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Abstract
Chronic allograft vasculopathy (CAV) contributes to heart transplant failure, yet its pathogenesis
is incompletely understood. While cellular and humoral alloimmunity are accepted pathogenic
mediators, animal models suggest that T cells and antibodies reactive to graft-expressed
autoantigens, including cardiac myosin (CM), could participate. To test the relationship between
CAV and anti-CM autoimmunity in humans we performed a cross-sectional study of 72 heart
transplant recipients; 40 with CAV and 32 without. Sera from 65% of patients with CAV
contained anti-CM antibodies, while <10% contained antibodies to other autoantigens (p<0.05),
and only 18% contained anti-HLA antibodies (p<0.05 vs. anti-CM). In contrast, 13% of sera from
patients without CAV contained anti-CM antibodies (p<0.05, odds ratio, OR, associating CAV
with anti-CM antibody=13, 95% CI: 3.79–44.6). Multivariate analysis confirmed the association
to be independent of time posttransplant and the presence of anti-HLA antibodies (OR=28, 95%
CI: 5.77–133.56). PBMC from patients with CAV responded more frequently to, and to a broader
array of, CM-derived peptides than those without CAV (p=0.01). Detection of either CM-peptide-
reactive T cells or anti-CM antibodies was highly and independently indicative of CAV (OR=45,
95% CI: 4.04–500.69). Our data suggest detection of anti-CM immunity could be used as a
biomarker for outcome in heart transplantation recipients and support the need for further studies
to assess whether anti-CM is a pathogenic mediator of CAV.

Introduction
Significant improvements in medical therapy and advances in immunosuppressant
management strategies have made heart transplantation the treatment of choice for patients
with end stage heart disease. One and 2 year patient and heart graft survival rates are
outstanding but long term outcomes are suboptimal, with 5 and 10 year survivals of 72.1%
and 53.2% respectively (1). A key pathological manifestation of late cardiac allograft failure
is chronic allograft vasculopathy (CAV), an entity which develops in up to 50% of
transplant recipients within 5 years. CAV is characterized by intimal thickening, smooth
muscle cell proliferation and accumulation of extracellular matrix, which result in arterial
narrowing and ultimately graft ischemia and fibrosis (2). Current concepts are that the
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etiology of CAV is multifactorial but that immune mechanisms dominate (3). Data derived
from animal models indicate that alloreactive T cells and antibodies reactive to donor MHC
molecules are key participants in the pathogenesis of CAV (4–6). Increasing associative
evidence also suggests that cellular and humoral alloimmunity contribute to CAV in human
transplant recipients (6–8). Still, the pathogenesis of this disease remains incompletely
understood, as CAV can occur in the absence of detectable anti-donor alloimmunity (6–8).

T cells and antibodies reactive to non-HLA molecules, including nonpolymorphic, self-
antigens may also contribute to late cardiac allograft failure. Autoreactive T cells and
antibodies specific for heart antigens, including cardiac myosin (CM), underlie the
pathogenesis of some forms of primary heart failure including autoimmune myocarditis (9–
15). Such preexisting memory autoimmunity is expected to be long-lived and resistant to
immunosuppression (16–18) and thus could contribute to the development of post-transplant
allograft injury. Indeed, reports indicate that acute rejection episodes seem to be more
frequent in heart transplant recipients with preexisting serum anti-CM antibodies (19).

In addition to preexisting autoimmunity, autoimmunity could develop de novo
posttransplant as a consequence of graft damage initially induced by the alloimmune
response (20, 21); immune presentation of self-antigens within an inflammatory
environment could break self-tolerance. Animal studies from Fedoseyeva, Benichou and
colleagues documented that anti-CM (CM) immunity can be induced following heart
transplantation in mice and this recipient MHC-restricted, autoimmunity is an important
pathogenic mediator of graft failure (20, 22). A separate research group reported
associations among anti-donor alloimmunity, autoimmunity to cardiac antigens and CAV in
heart transplant recipients, and provided evidence that the alloimmunity could predate the
autoimmune responses (23). Other than these limited reports, evidence supporting a role for
organ specific autoimmunity as a pathogenic mediator of CAV in heart transplant recipients
is lacking.

To test for a link between autoimmunity and CAV, we obtained peripheral blood samples
from heart transplant recipients with and without CAV, measured serum anti-CM antibodies,
and quantified T cell reactivity to a panel of CM-derived peptides. We observed a strong and
independent association between autoimmunity to CM and the presence of CAV, together
identifying a novel biomarker and providing supporting evidence that autoreactivity could
contribute to chronic graft injury in human heart transplant recipients.

Methods
Study Patients

We obtained peripheral blood samples from 72 heart transplant patients, at single time
points, followed at the heart transplant practice at the Mount Sinai Hospital, NY, NY. 40
patients had CAV and 32 patients had no evidence of CAV (nCAV group) as documented
by angiography performed as part of the routine clinical care (24). Immunosuppression for
all heart transplant recipients at Mount Sinai, including those in this study is standardized
and consists of long term tacrolimus (or rarely cyclosporine A for those who cannot tolerate
tacrolimus) and mycophenolate mofetil plus corticosteroids. The steroids are routinely
weaned and stopped by 6 mo. posttransplant. Alterations in immunosuppressants and
changes in drug dosing are triggered by rejection episodes, the frequency which occurred
equally between groups. Patients with angiographically significant CAV are typically treated
with sirolimus and a CNI after withdrawing anti-metabolites such as MMF and azothiaprine.
Fewer than 5% of patients in the cohort were taking sirolimus for treatment of CAV at the
time of sample acquisition.
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We did not have access to pretransplant sera. We obtained blood samples at a follow up visit
(see Table II for time posttransplant). We collected clinical, pathological and demographic
data from the electronic medical record and, for HLA typing data, from the United Network
for Organ Sharing (UNOS). Cellular rejection was graded by ISHLT 2004 scoring.
Antibody mediated rejection (AMR) was defined by the treating physician based on specific
histopathological criteria (macrophage and neutrophil infiltration along capillaries with
endothelial cell swelling) with or without hemodynamic compromise. Positive C4d staining
and/or serum anti-donor HLA antibodies were considered supportive evidence for the
diagnosis of AMR. The studies were approved by the Institutional Review Board of Mount
Sinai Hospital.

Preparation of Peripheral Blood mononuclear cells (PBMC)
Peripheral blood samples were obtained in green top (sodium heparin) and red top tubes.
Peripheral blood mononuclear cells (PBMCs) were isolated from the green top tubes by
ficoll density-gradient centrifugation. Live cells were counted using acridine orange/
ethidium bromide staining and ultraviolet microscopy and were frozen in aliquots. Serum
samples were obtained from the red top tubes and stored at −80°C in aliquots.

ELISA assays
We quantified serum anti-CM antibodies using an enzyme-linked immunosorbent assay
(ELISA). 96 well Immulon HBX ELISA plates (Thermo Fisher Scientific, Rochester NY)
were coated with 1 µg/ml recombinant porcine CM (MW 460,000, Sigma, St Louis MO) or
an equal molar concentration (0.14µg/ml) of human serum albumin (MW 67,000, Sigma) as
a specificity control in coating buffer (one capsule of carbonate-bicarbonate buffer in 100ml
of deionized water, Sigma). As a negative control we used coating buffer alone. The
following day, the plate was washed and then blocked with 2% human serum albumin in
PBS-0.25% Tween20 at room temperature for 3 h. Patient serum was added at dilutions of
1:50, 1:300, 1:1000, and 1:3000 and incubated for 2 h at 4° C. The plates were washed and
biotinylated anti-human IgG (Sigma) was added at a concentration of 1:10,000 and
incubated at 4°C for 45 min. Following another wash we added streptavidin-horseradish
peroxidase (Dako, Carpenteria, CA) diluted 1:2000 in PBS-0.25% Tween20 for 30 min at 4°
C. Following a final wash we added 100µl/ well 3,3,5,5-tetramethylbenzidine liquid
substrate for ELISA (Sigma) for 20 min. The reaction was stopped with stop reagent
(Sigma) and the plate was read at OD 450 nm using a Biotek ELISA reader (Biotek,
Winooski VT).

We used commercially available ELISA kits to test sera for reactivity to anti-nuclear
antigens, ANA (Calbiotech, Spring Valley, CA), Scl-70 IgG (Calbiotech) and Cardiolipin
IgG (Calbiotech).

ELISPOT assays
After pilot optimization and standardization, the interferon gamma (IFNγ) ELISPOT assay
was performed under good laboratory practice conditions using antibodies and reagents as
previously published (25, 26).

IL-17 ELISPOT assays were performed similarly using anti-human IL17 (clone 64CAP17,
1mg/ml, eBioscience, San Diego, CA) for coating, and FITC anti-human IL-17 (clone
64Dec17, 0.5mg/ml, eBioscience) as the secondary antibody. IL-4 ELISPOT assays were
performed using anti-human IL-4 (clone 8D4–8, 0.5mg/ml, eBioscience) for coating and
FITC-anti-human IL-4 (clone MP4-25D2, 0.5mg/ml, eBioscience) as the secondary
antibody. For the IL-17 and IL-4 assays a monoclonal anti-FITC alkaline phosphatase
antibody (Sigma) was added as a tertiary antibody for detection. NBT/BCIP (nitro-blue
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tetrazolium and 5-bromo-4-chloro-3'-indolyphosphate, Thermo Fisher Scientific, Rochester
NY) was used as the developing reagent.

We tested responder PBMCs reactivity against 32 overlapping synthesized peptides derived
from the S2 region of the CM heavy chain (Table I) (27). To optimize cell numbers PBMCs
from each responder were tested against the peptides in pairs (e.g. peptide 1 and 2 were
combined) each at a final concentration of 10µg/ml. PBMCs were also tested for reactivity
against whole 10 µM human CM isolated as previously described (27). PBMCs were
incubated with the antigens for 48 h, second antibodies and color reagents were added as
previously described (26).

The ELISPOTs were quantified using the ImmunospotS4 Core Analyzer (CTL, Shaker
Heights, OH). We determined mean numbers of IFNγ ELISPOTs per 500,000 responder
PBMCs from single wells. Spots detected in control wells without stimulators were
subtracted from the total number of spots. The frequencies of IFNγ producers ranged from
10–292. Patients were assigned a positive reactivity when the frequency of IFNγ ELISPOTs
was ≥ 10 after subtracting spontaneous IFNγ production in medium control wells.

Alloantibody Detection
We screened for serum alloantibody using the LABScreen Mixed screening beads (One
Lambda Inc., Canoga Park, CA) on a BioPlex Protein Array System (BioRad, Hercules, CA)
using BioPlex Manager software (BioRad) as per manufacturer’s instructions. In this assay
serum is tested for binding to 12 beads coated with mixtures of polymorphic HLA class I
molecules and 5 beads coated with mixtures of polymorphic class II molecules. Results were
analyzed using the HLA Fusion software (One Lambda Inc.). We defined a positive
screening result for an individual bead as a binding ratio ≥ 3.0 (compared to controls, as per
manufacturer’s instructions).

We defined allelic specificity of the alloantibodies in the subgroup of CAV patients with
positive screening assays using LABScreen Single Antigen Class I and Single antigen Class
II beads (One Lambda Inc.). A positive result was defined as reactivity above background
negative control serum. The results were analyzed using the HLA Fusion software (One
Lambda Inc.) and compared to donor HLA types to define those with donor reactive anti-
HLA antibody.

In vitro Depletion of CD4+CD25+ cells
We depleted CD4+CD25+ cells from PBMC using the Human CD25 MicroBeads II kit
(Milenyi Biotech, Auburn, CA). The percentages of CD4, CD8 and CD4+CD25+Foxp3+
cells were determined before and after depletion by flow cytometry. After staining, the cells
were acquired using a BD FACS Canto II flow cytometer (BD Biosciences, San Jose, CA)
and analyzed with Diva software. FITC anti-human CD4 clone RPA-T4 (eBioscience), APC
conjugated anti-human CD25 clone BC96 (eBioscience), and PE mouse anti-human CD8
(BD Biosciences) were used for cell surface staining. Intracellular staining for Foxp3 was
performed with Foxp3 intracellular staining kit (eBioscience) followed by the addition of PE
conjugated anti-human Foxp3 antibody clone PCH101 (eBioscience).

Statistical Analysis
Graph Pad Prism 5 (GraphPad Software, La Jolla, CA) and SPSS version 18.0 (SPSS,
Chicago, IL) were used for data analysis. We used the Chi square (or Fisher’s exact test, as
appropriate) to compare categorical, clinical, and demographic characteristics between
groups based on the presence of CAV, and Student's t-test to compare continuous variables
between groups. Data are reported as percentages of total or means and standard deviations.
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We used binary logistic regression analysis to determine factors independently associated
with a diagnosis of CAV. Two-sided p<0.05 was considered to be statistically significant.

Results
Characteristics of the study cohort

The clinical characteristics of the 72 patients tested in this cross sectional study are shown in
Table II. The mean age of the patients in the CAV group was 58 ± 11 y and the mean age of
the patients in the nCAV group was 60± 14 years (p=0.63). As is the case for heart
transplant populations within the US as a whole (www.unos.org), our cohort consisted of a
predominance of males with the majority being Caucasian (there were no differences
between the CAV and nCAV groups). Neither the underlying etiology of heart failure nor
the prevalence and severity of treated humoral or cellular rejection posttransplantation
differed between the groups (Tables II–III). The time of sample collection
posttransplantation was longer in the CAV group (10.2 ± 4.2 in CAV vs.7.4± 3 in nCAV,
p=0.01).

Higher prevalence of anti-CM antibodies in patients with CAV
We developed an ELISA to quantify anti-CM IgG antibodies in sera from patients with and
without CAV (Fig 1). A representative assay from a single patient with CAV shown in Fig
1A reveals titratable reactivity to CM detectable at a titer of > 1:3000. No response was
observed in wells without antigen or in wells containing an equal molar concentration of
control human serum albumin (HSA). Fig 1A also shows representative results from a
patient without CAV in which we observed essentially no reactivity to CM at any dilution
over the control wells. Figures 1B–C depict results for the entire cohort and show a
strikingly higher, and statistically significant difference in prevalence, mean reactivity and
titer of anti-CM IgG in patients with CAV. As a specificity control we tested each serum
sample for reactivity to a panel of autoantigens including anti-nuclear antigens, anti-Scl 70,
and anti-cardiolipin (Figure 2). Sera from those with and without CAV reacted at
significantly lower frequency to each of these antigens compared to CM.

When we examined whether anti-CM antibodies were associated with recipient expression
of specific HLA alleles (A, B, DR, Figure 3A–C), we did not observe any relationships. Nor
did we observe a relationship between the prevalence of anti-CM antibodies and the number
of HLA mismatches between donor and recipient (Fig 3D).

Independent association of anti-CM antibodies with CAV
Because anti-HLA antibodies and in particular, anti-class-II-HLA antibodies, have been
shown by others to associate with CAV (6, 28), we tested the serum samples from our
cohorts for reactivity to class I and class II HLA alleles, initially using Luminex screening
beads. We observed a similar prevalence of anti-HLA reactivity in the serum of those with
and without CAV reactivity (class I: 21% CAV vs. 24% nCAV, class II: 44%CAV vs. 44%
nCAV, both class I and class II 5% CAV vs. 21% nCAV, either class I or II 59% CAV vs.
nCAV 47%, p=0.76, 0.96, 0.07, 0.31 respectively, Figure 4). To determine the prevalence of
donor-reactive anti-HLA antibodies in those with positive screening assays we examined the
allelic specificity of the anti-HLA antibodies using Luminex single antigen beads and
compared the results to the HLA alleles expressed by the donor. While serum from 65% of
patients with CAV contained anti-CM antibodies (Figure 1) only 18% contained antibodies
reactive to donor antigens (p<0.05, Figure 5). We did not observe an association between
anti-CM antibodies and donor-reactive, anti-HLA antibodies (DSA) (either anti-class I, anti-
class II or both, p=0.65, 1.00, and 0.50 respectively, Table IV).
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In a univariable analysis we calculated the odds ratio (OR) for the presence of CAV using
serum anti-CM antibodies as a biomarker (Table V). We found that anti-CM IgG was
associated with CAV with an OR of 12–13 (depending on the titer detected, p < 0.001 to
0.022). In stark contrast, the OR for only other variable statistically associated with CAV,
time posttransplant, was 1.2 (95% CI: 1.1–1.4). We did not observe a significant association
between a history of either AMR or cellular rejection and CAV. We also tested for an
association between a history of rejection and anti-CM antibodies. We found no significant
associations between the presence of anti-CM antibodies and either AMR (3/5 with AMR
vs. 26/67 without AMR were anti-CM Ab+, p=0.64) or cellular rejection (10/24 with
cellular rejection vs. 20/48 without cellular rejection were anti-CM Ab+, p= 1.00).

We next constructed a logistic regression model to test the independence of the relationship
between anti-CM antibodies and CAV (Table VI). We included time posttransplant and the
presence of anti-HLA class I or II screening results in the model. We observed a strong and
independent relationship between CAV and anti-CM immunity with an OR of > 27 (95%
CI: 5.77–133.56).

T cells reactive to CM-derived peptides and CAV
Because T cell help is generally required for isotype switching and because T cell
autoimmunity itself could impact transplant outcome, we tested PBMCs obtained from a
subset of 31 patients (from whom we were able to obtain sufficient numbers of PBMCs),
with and without CAV, for reactivity to human CM by ELISPOT. Because the large MW of
CM (480,000 kilodaltons) precludes testing for reactivity to the intact antigen at micromolar
quantities, and because previous work by Cunningham and colleagues suggested immune
dominance of S2 fragment of human CM heavy chain animal models and in humans with
autoimmune myocarditis(9, 27), we tested for reactivity to a panel of 32 synthetic peptides
derived from this immune dominant region (Table I).

Representative results for one patient with CAV and another without CAV are shown in Fig
6A with a summary of the results for the 31 patients depicted in Fig 6B–D. Ten of 17
patients (58.8%) with CAV responded to at least one CM-derived peptide compared to only
2 of the 14 patients without CAV (15.4%, p=0.01). Reactivity to peptides 17–18
predominated as 5 of 10 patients responded to these epitopes. Interestingly, the peptide
antigen reactivity was significantly broader in the patients with CAV; 4 of 10 patients with
CAV responded to multiple pairs of peptides while the PBMCs from only 2 patients without
CAV responded to two peptides S2 17–18. We tested for peptide-induced IL-17 and IL-4
production by ELISPOT and none was detected (data not shown).

Previous work by others indicated better kidney allograft survival associated with T cell
mediated regulation (29). To test whether Tregs suppressed autoreactive anti-CM immunity
in our stable heart transplant recipients (without CAV) we repeated the peptide-stimulated
IFNγ ELISPOT assays before and after depleting CD4+CD25+Foxp3+ Tregs with magnetic
beads (Fig 7A). These experiments showed that for PBMC that did not respond to CM-
derived peptides prior to the depletion, Treg depletion had no effect (the depletion did not
uncover CM-reactive T cells). Control experiments with PBMCs from patients with
detectable CM-peptide-reactive IFNγ producers prior to depletion showed that Treg
depletion increased the responses 2–3 fold, thus indicating that the assay can uncover a
regulatory response if it is present.

We used a logistic regression model to determine if a relationship existed between T cell
reactivity and CAV independent of time post-transplantation. We observed a strong and
independent relationship between CAV and T cell reactivity with an OR of 9.76 (95% CI:
1.4 to 68.2). The difference in T cell reactivity between the groups remained significant even
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after controlling for time post-transplantation to sample acquisition. When we analyzed for
the association between CAV and having either anti-CM IgG or T cell reactivity to CM we
found a higher OR of 45 (95%, CI 4.04–500.7). We did not have access to cells from any of
the donors so could not quantify anti-donor T cell immunity

Discussion
A better understanding of the pathogenesis of CAV and the development of biomarkers
capable of reliably detecting and predicting this prevalent and highly morbid disease are
required to improve long term outcomes following heart transplantation. The data reported
herein provide new insight to both of these issues by demonstrating a strong and
independent relationship between anti-CM immunity and the presence of CAV in human
heart transplant recipients. Anti-CM antibodies (Fig 1), but not other autoantibodies (Fig 2),
were more prevalent in patients with CAV. Logistic regression analysis revealed a strong
association between anti-CM antibodies and CAV independent of time posttransplant and
anti-HLA antibodies (OR= 27, Table VI) both of which have been previously associated
with CAV (6, 30).

We also observed that CM-peptide-reactive, IFNγ-producing, T cells were more prevalent in
patients with CAV (Fig 6), independent of time post-transplantation (OR=9). With the
caveat that we did not test for responses to all possible peptides within the CM molecule, the
results of the Treg depletion experiments (Fig 7) suggest that absence of CM-reactive T cells
in the those without CAV could not be attributed to regulation (which suppressed CM-
reactive effector T cells) but rather suggests an absence of T cell priming to this autoantigen.

The peptide mapping analysis (Fig 6) demonstrated for the first time that peptides 17–18
within the S2 region of the human CM heavy chain are immune dominant. Moreover, we
observed that PBMCs from 2/14 patients without CAV responded to a single CM-derived
determinant, while PBMCs from the majority of those with CAV responded to multiple
epitopes (Fig 6), indicating a broader and more potent autoimmune response. When we
combined the presence of anti-CM T cell and/or antibody reactivity into a single variable
and repeated the logistic regression analysis, we observed an even stronger and independent
association with CAV (OR=45).

We did not observe significant correlations between anti-CM immunity and recipient
expression of specific HLA alleles or the number of HLA mismatches between donor and
recipient (Fig 3) supporting the prevalence data (Fig 1) that anti-CM immunity occurs
commonly posttransplant. Because of the cross-sectional nature of our study design we
cannot make definitive conclusions regarding the temporal relationships between anti-CM
immunity, anti-HLA immunity and the development of CAV. Anti-CM immunity is often
detectable in patients with end stage heart failure and has been reported de novo post-
transplant as a putative consequence of damage induced by anti-HLA immunity (28, 31).
While our data do not specifically address either of these issues, the detected striking
relationship between anti-CM immunity and CAV in our study cohort underscores the need
for prospective studies to further assess the utility of anti-CM immunity as a diagnostic and
prognostic, pre- and posttransplant biomarker for CAV.

Our findings are associative, but they add to the emerging literature derived from animal
models and humans indicating that autoimmunity contributes to the pathogenesis of chronic
allograft injury (20, 32–38). Studies in murine models have shown that autoimmunity
accelerates allograft injury (20, 32) and that inducing tolerance to autoantigens can prevent
alloimmunity and prolong graft survival (39). The observation that anti-type V collagen-
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reactive antibodies emerge in lung transplant recipients prior to their developing
bronchiolitis obliterans supports this hypothesis (40, 41).

There are 22 known coding non-synonymous polymorphisms present in the alpha chain
subunit of the cardiac myosin protein (www.ncbi.nlm.nih.gov). While it is conceivable that
anti-CM immunity could be directed toward polymorphic regions of donor CM not present
in the recipient, the fact that we detected stronger T and B cell reactivity in patients with
CAV using one form of CM and one set of CM-derived peptides makes it unlikely that the
differences we observe are driven by the polymorphisms.

CM is an intracellular protein (protecting it from exposure to serum autoantibodies), but it is
theoretically possible for anti-CM antibodies to participate in graft injury by binding to CM
released by injured cells initiating extracellular, complement- and FcR-mediated
inflammation (13, 36, 42). This phenomenon was illustrated by Zhang and colleagues who
described the ability of CM to act as a pathogen associated molecular pattern, initiating toll
like receptor-mediated inflammation, and causing upregulation of inflammatory cytokines. It
is also possible that anti-CM antibodies cross react with extracellular matrix proteins,
including laminin which contains a highly homologous amino acid sequence (43) and/or β-
adrenergic receptors (27) and thus trigger endothelial injury and/or proliferation which could
contribute to vasculopathy. Autoantibodies could enter cells via cell surface receptors and
once they are internalized, bind to intracellular antigens that trigger cell death, complement
activation and finally tissue fibrosis.(43) Alternatively and perhaps more likely, CM-reactive
T cells could mediate intragraft injury through cytokine-initiated inflammation and direct
cytotoxicity.(44) As a consequence the injury would expose released intracellular CM to the
immune system, amplifying the autoimmune response and resulting in antibody isotype
switching. The resultant autoantibodies could further amplify the autoimmune injury (13) or
act as non-participatory bystanders.

In summary, we demonstrate a strong and independent association between anti-CM
immunity and chronic allograft vasculopathy. These findings support the concept that
autoimmunity may drive the pathogenesis of CAV and identify CM as a potential
therapeutic target for future studies of tolerance induction to prevent graft injury. Risk
assessment based on the presence or absence of anti-CM immunity in the periphery could be
used for prognostic and/or therapeutic purposes. Together the work supports the need for
large-scale prospective studies to address these issues.

Abbreviations

CM cardiac myosin

CAV chronic allograft vasculopathy

CI confidence interval

OR odds ration

nCAV no CAV
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Figure 1. Anti-CM antibodies are found in serum from patients with CAV
Sera from 40 patients with CAV and 32 patients without CAV were tested for anti- CM
antibodies at serum dilutions of 1:50, 1:300, 1:1000, and 1:3000. A. Representative ELISA
results of serum from one patient with CAV (left) and one patient without CAV (right).
Open squares represent reactivity to CM, solid squares HSA and open circles buffer alone.
B. ELISA results from all CAV and nCAV patients at each serum dilution (1:50, 1:300,
1:1000, 1:3000). C. Summary depicting the percentage of CAV and nCAV patients with
anti-CM immunity of OD>0.5 (*p<0.05).
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Figure 2. Anti-CM antibodies are more prevalent than antibodies to other common autoantigens
in heart transplant recipients
Results for anti-CM antibodies (CAV, n=40; no CAV, n=32, dilution 1:50) in Figure 1 are
re-plotted along with results of assays performed on the same sera testing for reactivity to
ANA, anti-Scl-70, and anti-cardiolipin (CL) antibodies by ELISA. Sera from patients with
CAV more commonly contained anti-CM antibodies than any of the other antibodies tested
(*p <0.05). n.d., none detected.
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Figure 3. Anti-CM antibodies are not associated with specific recipient HLA alleles or the
number of HLA mismatches between donor and recipient
The percentages of anti-CM antibody positive (+) and anti-CM antibody negative (−)
patients expressing each HLA-A (A), HLA-B (B), and HLA-DR (C) allele are shown. Anti-
CM antibodies did not associate with any HLA allele in the cohort. Panel D depicts the
number of HLA mismatches between donor and recipient at A, B, and DR loci (0–6) plotted
against the presence or absence of anti-CM antibody in the serum. The mean number of
mismatches is not different between those with and without anti-CM antibodies (vertical
line, p=ns).
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Figure 4. Anti-HLA antibodies are equally prevalent in those with and without CAV
Sera from 40 patients with CAV and 32 patients without CAV were screened for the
presence of anti-HLA antibodies using luminex. There was no statistically significant
difference in percentage of patients who screened positive for class I alone, class II alone,
class I and class II, or either class I or II between the two groups. p=ns for all groups.
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Figure 5. Higher prevalence of anti-CM antibodies than Donor Specific Antibodies (DSA) in
patients with CAV
Graphical depiction of the prevalence of donor-HLA reactive antibodies and anti-CM
antibodies, with 95% confidence intervals (vertical lines), in the 20 CAV patients that
screened positive for anti-HLA antibodies by screening tests. Because the confidence
intervals do not overlap the differences are statistically significant.
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Figure 6. Stronger T cell reactivity to CM in patients with CAV
A. Representative IFNγ ELISPOT wells in which PBMCs obtained from one patient without
CAV (no CAV, top row) and one with CAV (bottom row) were stimulated with medium
alone or 3 different pairs of CM-derived peptides. PHA served as a positive control.
Numbers above each well are the spots detected. B. The prevalence of T cell reactivity to
CM as defined by >10 IFNγ producers per 500,000 PBMCs in response to at least one
peptide is shown for 18 patients with CAV and 13 patients without CAV (*p<0.05). C.
Peptide mapping of PBMCs from CAV patients (left) and nCAV patients (right). Each color
represents the responses of a different patient.
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Figure 7. Treg mediated suppression does explain the absence of CM-peptide reactive T cell
immunity
A. Representative flow cytometry plots of PBMC before (above) and after (below) removal
of CD25+ cells using magnetic beads, verifying depletion of the CD4+ CD25+ Foxp3+
subset (right panels). B. IFNγ ELISPOT assays for reactivity to CM peptides 17–18 using
pre-depletion and post-depletion PBMC from six different patients, 4 without detectable
responses pre-depletion (left of dotted line) and 2 with detectable responses pre-depletion
(right of dotted line). PBMC from an additional 6 patients without detectable responses pre-
depletion showed identical results (no new responses after depletion, not shown).
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Table I

Overlapping synthetic peptides (25-mer) of HCM S2 region

Peptide Sequence Residue No.

S2-1 SAEREKEMASMKEEFTRLKEALEKS 842–866

S2–2 FTRLKEALEKSEARRKELEERMVS 856–880

S2–3 RKELEEKMVSLLQEKNDLQLQVQAE 870–894

S2–4 KNDLQLQVQAEQDNLADAEERCDQL 884–908

S2–5 LADAEERCDQLIKNKIQLEAKVKEM 898–922

S2–6 KIQLEAKVKEMNERLEDEEEMNAEL 912–936

S2–7 LEDEEEMNAELTAKKRKLEDECSEL 926–950

S2–8 KRKLEDECSELKRDIDDLELTLAKV 940–964

S2–9 IDDLELTLAKVEKEKHATENKVKNL 954–978

S2–10 KHATENKVKNLTEEMAGLDEIIAKL 968–992

S2–11 MAGLDEHAKLTKEKKALQEAHQQA 982–1006

S2–12 KKALQEAHQQALDDLQAEEDKVNTL 996–1020

S2–13 LQAEEDKVNTLTKAKVKLEQQVDDL 1010–1034

S2–14 KVKLEQQVDDLEGSLEQEKKVRMDL 1024–1048

S2–15 LEQEKKVRMDLERAKRKLEGDLKLT 1038–1062

S2–16 KRKLEGDLKLTQESIMDLENDKQQL 1052–1076

S2–17 IMDLENDKQQLDERLKKKDFELNAL 1066–1090

S2–18 LKKKDFELNALNARIEDEQALGSQL 1080–1104

S2–19 IEDEQALGSQLQKKLKELQARIEEL 1094–1118

S2–20 LKELQARIEELEEELESERTARAKV 1108–1132

S2–21 LESERTARAKVEKLRSDLSRELEEI 1122–1146

S2–22 RSDLSRELEEISERLEEAGGATSVQ 1136–1160

S2–23 LEEAGGATSVQIEMNKKREAEFQKM 1150–1174

S2–24 NKKREAEFQKMRRDLEEATLQHEAT 1164–1188

S2–25 LEEATLQHEATAAALRKKHADSVAE 1178–1202

S2–26 LRKKHADSVAELGEQIDNLQRVKQK 1192–1216

S2–27 QIDNLQRVKQKLEKEKSEFKLELDD 1206–1230

S2–28 EKSEFKLELDDVTSNMEQUKAKAN 1220–1244

S2–29 NMEQIIKAKANLEKMCRTLEDQMNE 1234–1258

S2–30 MCRTLEDQMNEHRSKAEETQRSVND 1248–1272

S2–31 KAEETQRSVNDLTSQRAKLQTENGE 1262–1286

S2–32 ETQRSVNDLTSQRAKLQTENGELSR 1265–1289
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Table II

Patient Characteristics

CAV
(n=40)

no CAV
(n=32)

p value

Age 58 +/− 11 y 60 +/− 14 y 0.63

Male Gender 62% 67% 1.00

Race/Ethnicity
   African American 21% 20%

0.65

   Caucasian 42% 51%

   Hispanic 28% 17%

   Asian 4% 0%

   Other 5% 12%

Time post-transplant to sample acquisition 10.2 +/− 4.2 y 7.4 +/− 3.0 y 0.01

History of Treated Humoral Rejection 6% 5% 0.86

History of Treated Cellular Rejection 18% 42% 0.06
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Table III

Etiology of Heart Disease

CAV n=40 no CAV n=32

Dilated Cardiomyopathy 16% 27%

Ischemic Cardiomyopathy 16% 10%

Idiopathic Cardiomyopathy 9% 10%

Viral Cardiomyopathy 9% 2%

Other 4% 12%

Unknown 46% 39%

No statistically significant difference between groups for any variable
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Table IV

Association between DSA and anti-CM antibodies

DSA +* DSA − Total

Anti-CM IgG + 6 19 25

Anti-CM IgG − 1 14 15

Total 7 33 40

*
DSA=donor specific anti-HLA antibody, p=0.5 (χ2)
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Table V

Univariable Analysis of Associations with CAV

95% CI for OR

OR p
value

lower upper

Gender 1.00 1.00 0.40 2.52

Caucasian Race 0.64 0.32 0.27 1.55

History of treated Humoral Rejection 1.42 0.71 0.23 9.00

History of treated T cell Rejection 0.40 0.06 0.16 1.05

Anti-CM Abs1:50 dilution n = 72 13.0 0.00 3.79 44.60

Anti-CM Abs1:300 dilution = 72 11.8 0.02 1.43 96.90

Anti-CM Abs1:1000 dilution=72 11.8 0.02 1.43 96.90

Time post-transplant to sample acquisition 1.20 0.02 1.03 1.39

HLA Abs: Either Class I or Class II 1.50 0.80 0.07 31.58
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Table VI

Multivariable Logistic Regression of associations with CAV

95% CI for OR

OR p value lower upper

Anti-CM Abs1:50 dilution n=72 27.76 0.00 5.77 133.56

Gender 1.11 0.88 0.28 4.39

Either Anti-Class I or Anti-Class II Ab 2.05 0.31 0.52 8.01

Race 0.78 0.43 0.43 1.44

Time post-transplant to sample acquisition 1.21 0.02 1.03 1.44
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