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Abstract
Background—Alloreactive memory T cells prevent costimulatory blockade-induced heart graft
survival in mice, but whether and how preexisting autoreactive T cells affect solid organ
transplants under these conditions is unknown.

Methods—We tested the impact of preexisting cardiac myosin (CM)-specific immunity on
murine heart transplant recipients treated with donor specific transfusion (DST) plus anti-CD154
mAb MR1.

Results—Pre-immunization with CM but not control ovalbumin abrogated the graft prolonging
effects of DST/MR1, whether administered 2 weeks or >6 weeks prior to transplantation.
Adoptive transfer of spleen cells from CM-immunized mice into naïve recipients had similar
effects. CM-specific immunity did not cross-react with donor antigens and pre-immunization with
CM had no impact on the survival or histology of DST/MR1 treated syngeneic heart grafts, the
latter indicating that persistent autoimmunity is insufficient to cause rejection in the context of
costimulatory blockade. We observed that the CM-pre-immunized mice produced higher
frequencies of donor-reactive T cells with higher ratios of CD8+/CD4+Foxp3+ cells, suggesting
that the autoreactive memory T cells provide help for activation of alloreactive T cells despite the
costimulatory blockade.

Conclusions—These mechanistic insights linking auto- and alloimmunity in a model of murine
heart transplantation have clinical relevance to the known association between autoimmunity and
an elevated risk of acute and chronic heart transplant injury in humans.
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Introduction
Primed and memory T cells differ from naïve T cells in that the former a) are present at
higher frequency, b) have lower/different costimulatory requirements, c) are capable of more
rapidly engaging effector functions, d) have wider trafficking patterns, and e) are resistant to

Address all correspondence to: Peter S. Heeger, Mount Sinai School of Medicine, One Gustave L. Levy Place, Box 1243, NY, NY
10029, Telephone: 212-241-6324, Fax: 212-987-0389, peter.heeger@mssm.edu.
1Performed experiments, analyzed data, edited manuscript. The author was supported by NIH T32 AI078892 awarded to P. Heeger.
No conflicts of interest.
2Performed experiments, analyzed data, edited manuscript. No conflicts of interest.
3Oversight of the project, provided all funding, analyzed data, wrote and edited manuscript. The work was supported by R01 AI43578
awarded to P Heeger. No conflicts of interest.
Current address for all authors: Renal Division, Department of Medicine, Mount Sinai School of Medicine, One Gustave L. Levy
Plaza, NY, NY 10029

NIH Public Access
Author Manuscript
Transplantation. Author manuscript; available in PMC 2015 January 15.

Published in final edited form as:
Transplantation. 2014 January 15; 97(1): . doi:10.1097/TP.0b013e3182a77eba.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



many immunosuppressant medications (1–3). These features facilitate protection against
recurrent pathogen infections but are detrimental in the context of transplantation. Multiple
murine studies using varied systems from a number of laboratories showed that CD4+ and/
or CD8+ donor-reactive memory T cells accelerate allograft rejection and prevent
costimulatory blockade-induced allograft tolerance(4–10), regardless of whether they were
originally primed through exposure to donor antigens or primed in response to pathogens
that cross react with donor antigens (heterologous immunity). The concepts derived from
these murine studies apply to non-human primates (11, 12) and humans (13–18). Human
kidney allograft recipients with the highest frequencies of pre-transplant donor-reactive T
cells have an elevated risk of developing posttransplant rejection episodes and have worse
posttransplant allograft function compared to those without donor reactive T cells (13, 15,
17).

Autoimmunity can contribute to primary organ failure and organ failure due to non-immune
etiologies has been associated with “bystander” activation of organ specific, autoreactive T
cells and production of autoantibodies (19–31). Regardless of the etiology, autoimmunity
present prior to transplantation has the potential to recur following re-exposure to the
autoantigen after transplantation and thereby, participates in allograft injury (32–34).
Associative evidence in human transplant recipients by our group, among others, indicates
strong associations between autoimmunity and posttransplant injury in human transplant
recipients (22, 25, 35–37).

Posttransplant reactivation of autoreactive memory T cells has been hypothesized to impede
tolerance induction to islet transplants, although mechanisms remain obscure (21, 38–40).
Autoreactive memory CD4+ T cells can recognize and reactivate following exposure to
graft-derived autoantigens presented by recipient APCs (analogous to CD4+ T cells
responding through the “indirect” allorecognition pathway) despite costimulatory blockade
or other tolerogenic therapies. Such autoreactive T cells have the potential to rapidly expand,
enter the allograft and mediate autoimmune injury. Alternatively or in addition, the
reactivated autoreactive T cells may cross react with donor MHC, thereby driving transplant
injury through heterologous recognition of alloantigens in the graft. A third, non-mutually
exclusive, hypothetical model is that reactivation of autoreactive T cells by indirectly
presented donor autoantigens on recipient APCs provides helper signals (transmitted
through the APC) that facilitate expansion of alloreactive CD8+ T cells that in turn, mediate
rejection. Indirectly primed alloreactive CD4+ T cells can provide help for activation/
expansion of donor-reactive (direct pathway) CD8+ T cells (41) via activation of a recipient
APC that has acquired intact donor MHC (42–44), and/or by producing IL-2 which acts as a
paracrine stimulus to support CD8+ T cell responses. Previously published work has also
shown that memory alloreactive CD4+ T cells responding through the indirect pathway
thwart costimulatory blockade induced tolerance induction, and that the rejection is caused
in part by expansion of donor reactive CD8+ cells (45, 46).

Together, these observations support the need for studying whether and how pre-existing
autoreactive T cells impact costimulatory blockade induced allograft prolongation following
heart transplantation. Toward this end, we performed a series of cardiac transplant
experiments in BALB/c mice that were pre-immunized with the clinically relevant cardiac
autoantigen, cardiac myosin (CM). Our findings demonstrate that preexisting CM-reactive T
cell immunity shortens survival of fully MHC disparate cardiac allografts despite donor
specific transfusion (DST) plus anti-CD40L mAb MR1. Experiments aimed at addressing
mechanisms indicate absence of significant recurrent autoimmune injury or heterologous
immunity, but rather support the conclusion that the memory autoreactive T cells facilitate
priming of donor MHC-reactive T cells that ultimately result in graft rejection. Because T
cell autoimmunity (including T cells reactive to CM) is commonly detectable in heart
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transplant candidates regardless of the primary etiology of their heart disease, understanding
the role of autoreactive T cells in this scenario has important clinical implications.

Results
We immunized BALB/c mice with CM mixed in CFA (CM/CFA) or control ovalbumin in
CFA (OVA/CFA) and 2 weeks later analyzed spleen cells for reactivity to CM and cross-
reactivity to B6 alloantigens (Figure 1). Spleen cells from CM/CFA-immunized mice
contained CM-specific IFNγ producers (Figure 1A) and a low frequency of H-2b-reactive
immune cells, the latter indistinguishable from that found in naïve mice. In converse
experiments we immunized BALB/c mice with B6 (H-2b) spleen cells and host splenocytes
for reactivity to CM. These assays revealed undetectable cellular responses to CM but strong
H-2b-reactive IFNγ-producing cellular immunity (Figure 1A). When we tested serum CM/
CFA immunized mice (2 weeks after immunization) for anti-CM antibodies by ELISA we
detected weak responses, indistinguishable from naïve animals (data not shown). In an
attempt to boost the humoral responses to CM, we immunized BALB/c mice with CM/CFA
(or control OVA/CFA) and 2 weeks later performed syngeneic BALB/c heart transplants.
Two weeks after transplantation (hearts beating strongly) we tested sera for reactivity to CM
and for cross reactivity to H-2b alloantigens (Figure 1B–C). These assays showed a high titer
of anti-CM IgG in CM/CFA immunized mice without reactivity to H-2b thymocytes. Sera
from BALB/c mice injected i.p. with B6 spleen cells contained anti-H-2b IgG without
detectable anti-CM IgG. Together the findings indicate that BALB/c mice immunized with
CM/CFA generate specific anti-CM immunity that does not cross react with H-2b

alloantigens.

We tested the impact of preexisting anti-CM immunity on heart allograft survival using a
commonly employed treatment strategy, donor specific transfusion (DST) plus anti-CD40L
mAb MR1. We immunized BALB/c mice with CM/CFA or control OVA/CFA and 14 d
later transplanted the animals with B6 heart allografts plus DST/MR1 (Fig 2A). Naïve
BALB/c mice transplanted with B6 hearts ± DST/MR1 served as controls. While DST/MR1
prolonged heart graft survival in non-pre-immunized mice (DST/MR1 alone) and in control
OVA/CFA treated mice (from 8 d to > 50 d), hearts transplanted into mice pre-immunized
with CM/CFA rejected with a MST of 30 d (Fig 2A). Syngeneic BALB/c hearts transplanted
into CM/CFA immunized recipients beat for greater than 70 d (Fig 2B) without significant
histological evidence of injury. Native hearts in these animals (treated with DST/MR1)
examined up to 2 months posttransplant showed no evidence of inflammation (data not
shown).

To assess the contribution of acute inflammation from the CFA immunization to outcome
we immunized BALB/c mice with CM/CFA or control OVA/CFA but waited 45 days before
transplanting cardiac allografts under the cover of DST/MR1 (Fig 2C). Under these
conditions, pre-existing anti-CM immunity also shortened transplant survival compared to
the OVA/CFA pre-treated mice although allografts in both groups ultimately rejected.

To begin to decipher mechanisms underlying the effects, we immunized BALB/c mice with
CM/CFA (or control OVA/CFA) and 14 days later transplanted them with B6 heart grafts
plus DST/MR1. We sacrificed the animals 2 weeks after transplantation and tested spleen
cells for reactivity to B6 alloantigens by cytokine ELISPOT (Fig 3A). Spleen cells from
transplanted mice pre-immunized with CM/CFA contained ~200/500,000, B6-reactive
IFNγ-producers despite DST/MR1, while spleen cells from recipients pre-immunized with
CFA plus DST/MR1 responded to donor antigens at low frequencies that were similar to
those from naïve mice (<50/500,000, Fig 3A, top). In control experiments (Fig 3A, bottom)
we observed that spleen cells from untreated BALB/c mice that rejected B6 hearts (d 8
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posttransplant) contained >700/500,000 donor-reactive, IFNγ producers, with a low
frequency (<100/500,000) of third-party reactive IFNγ producers.

When we tested for serum anti-donor MHC antibodies (obtained 2 weeks after transplant)
we observed similar low titers in mice treated with DST/MR1 whether or not they were pre-
immunized with CM/CFA or OVA/CFA (Fig 3B top). Control experiments showed higher
titers of anti-donor antibodies in untreated allograft recipients that rejected their grafts and
absence of serum anti-donor antibodies in naïve mice (Fig 3B, bottom).

Histological examination of 14 d posttransplant allografts revealed significantly more
mononuclear cell infiltration in the CM/CFA immunized mice (Fig 4A–B), and the
infiltrates stained strongly positive for CD3 (Fig 4C). Staining the graft tissue for CD4
expression (Fig 4C) revealed rare CD4+ cells without differences between groups of animals
pre-immunized with OVA/CFA or CM/CFA (p=non-significant, n=3–4, not shown).

We next tested whether immune cells from CM/CFA-immunized mice are sufficient to
accelerate allograft rejection despite DST/MR1. We pooled spleen cells from CM/CFA
immunized BALB/c mice and from OVA/CFA immunized controls, re-stimulated them in
vitro for 72 h and adoptively transferred them into naïve BALB/c recipients of B6 heart
transplants under the cover of DST/MR1 (Fig 4D). The hearts rejected significantly faster in
adoptive hosts given spleen cells from CM-immunized mice as compared to the OVA-
reactive spleen cell control recipients. CD4+ T cells appeared to be sufficient to mediate the
effect as 2 of 4 DST/MR1-treated allograft recipients adoptively transferred with purified
splenic CD4+ T cells from CM/CFA immunized mice rejected their grafts (days 21 and 36
posttransplant) while all 4 of the controls adoptively transferred with CD4+ T cells from
OVA/CFA immunized mice were beating on day 60 (data not shown).

When we quantified the numbers of CD4+CD25+Foxp3+ T cells and CD8+ T cells in the
spleens of each animal, we observed fewer CD4+CD25+Foxp3+ (Fig 5A) and more CD8+ T
cells (Fig 5B) in the CM/CFA immunized mice. Based on observations by others indicating
that CD8+/Treg ratios provide an indirect measure of in vivo Treg function (47) in which
higher CD8+/Treg ratios imply increased CD8+ T cell expansion and less in vivo
suppression, we calculated CD8+/Treg ratios in each animal (Fig 5C). These analyses
revealed significantly higher CD8+/Treg ratios in the CM/CFA immunized mice. In vitro
suppression assays using enriched splenic CD4+CD25+Foxp3+ T cells from each group of
animals (>94% pure) confirmed their ability to suppress donor reactive T cell immunity
without differences in per-cell suppressive capacities among the groups (Fig 5D–E).

Discussion
Our data support the conclusion that pre-existing autoreactive T cells specific for CM are
important functional barriers to DST/MR1-induced prolongation of cardiac allograft survival
in mice. The observed acceleration of graft rejection occurred when CM/CFA immunization
was performed remotely (>45 d earlier) and occurred following adoptive transfer of spleen
cells (or CD4+ cells) from CM-immunized animals into naïve hosts (Fig 2). Allografts
transplanted into OVA/CFA immunized mice (or mice adoptively transferred with spleen
cells from OVA/CFA immunize mice) did ultimately reject (Figs 2C and 4D) consistent
with some nonspecific effects of CFA immunization on preventing tolerance induction as
shown by others (48–50). Importantly, however, the allografts in CM immunized (or
adoptively transferred) mice rejected with faster kinetics than their OVA immunized
counterparts demonstrating a specific effect of CM immunity on overcoming the protective
effects of DST/MR1. The absence of detectable cellular and humoral cross reactivity
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between CM and B6 antigens (Fig 1) does not support a role for heterologous immunity as a
mechanism.

The long term survival of syngeneic heart grafts in CM-immunized recipients, associated
with minimal graft inflammation (Fig 2), indicates that the expansion of preexisting
autoreactive T cells following exposure to the graft derived self-antigen is insufficient to
cause significant graft injury under the tested conditions, which include DST/MR1 therapy.
While previous work by Benichou and colleagues showed that CM/CFA immunization
could precipitate rejection of a syngeneic heart (31), their experiments were performed in
the absence of immunosuppression, providing a potential explanation to account for our
disparate observations. BALB/c mice are susceptible to CM/CFA-initiated autoimmune
myocarditis in their native hearts using a protocol that requires 2 sequential immunizations
(51), but we did not observe histological evidence of myocarditis in the native hearts of any
of our test animals suggesting that any primed autoreactive T cells preferentially traffic
toward the inflamed allograft rather than to the un-inflamed native heart.

Our experimental results indicate that the pre-existing anti-CM immunity facilitates
induction of potent donor-reactive T cell responses without significant effects on
alloantibody production (Fig 3). Treg isolated from CM-immunized recipients of allografts
were capable of in vitro suppression but the observed increase in splenic CD8+/Treg ratios
suggests an inability of the Treg to restrain CD8+ T cell expansion in vivo (Fig 5), a
hypothesis that needs additional study. Based on experimental evidence from other model
systems, we speculate that following transplantation, the donor-derived CM is likely
processed and presented by recipient APCs (analogous to indirect antigen presentation)
which interact with the primed CM-reactive T cells in the host. Bidirectional T cell/APC
activation likely ensues despite costimulatory blockade as documented for memory T cells
responding via the indirect pathway (45). Because recipient APCs can obtain and express
donor MHC on their surfaces (42–44), the activated APCs could prime donor-reactive T cell
immunity resulting expansion of the CD8+ T cell repertoire, raising the CD8+/Treg ratio
and resulting in earlier graft rejection. Alternatively or in addition, IL-2 produced by
activated autoreactive CD4+ T cells could act as a local paracrine stimulus to expand
alloreactive CD8+ T cells that cause allograft injury.

The finding that preexisting autoreactive T cell immunity negatively impacts graft survival
has clinically important implications. Multiple research groups have documented a high
prevalence of heart specific autoreactivity in cardiac transplant candidates, regardless of the
etiology of their end stage heart disease (26, 28, 52, 53). Others and we have observed an
association between such autoreactivity and an elevated posttransplant risk of acute and or
chronic heart graft injury in humans (35, 36). Thus, our results provide an important,
clinically relevant model system for further evaluation of mechanisms leading to graft injury
and for testing novel therapies targeting autoreactive T cells that together could positively
impact outcomes in human heart transplant recipients.

Material and Methods
Mice

C57BL/6 (H-2b) and BALB/c (H-2d) mice were purchased from The Jackson Laboratory
(Bar Harbor, ME), and housed in the Center for Comparative Medicine and Surgery at the
Mount Sinai School of Medicine, following IACUC guidelines.

Antibodies and Reagents
Anti-CD40L mAb MR1 was purchased from Bio X Cell (West Lebanon, NH). Antibodies
against CD4, CD8 (BD Pharmingen, San Diego, CA), and mouse IgG (eBioscience, San
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Diego, CA) were used for flow cytometry. Intracellular FoxP3 staining (eBioscience) was
performed according to kit manufacturer’s instructions. Chicken egg ovalbumin was
purchased from Sigma-Aldrich (St. Louis, MO).

Cardiac Myosin Purification
Murine cardiac myosin was purified as described (54). Briefly, hearts were isolated from
naïve C57BL/6 mice and homogenized using a motor-driven glass-Teflon homogenizer
(PowerGen 1000, Fisher Scientific, Pittsburgh, PA). CM was purified from the homogenate
after 3 cycles of centrifugation, precipitation, and re-dissolution, and ultimately aliquotted
and stored at −80 °C in a solution of 50 mM sodium pyrophosphate. Identification of the
isolate was performed by SDS-PAGE and Western blot using anti-CM heavy chain antibody
(Novus Biologicals, Littleton, CO), and concentration was determined by Lowry assay using
the DC Protein Assay kit (Bio-Rad, Hercules, CA). CM was mixed with complete Freund’s
adjuvant (55, 56) and administered as a subcutaneous injection above the thigh.

Heart Transplantation
Heterotopic murine heart transplants were performed by the microsurgical shared resource
facility at Mount Sinai School of Medicine in accordance with the guidelines of the
Association for Assessment and Accreditation of Laboratory Animal Care International.
Donor specific transfusion (DST) of 1 × 107 splenocytes in single-cell suspension in PBS,
plus 500 μg MR1, were administered 24 h prior to transplant via retro-orbital intravenous
injections. Grafts were considered rejected when their heartbeats could no longer be detected
by palpation. Grafts were formalin- fixed and embedded in paraffin, and sections were
stained with H&E for evaluation. Histological scoring was performed blindly by analyzing a
minimum of 3 different slides per graft by PSH: 0=no mononuclear cell infiltration,
1=mononuclear cell infiltration of <10% of the cross sectional area, 2= mononuclear cell
infiltration of >10% and <50% of the cross sectional area. 3= mononuclear cell infiltration
of >10% and <50% of the cross sectional area, 4= mononuclear cell infiltration of >10% and
<50% of the cross sectional area plus intra parenchymal hemorrhage. Immunohistochemical
staining of graft tissue for CD3 and CD4 expression was performed as described (57).

Adoptive Transfer
Spleen cells from immunized mice were cultured in RPMI 1640 with 10% FCS and L-
Glutamine, sodium pyruvate, non-essential amino acids, penicillin/streptomycin, β-
mercaptoethanol in T75 flasks with 1 μg/mL Concanavalin A (MP Biomedicals, Santa Ana,
CA) for 72 hours, then washed and counted. 5 × 107 cells were injected retro-orbitally into
adoptive hosts at the time of the transplant, 24 h after DST/MR1.

ELISPOT assays
IFNγ ELISPOT assays were performed as described (55–58) with CM or OVA used at 1–10
μg/ml, and counted using an Immunospot image analyzer (CTL, Shaker Heights, OH)

Flow Cytometry
Samples were collected using a FACS Canto II (BD) flow cytometer and analyzed using
FlowJo software (Tree Star, Ashland OR).

Alloantibody detection
Serum samples from recipient mice were diluted in PBS as indicated and incubated for 30
minutes at room temp with syngeneic, donor or third-party thymocytes as target cells.
Following a wash step with PBS 1% albumin, the bound antibody was detected by
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incubation with fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse IgG
(eBioscience) and quantified by flow cytometry.

Anti-CM antibody ELISA
ELISA plates (Fisher Scientific) were coated with 1μg/ml CM or equimolar OVA in
bicarbonate buffer overnight, washed with PBS, and then blocked with 2% bovine serum
albumin (BSA, Sigma-Aldrich) in PBS for 3 h at room temperature. After washing with
PBS, mouse sera were diluted in 2% BSA, added to the wells and incubated overnight at 4°
C. Following another PBS wash, streptavidin-HRP (R&D Systems, Minneapolis, MN) was
added for 3 h and the ELISA was developed using 3,3′,5,5′-tetramethylbenzidine (TMB,
Thermo Scientific, Rockford IL) and read at 450 nm.

In vitro Treg suppression assay
In vitro suppression assays were performed as published (59). Briefly polyclonal
suppression assays were performed by co-culturing 5×104 CFSE-labeled (Life
Technologies, Carlsbad CA) CD45.1+ naïve CD4+ T cells with 5×104 CD90.2-depleted
splenocytes plus purified Treg at various dilutions in the presence of anti-CD3ε for 3 days.
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Abbreviations

CFA complete Freund’s adjuvant

CM cardiac myosin

DST donor specific transfusion

ELISPOT assay enzyme linked immunosorbent spot assay

FITC fluorescein isothiocyanate

HRP horseradish peroxidase

IFNγ interferon gamma

mAb monoclonal antibody

MHC major histocompatibility

OVA ovalbumin

Treg regulatory T cell
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Figure 1.
CM-reactive immunity and anti-H-2b immunity do not cross react. A. Spleen cells from
naïve BALB/c mice (black), from BALB/c mice 2 weeks after immunization with CM/CFA
(white), or from BALB/c mice 2 weeks after i.p. injection of 15×106 B6 spleen cells (grey)
were tested in IFNγ ELISPOT assays against CM (10 μg/mL), B6 spleens cells or
equimolar, control, ovalbumin (OVA). n=4/group, *p<0.05. B–C. Sera was obtained from
BALB/c mice that were immunized with CM/CFA or OVA/CFA and 2 weeks later
transplanted with syngeneic BALB/c hearts (sera obtained 2 weeks after transplant) or from
mice 2 weeks after i.p. injection of 15×106 B6 (H-2b) spleen cells. The sera were tested for
binding to B6 thymocytes by flow cytometry (B) or for reactivity to CM by ELISA, serum
diluted at the dilutions shown (C). n=4 per group, *p<0.05 versus same dilution in other
groups. No reactivity was detected using sera from naïve mice (data not shown).
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Figure 2.
Anti-CM immunity abrogates effects of DST/MR1 heart allograft survival. Survival curves
of allogeneic B6 hearts (A) or syngeneic BALB/c hearts (B) in DST/MR1 treated recipients
transplanted 2 weeks after immunization with CM/CFA, OVA/CFA or no pre-immunization
as noted. Inset in B shows representative H&E stained graft tissue and high power view of
representative artery from syngeneic transplants of CM/CFA pre-immunized and DST/MR1
treated mice, obtained 12 weeks after transplantation. Scale bar=100 μm. C. Survival curves
of allogeneic B6 hearts in DST/MR1 treated recipients transplanted 45 days after
immunization with CM/CFA or OVA/CFA. *p<0.05 versus other groups on the same graph.

Kalache et al. Page 13

Transplantation. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Pre-existing anti-CM immunity enhances anti-donor T cell responses despite DST/MR1. A.
Top: Spleen cells were obtained 2 weeks after B6 heart transplantation and DST/MR1
treatment in groups of animals pre-immunized with CM/CFA, CFA alone or not pre-
immunized, and tested for frequency of donor (B6) reactive IFNγ producers by ELISPOT.
*p<0.05 vs. none and CFA alone. Bottom: In a separate set of control experiments spleen
cells were obtained from a) BALB/c mice 2 weeks after B6 heart transplantation and DST/
MR1 treatment that were pre-immunized with CM/CFA, b) untreated BALB/c recipients of
B6 hearts at rejection (day 8 posttransplant) and c) naïve BALB/c mice. The spleen cells
were tested in IFNγ ELISPOT assays for reactivity to B6 and third party (3P) C3H spleen
cells (*p<0.05). B. Top: Sera were obtained 2 weeks after transplant from DST/MR1 treated
B6 allograft recipients that were either unimmunized mice (none), pre-immunized with CM/
CFA, or pre-immunized with CFA alone, and tested by flow cytometry for binding to B6
thymocytes. Bottom: In control experiments, sera were obtained from naïve mice and from
untreated mice 3 months after rejecting a B6 allograft, and tested by flow cytometry for
binding to B6 thymocytes. None of the sera bound to syngeneic BALB/c thymocytes (not
shown). *p<0.05 versus other groups. *p<0.05 versus other groups on the same graph.
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Figure 4.
Pre-existing anti-CM T cell immunity augments intragraft mononuclear cell infiltrates and
precipitates rejection. A–B. Representative H&E stained tissue sections (A, scale bar=100
μm) and quantitative histological scores (B) of d 14 posttransplant allografts in DST/MR1
treated mice pre-immunized with OVA/CFA or CM/CFA. *p<0.05. C. Representative
immunohistochemical staining of serial tissue sections of the same grafts with anti-CD3
(left) or anti-CD4 (right) of d 14 posttransplant allografts in DST/MR1 treated mice pre-
immunized with OVA/CFA (top) or CM/CFA (bottom). Scale bar 100 μm. Inset: magnified
area demonstrating rare CD4+ cells (arrowheads). D. Survival curves of allogeneic B6
hearts in DST/MR1 treated recipients transplanted 24 h after adoptive transfer of 5×107 in
vitro activated spleen cells from CM/CFA immunized or control OVA/CFA immunized
mice. *p<0.05.

Kalache et al. Page 15

Transplantation. Author manuscript; available in PMC 2015 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
CM specific immunity results in lower Treg/CD8 ratios despite DST/MR1. AB. Absolute
numbers of Foxp3+ CD4+ T cells (A) and CD8+ T cells (B) in spleens of mice obtained 2
weeks after heart transplantation plus DST/MR1 as determined by flow cytometry. C.
Calculated ratios of CD8+ cells to Treg for each mouse. D–E. Representative results (D) and
quantitative suppression indices (E) of in vitro suppression assays using purified splenic
CD25+CD4+Foxp3+ T cells obtained from naïve, CM/CFA immunized or control, OVA/
CFA immunized mice 2 weeks after B6 heart transplantation under the cover of DST/MR1.
*p<0.05
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