | D3P13 | D3 P26 | D3 P39 | D3 P52 | D3 P65 | SRY P9 | SRY P22 | SRY P35 | SRY P48
5+/-0 21 D2P2 | D2P15 | D2 P28 D3 P14 | D3 P27 | D3 P40 | D3 P53 SRY P10 | SRY P23 | SRY P36 | SRY P49
63+/-16 22 D2P3 | D2P16 | D2P29 | D3P2 | D3P15 | D3 P28 | D3 P41 | D3 P54 | D3 P67 | SRY P11| SRY P24 | SRY P37 | SRY P50
35+/-5 23 D2 P4 D2 P17 | D2 P30 D3 P3 D3 P16 | D3 P29 | D3 P42 | D3 P55 | D3 P68 | SRY P12 | SRY P25 | SRY P38 | SRY P51
25+/-25 24 D2P5 | D2P18 | D2 P31 D3 P4 | D3P17 | D3 P30 | D3 P43 | D3 P56 | D3 P69 | SRY P13 [ SRY P26 | SRY P39 SRY P52
578+/-232 25 D2P6 | D2P19 | D2P32 | D3P5 | D3P18 | D3 P31 | D3 P44 | D3 P57 | SRY P1 | SRY P14 | SRY P27 | SRY P40 | SRY P53
272+/-125 26 D2P7 | D2P20 | D2P33 | D3P6 | D3P19 | D3 P32 | D3 P45 | D3 P58 | SRY P2 | SRY P15 | SRY P28 [ SRY P41
11+/-13 | Negative
1276+/-187 PHA
Pooled ELISpot Results From Week 21 of the Vaccine Series for H581
Results 27+/-10 | 32+/-10 | 104/-13 | 40+/-5 18+/-8 12+/-6 | 304/-18 | 62+/-8 | 352+/-69 | 172+/-12 | 233+/-85 | 102+/-50 | 22+/-10
Pools 1 2 3 4 5 6 7 8 9 10 11 12 13
253+/-10 14 D1P1 D2P8 | D2P21 | D2P34 | D3P7 | D3P20 | D3P33 | D3 P46 | D3P59 | SRY P3 | SRY P16 | SRY P29 | SRY P42
261+/-20 15 D1 P2 D2P9 | D2P22 | D2P35 | D3P8 | D3P21 | D3P34 | D3 P47 | D3P60 | SRY P4 | SRY P17 | SRY P30 | SRY P43
222+/-28 16 D1P3 | D2P10 | D2P23 | D2P36 | D3P9 | D3P22 | D3P35 | D3 P48 | D3 P61 | SRY P5 | SRY P18 | SRY P31 | SRY P44
55+/-9 17 D1P4 | D2P11 | D2P24 | D2P37 | D3P10 | D3 P23 | D3 P36 | D3 P49 | D3 P62 | SRY P6 | SRY P19 | SRY P32 | SRY P45
30+/-13 18 D1P5 | D2P12 | D2P25 | D2P38 | D3 P11 | D3 P24 | D3 P37 | D3 P50 | D3 P63 SRY P20 | SRY P33 | SRY P46
40+/-18 19 D1P6 | D2P13 | D2P26 | D2P39 | D3P12 | D3 P25 | D3 P38 | D3 P51 | D3 P64 | SRY P8 | SRY P21 | SRY P34 | SRY P47
77+/-43 20 D2 P1 D2P14 | D2P27 | D2P40 | D3P13 | D3 P26 | D3 P39 | D3 P52 | D3 P65 | SRY P9 [ SRY P22 | SRY P35 | SRY P48
68+/-25 21 D2P2 | D2P15 | D2P28 | D3 P1 D3 P14 | D3 P27 | D3P40 | D3 P53 | D3 P66 | SRY P10 | SRY P23 | SRY P36 | SRY P49
92+/-25 22 D2P3 | D2P16 | D2P29 | D3P2 | D3P15 | D3 P28 | D3 P41 | D3 P54 | D3 P67 [ SRY P11| SRY P24 | SRY P37 | SRY P50
137+/-28 23 D2P4 | D2P17 | D2P30 | D3P3 | D3P16 | D3 P29 | D3 P42 | D3 P55 | D3 P68 | SRY P12| SRY P25 | SRY P38 | SRY P51
58+/-8 24 D2 P5 D2 P18 | D2 P31 D3 P4 D3 P17 | D3 P30 | D3 P43 | D3 P56 | D3 P69 | SRY P13| SRY P26 | SRY P39 | SRY P52
385+/-30 25 D2P6 | D2P19 | D2P32 | D3P5 | D3 P18 D3 P44 | D3 P57 | SRY P1 | SRY P14 | SRY P27 | SRY P40 | SRY P53
290+/-18 26 D2P7 | D2P20 | D2P33 | D3P6 | D3P19 | D3P32 | D3 P45 | D3 P58 | SRY P2 | SRY P15| SRY P28 | SRY P41
35+/-18 | Negative
1096+/-58 PHA
Yellow = Single Positive Pool Orange = Double Positive Peptides 'Red = A Single Positive is Likely Negative |

Figureb5.
ELISpot results from week 23 for H619 (Top), and week 21 for H581 (Bottom) are shown in

context of the 13 x 13 peptide pool matrix of overlapping 15-mer peptides. Results are

expressed as average spot-forming cells per 108 PBMC +/- standard deviation for pools

1-13 across and 14-26 down. The DMSO-negative control and a PHA-positive control were
included as a reference. Extremely positive pools are highlighted in yellow. Overlapping
peptides that were positive in both arms of the matrix are highlighted in orange and

underwent single peptide ELISpot confirmation (see Figure 6). As further validation of the
matrix, two peptides that are in a positive peptide pool, but are predicted to be non-
responsive due to the presence in a negative pool, are highlighted in red and used as negative
peptide controls in the single-peptide ELISpot assays (see Figure 6).
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Figure6.
Single peptide ELISpot results for week 23 of the vaccine series for H619 (A) and week 21

for H581 (B). The orange and red highlighted individual peptides from Figure 4 are shown
following the DMSO-negative (Neg) control on the Y-axis. The X-axis presents the data as
average SFCs per 106 PBMCs +/- standard deviation. Specific peptide responses underwent
ICS confirmation. A plus sign (+) indicates a positive ICS response and a minus sign (=)
indicates a negative ICS response (ICS examples shown in Figure 4 and data listed in Table
2).
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Figure7.
Pooled peptide ELISpot results following a heterologous prime boost vaccine regimen in

female sibling donors and subsequent DLI into their respective male mixed chimeric
recipients. DMSO-negative (Neg) controls were included for each time point tested. Positive
peptide pools follow the DMSO-negative control from that time point and were defined as
greater than 50 SFCs per 10 PBMCs on average with non-overlapping standard deviations
with the DMSO-negative control. Specific pooled responses underwent ICS confirmation. A
plus sign (+) indicates a positive ICS response and a minus sign (=) indicates a negative ICS
response (ICS examples shown in Figure 4 and data listed in Table 2).
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Figure 8. Chimerism resultsin the 3 male mixed chimeric recipientsfollowing DLI
Percent donor granulocytes (A) and percent donor PBMCs (B) are shown on the Y-axis,

with weeks after DLI shown on the X-axis.
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Table 1
DLA-typing summary
Dog Transplant
Donor/Recipient  Dog L eukocyteAntigen DRB1; DLA-88
H619 Test Female 9/22;01101/50101
H581 Test Female 9/9; 01101/03801
H380 Female Donor 1 (D1) 1/1; 50801/50801
H382 Male Recipient 1 (R1) 1/1; 50801/50801
H592 Female Donor 2 (D2) 9/15; 01101/01201
H597 Male Recipient 2 (R2)  9/15; 01101/01201
H353 Female Donor 3 (D3) 9/22; 03801/50101
H519 Male Recipient 3 (R3)  9/22; 03801/50101
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Table 2

Summary of the intracellular cytokine staining results.

Dog Corresponding Time Point Condition CD3+CD4+ CD3+CD8+
ELISpot (Week) %I FN-y %I FN-y
Figure
H619 3A 23 Negative 0.01 0.04
PMA/Ionomycin 12.7 12
Pool 4 0.42 0.08
Pool 9 0.37 0.04
Pool 11 1.86 0.05
Pool 12 0.46 0.08
Pool 14 0.41 0.06
Pool 15 2.25 0.17
Pool 16 1.94 0.11
Pool 17 0.21 0.04
Pool 25 0.9 0.04
Pool 26 0.54 0.01
6A SMCY D3P1 0.04 0.01
SMCY D2P34 0.3 0.06
SMCY D2P35 0.46 0.07
SMCY D2P36 0.33 0.08
SMCY D2P37 0.07 0.03
SMCY D3P60 0.13 0.06
SRY P2 0.1 0.04
SRY P17 0.83 0.01
SRY P18 0.80 0.07
SRY P27 0.55 0.04
H581 3B 21 Negative 0.06 0.04
PMA/lonomycin 3.29 2.66
Pool 9 0.13 0.05
Pool 10 0.1 0.03
Pool 11 0.18 0.08
Pool 14 0.17 0.05
Pool 15 0.22 0.15
Pool 16 0.13 0.05
Pool 25 0.21 0.02
Pool 26 0.08 0.08
6B SMCY D3P60 0.14 0.01
SMCY D3P61 0.16 0.02
SRY P1 0.07 0.08
SRY P2 0.13 0.1
SRY P3 0.13 0.09
SRY P4 0.06 0.04
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Dog Corresponding Time Point Condition CD3+CD4+ CD3+CD8+
ELISpot (Week) %I FN-y % | FN-y
Figure
SRY P17 0.04 0.04
H380 A 12 Negative 0.04 0.05
(b1
PMA/Ionomycin 13.44 15.09
Pool 2 0.02 0.46
Pool 6 0 0.13
Pool 8 0.03 0.27
Pool 20 0.03 0.37
H592 7B 12 Negative 0.02 0
(B2)
PMA/lonomycin 1.24 4.62
Pool 10 0.03 0.13
Pool 16 0.02 0.02
Pool 17 0.04 0.05
H353 7C 12 Negative 0.03 0.05
(B3)
PMA/lonomycin 15 2.18
Pool 9 0.11 0.04
Pool 15 0.11 0.04
Pool 16 0 0.37
H519 7C 26 Negative 0.01 0
(R3)
PMA/lonomycin 5.19 10.36
Pool 15 0.19 0.07
Pool 16 0.05 0.2
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