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KEYWORDS: BACKGROUND: Herein we study the role of donor-specific antibodies (DSA) to mismatched human
myosin; leukocyte antigen (HLA) and antibodies (Abs) to the cardiac self-antigens myosin (MYO) and vimentin
vimentin; (VIM) in the pathogenesis of acute antibody-mediated rejection (AMR) in the early post-transplant
self-antigens; period (EP, <12 months) and cardiac allograft vasculopathy (CAV) in the late post-transplant period
antibody mediated (LP, >12 months) after heart transplantation (HTx).

rejection; METHODS: One hundred forty-eight HTx recipients (65 in EP, 83 in LP) were enrolled in the study.
cardiac allograft Development of DSA was determined by Luminex. Circulating Abs against MYO and VIM in sera were
vasculopathy measured using enzyme-linked immunoassay (ELISA). Frequency of CD4* T-helper cells (CD4" Th)

secreting interferon (IFN)-v, interleukin (IL)-17, IL-10 or IL-5 specific to either MYO or VIM were
analyzed in vitro using ELISpot assays.

RESULTS: AMR patients were more likely DSA positive (AMR : 15%; AMR™: 70%; p = 0.03) and
demonstrated increased Abs to MYO (AMR : 144 + 115 ug/ml; AMR*: 285 = 70 ug/ml; p = 0.033) and VIM
(AMR: 37 * 19 pg/ml; AMR™: 103 = 43 ug/ml; p = 0.014). AMR patients demonstrated increased IL-5
CD4™ Th cells specific to MYO (5.2 = 0.9 fold, p = 0.003) and VIM (7.3 = 2.9-fold, p = 0.004) and decreased
IL-10 CD4™" Th cells specific to MYO (2.2 = 0.4-fold, p = 0.009) and VIM (1.7 = 0.2-fold, p = 0.03). CAV
patients were more likely DSA positive (CAV ~: 25%; CAV™: 79%; p = 0.03) and demonstrated increased Abs
to MYO (CAV™: 191 * 120 ug/ml; CAV*: 550 = 98 ug/ml; p = 0.025) and VIM (CAV ": 55 * 25 pug/ml;
CAV™: 255 + 49 pg/ml; p = 0.001). CAV patients demonstrated increased IL-17 CD4" Th cells specific to
MYO (10.5 = 7.3-fold, p = 0.002) and VIM (7.0 = 3.9-fold, p = 0.003).

CONCLUSIONS: The presence of DSA in AMR and CAV is significantly associated with development
of Abs to MYO and VIM in post-HTx patients. Induction of high CD4™ Th cells specific to cardiac
self-antigens that secrete predominantly IL-5 and IL-17 plays a significant role in the development of
Abs to self-antigens leading to AMR and CAV, respectively.
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Acute antibody-mediated rejection (AMR) is recognized
as a major cause of allograft dysfunction after heart trans-
plantation (HTx) and its overall prevalence during the initial
post-operative phase has been reported to exceed 40%.'”’
The clinical diagnosis of AMR is heralded by the onset of
hemodynamic instability in the absence of cellular rejection
or graft atherosclerosis after HTx.>® Recent International
Society of Heart and Lung Transplantation (ISHLT) guide-
lines have proposed AMR as a distinct clinicopathologic
entity characterized by presence of allograft dysfunction in
concert with histologic findings for capillary injury, positive
immunofluorescence for C4d in endomyocardial biopsies,
and detection of circulating donor-specific antibodies
(DSA).%? There is now accumulating evidence suggesting
that early post-transplant events promote development of a
chronic inflammatory process that subsequently leads to
transplant rejection.”'® Previous studies from our laboratory
have demonstrated that lung transplant recipients with pri-
mary graft dysfunction have elevated pro-inflammatory me-
diators including interferon-inducible protein (IP)-10;
monocyte chemotactic protein (MCP)-1; interleukin (IL)-1,
IL-2, IL-12, IL-15 and IL-17; and interferon (IFN)-+y during
the early post-transplant period.'®!'! The increase in pro-
inflammatory mediators is associated with the development
of donor-specific human leukocyte antigen (HLA) alloim-
munity.'? Although there is increasing evidence for the role
of circulating Abs in mediating allograft rejection post-
HTx, the exact mechanisms by which the alloimmune re-
sponse leads to rejection still remain unclear.'*'*

A major limitation to long-term survival after cardiac
transplantation is the development of chronic cardiac allo-
graft vasculopathy (CAV).'%!31¢ Although recent advances
in early post-operative management have significantly im-
proved the I-year post-HTx survival rate, long-term sur-
vival remains low at 43%, at 7 years.'” Cardiac allograft
vasculopathy is characterized by obliterative arteriosclerosis
with chronic inflammation, medial thickening and concen-
tric fibrous intimal hyperplasia.'>' It likely results from an
initial injury to the allograft endothelium, which sets the
stage for a chronic inflammatory state.'® The key determi-
nants contributing to the endothelial cell inflammation in-
clude both immunologic and non-immunologic factors. It
has been suggested that an alloimmune response to mis-
matched donor major histocompatibility complex (MHC)
antigens can break the tolerance to self-antigens.'® Recent
studies, both from our laboratory and others, have demon-
strated that Abs to self-antigens develop after solid-organ
transplantation.”°*? Post-HTx patients have been shown to
develop anti-phospholipid antibodies (Abs), anti-ribosomal
Abs, anti-muscle protein Abs and anti—intracellular adhe-
sion molecule-1 Abs.?*"2® However, the clinical relevance
of Abs to donor-specific mismatched HLA and cardiac
self-antigens in the development of AMR and CAV in HTx
recipients has yet to be established.

In the present study, we evaluated the role of DSA to
mismatched HLA and serum levels of Abs against two
important cardiac self-antigens, myosin (MYO) and vimen-
tin (VIM), in post-HTx patients who were diagnosed with

AMR and CAV in the early and late post-operative period,
respectively. In addition, we identified immune mechanisms
that contribute to the induction of Abs to self-antigens in
post-HTx patients. Our results highlight a significant asso-
ciation for Abs to both MYO and VIM in patients with
AMR and CAV compared with patients without AMR and
CAV, respectively. Importantly, serial monitoring of post-
operative sera has indicated that detection of DSA precedes
the detection of Abs to MYO and VIM by 1.7 =
0.3 and 3.0 = 0.4 months, respectively, suggesting a tem-
poral relationship between DSA and development of Abs to
self-antigens in post-HTx patients. Furthermore, the devel-
opment of Abs to self-antigens was associated with induc-
tion of predominantly IL-5 secreting CD4" T cells and
IL-17 secreting CD4™ T cells against corresponding self-
antigens in patients with AMR and CAV, respectively. This
was in parallel to a concomitant loss of IL-10 secreting
CD4™ T cells in patients with AMR and CAYV, indicating a
breakdown of peripheral tolerance to self-antigens.

Methods

Study population

One hundred forty-eight HTx patients at Barnes—Jewish
Hospital/Washington University were prospectively en-
rolled in the study in accordance with a protocol approved
by the institutional review board. Serum and peripheral
blood lymphocytes were isolated from whole blood as de-
scribed previously>’® and stored at —135°C. Concurrent
with blood sample collection, endomyocardial biopsies
were performed in 65 patients in the early (<12 months)
post-HTx period and coronary angiograms were performed
in 83 patients in the late (>12 months) post-HTx period. A
diagnosis of AMR was made based on ISHLT recom-
mended guidelines on clinical, histologic and serologic cri-
teria. The features evaluated to reach a clinical diagnosis
included patient symptoms (fatigue, palpitations), echocar-
diographic findings of cardiac dysfunction (decreased ejec-
tion fraction, restrictive physiology), need for inotropic sup-
port, histologic evidence (acute capillary injury manifest by
capillary endothelial swelling, macrophages or neutrophils
in capillaries, absence of features consistent with cellular
rejection), immunopathologic evidence (C4d capillary
staining, CD68 positivity for capillary macrophages) and
serologic evidence of donor-specific HLA Ab. Treatment
was initiated within 24 hours of reaching a diagnosis of
AMR by the attending transplant cardiologist. Our institu-
tional preference for initial treatment of AMR includes
plasmapheresis, intravenous immunoglobulin (IVIg) and in-
travenous methylprednisone. Secondary therapy includes
use of plasmapheresis, rituximab, IVIg and methylpred-
nisone. Cardiac allograft vasculopathy was diagnosed based
on angiographic criteria. Angiographic evidence of coro-
nary artery stenosis (>50% luminal diameter) of one vessel
or less was termed none/minimal, whereas coronary artery
stenosis (>50% luminal diameter) of two vessels or more
was termed moderate/severe.
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Detection of Abs to HLA

The presence of DSA in sera was identified using a
solid-phase assay by Luminex technology (Biosource Inter-
national). In brief, primary Ab-coated beads and incubation
buffer were placed into 96-well filter plates. Both samples
and standards were incubated with the primary Ab beads at
room temperature on an orbital shaker. The wells were then
washed and biotinylated secondary Abs were added for a
further incubation period of 30 minutes. The wells were
washed again and strepatividin—R-phyocoerythrin solution
was added and incubated for 15 minutes. The wells were
then washed and data were read utilizing a dual-laser flow
analyzer (Luminex-100 System, v1.7; Biosource Interna-
tional). Data analysis was then performed (MasterPlex QT
1.0 System; MiraiBio) and a 5-parameter regression for-
mula was utilized to allow detection compared with stan-
dard curves.

Detection of Abs to self-antigens MYO and VIM

The sera were tested for the development of Abs to MYO
and VIM by an enzyme-linked immunosorbent assay
(ELISA) developed in our laboratory. In brief, 96-well
plates (Nunc) were coated with 1 wg/ml of commercially
available porcine MYO or recombinant purified VIM in
phosphate-buffered saline (PBS) overnight at 4°C. The an-
tigen-coated wells were blocked for non-specific binding
with 1% bovine serum albumin for 2 hours. Sera from
post-HTx patients and normal volunteers were tested at two
dilutions (1:750 and 1:1,500) for the presence of Abs
against MYO and VIM. Commercially available anti-MYO
and anti-VIM were used as positive controls. Specific bind-
ing was detected with anti-human IgG, IgM bound to horse-
radish peroxidase (HRP; Jackson ImmunoResearch Labo-
ratory) and developed with tetramethylbenzidine substrate
(Millipore). Immunosorbance was detected at 460 nm. Con-
centration of Abs was calculated based on a standard curve
using the binding of a known concentration of commercial
anti-MYO and anti-VIM Abs (Santa Cruz Biotechnology).
A 2-standard-deviation-from-the-mean concentration of
Abs to MYO and VIM in health control subjects was used
as cut-off to determine positive titers of auto-Abs in exper-
imental samples.

Antigen stimulation

Freshly isolated peripheral blood mononuclear cells
(PBMC) were stimulated with individual antigens (20 ug/
ml) in 24-well culture plates (Fisher Scientific) resuspended
in complete RPMI-1640 (Gibco) supplemented with 10%
heat-inactivated AB negative human sera, 2 mmol/liter L-
glutamine, 20 mmol/liter HEPES, 100 U/ml penicillin and
100 pg/ml streptomycin for 3 to 5 days in a humidified 5%
CO, incubator at 37°C. CD4" T cells were then purified
from stimulated PBMC using immunomagnetic separation
cocktails by negative selection (Stem Cell Technologies).
The purity of CD4" T cells obtained by this method was
>95% (data not shown).

ELISpot

CD4" T cells purified from PBMC cultures stimulated
with individual antigens were utilized for performing
IFN-v, IL-5, IL-10 and IL-17 ELISpot assays as described
in our earlier publications.m’“’22 In brief, a multi-screen
96-well filtration plate (Millipore) was used to coat with
monoclonal Ab to IFN-v, IL-5, IL-10 and IL-17 (5 pg/ml;
BD Biosciences). The plates were blocked with 5% bovine
serum albumin (BSA) for 1 hour and washed three times
with phosphate-buffered saline (PBS). CD4™ T cells (3 X
10°) were cultured in triplicate in the presence of either
MYO (20 pg/ml) or VIM (20 wg/ml) and autologous irra-
diated CD4-depleted PBMC as antigen-presenting cells
(APCs, 1:1) in complete RPMI-1640 medium in a humidi-
fied 5% CO, incubator at 37°C. After 72 hours, the plates
were washed three times with PBS and then with 0.05%
PBS/Tween-20 three times. We then added 3 ug/ml of
biotinylated monoclonal Abs specific for IFN-vy, IL-5, IL-10
and IL-17 (BD Biosciences) resuspended in PBS/BSA/
Tween-20. After 12 hours at 4°C, the plates were washed
three times and HRP-labeled streptavidin (1:2,000; Pharmi-
gen) was added for 2 hours at room temperature. The spots
were developed using amino-9-ethylcarbazole solution
(Pharmigen). Spots were then analyzed (ImmunoSpot Se-
ries 1; Cellular Technology) and the results reported as
spots per million cells (spm). CD4" T cells cultured alone
in medium with antigen-presenting cells were used as a
negative control. CD4™" T cells cultured in the presence of
phytohemagglutinin (PHA, 5 pg/ml) were used as positive
control. The number of spots observed in the negative con-
trol was subtracted from the number of spots observed in
experimental wells.

Statistical correlation

GraphPad Prism v4.03 software was used to analyze the
data. The Mann—Whitney U-test was used to determine the
differences in CD4" T-cell responses specific to individual
antigens between the two groups. The correlation analysis
was done using Spearman’s rank test. Two-sided p < 0.05
was considered statistically significant.

Results

Patient demographics

The study cohort consists of 148 patients who underwent
HTx and their demographics are given in Table 1. Mean age
at transplant was 51.5 = 3.5. One hundred nineteen patients
(81%) were male; 122 patients (82%) were Caucasian, 21
(14%) were African-American and 5 (4%) were classified as
“other.” The indication for HTx included ischemic cardio-
myopathy and dilated cardiomyopathy. Mean (* standard
deviation) follow-up after HTx was 3.2 £ 2.7 years and the
median follow-up was 3.5 years. Of 148 patients, 65 pa-
tients were followed for development of acute AMR in the
early post-HTx period (<12 months), whereas 83 patients
were followed for development of CAV in the late post-
HTx period (>12 months). Ten patients had diagnostic
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Table 1  Patients’ Demographics

Early HTx (n = 65)

Late HTx (n = 83)

AMR (n = 10) No AMR (n = 55) p-value CAV (n = 14) No CAV (n = 69) p-value
Age at HTx (years) 49.9 = 13.4 52.3 = 11.8 0.25 57.6 = 10.3 55.2 £ 9.5 0.32
Gender (M:F) 7:3 44:11 0.18 11:3 57:12 0.29
Ethnicity
Caucasian 8 (80%) 47 (85%) 0.12 11 (79%) 56 (81%) 0.67
African American 2 (20%) 6 (11%) 0.17 2 (14%) 11 (16%) 0.35
Other 0 (0%) 2 (4%) 1.0 1 (7%) 2 (3%) 0.43
LVAD prior to HTx 2 (20%) 10 (18%) 0.71 3 (21%) 17 (25%) 0.12
Mean follow-up time
(years) 1.7 £ 0.9 1.6 = 0.7 0.55 8.9 * 4.9 10.1 = 6.4 0.31

Values presented as mean = SD or n (%). Total number of patients = 148.

criteria consistent with acute AMR (AMR ) and 14 patients
had angiographic evidence of moderate or severe CAV
(CAV™). Although patients with active infection at time of
study enrollment met the exclusion criteria, 8 patients de-
veloped systemic infections (4 with bacterial and 2 with
viral) after study enrollment.

Abs to self-antigens MYO and VIM are significantly
increased in post-HTx recipients with AMR compared
with stable cardiac transplant patients

Using ELISA, we determined the development of Abs in
the sera to the cardiac self-antigens, MYO and VIM in
post-HTx patients during the early post-operative period
(=12 months). As shown in Figure 1A, patients with AMR
developed Abs to MYO (control: 87 * 66 ug/ml; AMR™:
144 = 115 pg/ml; AMR™: 285 + 70 ug/ml) at significantly
higher titers compared with stable cardiac transplant pa-
tients without AMR (p = 0.033). Antibodies to MYO were
present 3.5 = 0.0 months prior to the diagnosis of acute
AMR. Furthermore, detection of DSA in patients with AMR
preceded the detection of anti-MYO Abs by 1.7 = 0.3
months (see Figure 5). Examination of patient sera for the
presence of Abs to VIM, as seen in Figure 1B (control: 26 *
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Figure 1 (A) Patients with AMR develop Abs to MYO at

significantly higher titers when compared with stable cardiac trans-
plant patients without AMR. (B) Patients with AMR develop Abs
to VIM at significantly higher titers compared with stable cardiac
transplant patients without AMR.

16 ug/ml; AMR™: 37 + 19 ug/ml; AMR™: 103 + 43
pg/ml), also revealed a statistically significant increase in
Abs to VIM in patients with AMR (p = 0.014). Antibodies
to VIM were present 2.1 = 0.2 months prior to the diagnosis
of acute AMR. Furthermore, detection of DSA in patients
with AMR preceded the detection of anti-VIM Abs by 3.0 =
0.4 months (see Figure 5). Thus, DSA followed by Abs to
self-antigens, MYO and VIM precedes the diagnosis of
AMR in post-HTx patients.

Increased frequencies of IL-5 and IFN-y and decreased
frequencies of IL-10 secreting CD4* T cells specific to
MYO and VIM in post-HTx recipients with AMR

To identify the immune responses that contribute to the
development of Abs to self-antigens, MYO and VIM in
post-HTx patients, the frequency of CD4™ T cells secreting
IFN-v, IL-5, IL-17 and IL-10 specific to either MYO and
VIM were determined using ELISpot. As presented in Fig-
ure 2A and B, patients with AMR demonstrated increased
frequencies of IL-5 and IFN-vy against both MYO (IFN-vy:
AMR™ 17 + 6 spm, AMR™" 46 *+ 24 spm, p = 0.008; IL-5:
AMR™ 25 * 12 spm, AMR™ 120 = 41 spm, p = 0.003)
and VIM (IFN-y: AMR™ 12 + 8 spm, AMR™ 40 =+ 25 spm,
p = 0.03; IL-5: AMR™ 15 = 10 spm, AMR ™ 80 = 29 spm,
p = 0.004). Concurrently, patients with AMR demonstrated
decreased frequencies of IL-10-secreting CD4" T cells
specific to MYO (AMR : 440 + 105 spm; AMR™": 220 +
89 spm; p = 0.009) and VIM (AMR: 320 *= 124 spm;
AMR™: 200 + 100 spm; p = 0.03) compared with patients
without AMR. However, no significant difference was
noted in the frequencies of CD4" T cells secreting IL-17
specific to MYO (AMR™: 35 = 27 spm; AMR™: 40 = 35
spm; p = 0.35) and VIM (AMR ": 21 *+ 15 spm; AMR*: 25 +
20 spm; p = 0.29) between AMR™ and AMR™ post-HTx
patients. These results indicate that patients with AMR
demonstrate high frequencies of CD4" T-helper cells spe-
cific to self-antigens, which predominantly secrete the Th2
cytokine, IL-5. Therefore, the induction of IL-5 by self-
reactive CD4™ T cells in patients with AMR may play an
important role in the activation and differentiation of B cells
involved in autoantibody production.
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Figure 2 (A) Patients with AMR demonstrated increased fre-

quencies of IL-5 and IFN-y and decreased frequency of IL-10
secreting CD4" T cells specific to MYO when compared with
patients without AMR. There was no significant difference in the
frequency of IL-17 secreting CD4™" T cells specific to MYO when
comparing the two cohorts. (B) Patients with AMR demonstrated
increased frequencies of IL-5 and IFN-vy and decreased frequency
of IL-10 secreting CD4 ™" T cells specific to VIM when compared
with patients without AMR. There was no significant difference in
the frequency of IL-17 secreting CD4™" T cells specific to VIM
when comparing the two cohorts.

Increased levels of Abs to MYO and VIM are
significantly associated with presence of DSA in
post-HTx patients with AMR compared with post-HTx
patients without AMR

Table 2 depicts the features of AMR and self-antigen pro-
file in all 10 recipients who were AMR-positive in our study.
As indicated in Table 3, patients with AMR who tested posi-
tive for DSA (DSATAMR™) had increased levels of Abs to
MYO (DSA”AMR™: 174 + 65 pg/ml; DSATAMR": 332 =
34 pg/ml; p = 0.03) and VIM (DSA~AMR *: 48 + 10 pg/ml;
DSATAMR™: 126 * 21 ug/ml; p = 0.003) compared with
patients diagnosed with AMR without DSA (DSA”AMR™).
No significant difference in the levels of Abs to MYO
(DSATAMR™: 142 + 121 ug/ml; DSATAMR™: 155 + 88
pg/ml; p = 0.92) and VIM (DSA"AMR: 35 = 18 ug/ml;
DSATAMR™: 45 *+ 23 ug/ml; p = 0.89) were identified
between patients without AMR who tested either positive
(DSATAMR ™) or negative (DSA”AMR ™) for DSA. These

Table 2 Characteristics of AMR™ Patients

results strongly suggest that DSA to mismatched HLA are
significantly associated with and can play an important role in
the development of Abs to self-antigens in patients with AMR
after HTx.

Abs to self-antigens MYO and VIM are significantly
increased in post-HTx recipients with CAV compared
with stable cardiac transplant patients

Using ELISA, we determined the development of Abs in
the sera to cardiac self-antigens, MYO and VIM in post-
HTx patients. As shown in Figure 3A and B, patients with
CAV develop Abs to MYO (control: 87 * 66 ug/ml;
CAV™: 191 *+ 120 ug/ml; CAV™: 550 = 98 ug/ml; p =
0.025) and VIM (control: 26 = 16 pug/ml; CAV™ 55 = 25
ug/ml; CAV™: 255 + 49; p = 0.001), significantly higher
compared with stable cardiac transplant patients without
CAV. These results indicate that patients with CAV develop
a significant increase in the levels of Abs to MYO and VIM
compared with stable post-HTx recipients without CAV.

Increased frequencies of IL-17 and decreased
frequencies of IL-10 secreting CD4* T cells specific to
MYO and VIM in post-HTx recipients with CAV

To identify the immune responses that contribute to the
development of Abs to self-antigens MYO and VIM in
post-HTx patients with CAV, the frequency of CD4" T
cells secreting IFN-v, IL-5, IL-17 and IL-10 specific to
either MYO and VIM were determined using ELISpot. As
presented in Figure 4A and B, patients with CAV demon-
strated increased frequencies of IL-17 secreting CD4" T
cells against both MYO (CAV: 25 = 20 spm; CAV™: 115 =
26 spm; p = 0.002) and VIM (CAV™: 20 = 13 spm;
CAV™: 70 = 34 spm; p = 0.003). Concurrently, patients
with CAV demonstrated decreased frequencies of IL-10
secreting CD4™" T cells specific to MYO (CAV™: 420 +
120 spm; CAV*: 220 + 89 spm; p = 0.008) and VIM
(CAV™:500 = 220 spm; CAV™: 260 + 130 spm; p =
0.005) compared with patients without CAV. However, no
significant difference was noted in the frequencies of CD4 ™"
T cells secreting IFN-y and IL-5 specific to MYO (IFN-vy:
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Table 3  Increased Levels of Abs to Myosin and Vimentin are Significantly
Associated With Development of DSA in AMR After HTx
DSA™ DSA™ P-value

Myosin

AMR™ 332 =34 (n=17) 174 + 65 (n = 3) 0.03

AMR ™ 155 + 88 (n = 10) 142 + 121 (n = 45) 0.92
Vimentin

AMR™ 126 + 21 (n = 7) 48 =10 (n = 3) 0.003

AMR™ 45 * 23 (n = 10) 35 + 18 (n = 45) 0.89

CAV™:25 = 15 spm; CAV™": 45 = 24 spm; p = 0.55; IL-5:
CAV™: 24 = 19 spm; CAV™": 34 + 25 spm; p = 0.54) and
VIM (IFN-y: CAV: 17 = 12 spm; CAV*: 38 += 17 spm;
p = 0.64;IL-5: CAV: 25 + 20 spm, CAV*: 30 = 18 spm;
p = 0.24) between CAV~ and CAV™" post-HTx patients.
These results indicate that patients with CAV demonstrate
high frequencies of CD4" T-helper cells specific to self-
antigens, which predominantly secrete the Th17 cytokine,
IL-17. Therefore, the induction of IL-17 by self-reactive
CD4™" T cells in patients with CAV may play an important
role in the facilitation of autoantibody development by driv-
ing neo-germinal center formation.

Increased levels of Abs to MYO and VIM are
significantly associated with presence of DSA in
post-HTx patients with CAV compared with post-HTx
patients without CAV

As indicated in Table 4, patients with CAV who tested
positive for DSA (DSATCAV™) had increased levels of
Abs to MYO (DSATCAV™: 357 =+ 38 pug/ml;
DSATCAV™: 603 = 84 ug/ml; p = 0.001) and VIM
(DSATCAV™: 173 + 29 ug/ml; DSATCAV™: 277 * 48
pg/ml; p = 0.02) compared with patients diagnosed with
CAV without DSA (DSA™CAV™). No significant differ-
ence in the levels of Abs to MYO (DSA CAV : 180 = 86
pug/ml; DSATCAV™: 224 + 190 pg/ml; p = 0.63) and
VIM (DSA™CAV™: 51 *+ 49 ug/ml; DSATCAV™: 67 + 56

A. Myosin B. Vimentin
p=0.02%5 p=0.001
500+ — 00 —
m-
4004 20
- -
E 04 E
= =
= 2001 — = 1004
1004 _ f e
Cotrdl  CAV-  CAw Corol  CAV-  CAW

Figure 3  (A) Patients with CAV develop Abs to MYO at sig-
nificantly higher titers compared with stable cardiac transplant
patients without CAV. (B) Patients with CAV develop Abs to VIM
at significantly higher titers compared with stable cardiac trans-
plant patients without CAV.

pg/ml; p = 0.78) were identified between patients without
CAV who tested either positive (DSATCAV ™) or negative
(DSA"CAV ") for DSA. These results indicate that DSA to
mismatched HLA are significantly associated with and can
play an important role in the development of Abs to self-
antigens in patients with CAV after HTx.

Discussion

Cardiac allograft dysfunction contributes to nearly 25% of
the mortality within 10 years after transplantation.'®** Dur-
ing the early transplant period (<12 months), acute rejec-
tion is a major contributor of allograft dysfunction in HTx
recipients and the frequency of acute rejection episodes
generally tend to decline after the first year post-HTx.>!”
Conversely, the incidence of cardiac allograft atherosclero-
sis in the form of vasculopathy is increased significantly
after the first year and accounts for allograft dysfunction
during the late HTx period (>12 months).'®?* It has been

A. Myosin B. Vimentin
—_ *
450- = wu_ ™
3504 50 B
2504 300- i
1504 i g 10 *
b o 0 ™
w wn
1004
50+
504
0- - 04 u
IFN-y IL-5 L1047 IFNg L5 IL40 L7
CCAV-  EECAV+ COCAV- ECAV+
Figure 4 (A) Patients with CAV demonstrated increased fre-

quency of IL-17 and decreased frequency of IL-10 secreting CD4 ™"
T cells specific to MYO when compared with patients without
CAV. There was no significant difference in the frequencies of
IFN-vy and IL-5 secreting CD4™" T cells specific to MYO when
comparing the two cohorts. (B) Patients with CAV demonstrated
increased frequency of IL-17 and decreased frequency of IL-10
secreting CD4" T cells specific to VIM when compared with
patients without CAV. There was no significant difference in the
frequencies of IFN-y and IL-5 secreting CD4™ T cells specific to
VIM when comparing the two cohorts.



Nath et al.  Self-antigens in AMR and CAV

1283

Table 4 Increased Levels of Abs to Myosin and Vimentin Are Significantly
Associated With the Development of DSA in Patients With CAV After HTx
DSA™ DSA™ p-value

Myosin

CAV* 603 *+ 84 (n = 11) 357 + 38 (n = 3) 0.001

CAV™ 224 * 190 (n = 17) 180 + 86 (n = 52) 0.63
Vimentin

CAV*H 277 * 48 (n = 11) 173 + 29 (n = 3) 0.02

CAV™ 67 + 56 (n = 17) 51 * 49 (n = 52) 0.78

estimated that 30% to 50% of cardiac transplant recipients
will demonstrate histologic evidence of cardiac allograft
vasculopathy by the end of 5 years post-HTx.*® The risk
factors that promote allograft dysfunction leading to AMR
and CAV in HTx recipients include circulating DSA to
HLA and non-HLA antigens, such as ABO and cardiac
self-antigens.”*"'? Studies have demonstrated that recipient
T cells recognize cardiac myosin presented in the context of
recipient MHC Class II molecules and can mediate rejection
of cardiac allografts, in the absence of an alloimmune re-
sponse.” In this study, we sought to address the role of
DSA to mismatched HLA and their association with Abs to
self-antigens MYO and VIM in the pathogenesis of acute
AMR in the early post-HTx period and CAV in late post-
HTx period. To determine the mechanism contributing to
the development of immune response to self-antigens, we
also assessed the frequency of T-cell-mediated responses to
self-antigens, MYO and VIM as well as their cytokine
profiles.

We enrolled 148 patients who underwent HTx. Sixty-five
of the patients were followed in the early (<12 months)
period for development of acute AMR and 83 patients were
followed in the late (>12 months) period for development
of CAV. Of these, 10 patients fulfilled the ISHLT criteria
for diagnosis of acute AMR. The mean time to diagnosis of
acute AMR in these patients was 7.5 = 0.9 months. There
was no significant difference in the clinical and demo-
graphic characteristics of patients with AMR and without
AMR, including age, gender, ethnicity, mean follow-up
time, number of acute rejection episodes, dose of pulse
steroids used for treating acute rejection, and maintenance
immunosuppressive regimen used. Of the 10 patients who
were diagnosed with AMR, 7 (70%) tested positive for DSA
to mismatched HLA.

It has been suggested that Abs to donor-specific HLA
antigens mediate allograft injury during episodes of acute
rejection. Specifically, the binding of anti-HLA Abs to the
graft results in activation of complement cascade and endo-
thelial cell activation accompanied by neutrophil and CD68
macrophage infiltration.>'* Such an inflammatory milieu
is conducive for autoimmunity to self-antigens. Further-
more, anti-MHC Class I Abs have been demonstrated to
directly induce the development of autoimmunity to self-antigens
such as Col-V and K-alpha-1-tubulin after human lung transplan-
tation.>"*?>3*3 In this context, we monitored the levels of Abs to
cardiac antigens, MYO and VIM in post-HTx patients with and

without evidence of AMR. In contrast to control subjects and
post-HTx patients without AMR, there was a significant increase
in the serum levels of Abs to MYO and VIM (Figure 1A and B).
Interestingly, patients with AMR who tested positive for DSA
(DSATAMR™) had increased levels of Abs to MYO and VIM
compared with patients diagnosed with AMR without DSA
(DSA™AMR™) (Table 3). This indicates that DSA is significantly
associated with the development of Abs to self-antigens. Serial
monitoring of DSA Abs to MYO and VIM in the early post-HTx
period in patients who were DSA™ indicated that DSA was
detectable by 2.8 = 1.0 months, followed by MYO by 4.5 = 1.3
months, and VIM by 5.8 = 1.5 months in patients diagnosed with
AMR at 8.0 = 1.3 months (Figure 5).

To determine the immune mechanisms leading to the devel-
opment of Abs to cardiac self-antigens, we determined the fre-
quencies of CD4" T-helper cells specific to MYO and VIM
secreting IFN-v, IL-5, IL-17 and IL-10. An increased frequency
of CD4™ T cells that predominantly secrete IL-5 followed by
IFN-vy specifically against MYO and VIM were noted in patients
with AMR. A significant decline in the frequency of IL-10 se-
creting CD4 ™" T cells was also noted in patients with AMR. This
strongly suggests that the loss of IL-10 secreting CD4" T cells
specific to cardiac self-antigens may result in the breakdown of
peripheral tolerance accompanied by the development of both
IL-5 and IFN-y—dependent CD4* T-cell-dependent immune re-
sponses specific to the individual antigens in post-HTx patients
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Figure 5  Serial monitoring of DSA Abs to MYO and VIM in
the early post-HTx period in 7 DSA™ patients indicates that DSA
was detectable at 2.8 * 1.0 months, followed by MYO at4.5 = 1.3
months and VIM at 5.8 = 1.5 months in patients diagnosed with
AMR at 8.0 = 1.3 months.
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with AMR. These results are in agreement with other reports
indicating that IL-5 is a critical cytokine involved in the induction
and augmentation of B-cell-dependent autoantibody re-
sponses.*®~*® Furthermore, IFN-y—dependent immune
responses to self-antigens play an important role in the
pathogenesis of de novo autoimmunity after heart trans-
plantation.*®

In this study we also analyzed patients for the develop-
ment of CAV based on the angiographic evidence of pa-
tients in the follow-up period. We determined the levels of
Abs to cardiac antigens MYO and VIM in post-HTx pa-
tients with and without evidence of CAV. In contrast to
control subjects and post-HTx patients without CAV, there
was a significant increase in the serum levels of Abs to
MYO and VIM in patients with CAV (Figure 3A and B).
We also determined CD4" T-cell responses to MYO and
VIM by analyzing the frequencies of CD4" T cells that
secrete IFN-vy, IL-5, IL-17 or IL-10 in patients with CAV.
An increased frequency of CD4™" T cells that predominantly
secrete IL-17 specifically against MYO and VIM were
noted in patients with CAV (Figure 4A and B). A significant
decline in the frequency of IL-10 secreting CD4™ T cells,
indicating the breakdown of peripheral tolerance, was also
noted in patients with CAV (Figure 4A and B). The devel-
opment of predominantly IL-17-dependent CD4" T-cell
responses to cardiac self-antigens in post-HTX patients with
CAV is in agreement with studies indicating an important
role for IL-17 in the development of cardiac allograft vas-
culopathy and other autoimmune diseases in humans.>'=%4°
These findings are supported by recent observations that, in
the absence of Thl-mediated responses, CD4 Thl7 re-
sponses mediate accelerated pro-inflammatory responses
leading to allograft rejection and CAV.*°

Investigators have demonstrated that, in the post-trans-
plant period, higher anti-myosin IgG levels were detected in
sera collected during acute rejection than in sera collected
during the rejection-free period and that, in absence of an
alloimmune response, sensitization of recipient mice with
MYO is sufficient to induce rejection of cardiac allo-
grafts.***'*? The role of antibodies to vimentin leading to
accelerated cardiac rejection has also been demonstrated in
a recent study using a mouse model.** Furthermore, imag-
ing studies have suggested that anti-MYO Abs could be
used as a predictor of transplant survival.** Although the
role of anti-MYO and anti-VIM Abs in the development of
rejection (mostly chronic) after HTx have been demon-
strated in studies with small patient cohorts, we have dem-
onstrated these findings in a large group of human heart
transplant patients who developed acute AMR and CAV,
with a concomitant immune response to the self-antigens
MYO and VIM in the early and late post-HTx period,
respectively.*** Previous evidence in conjunction with our
study findings lead us to strongly suggest that autoimmune-
mediated responses play a critical role in the development
of chronic rejection post-HTx. Recently, IL-5 and IL-17
have been proposed to mediate key pro-inflammatory re-
sponses in the pathogenesis of autoimmune responses.*®*’
We have shown an increased frequency of T lymphocytes

producing IL-5 and IL-17 in the peripheral blood lympho-
cytes of post-transplant patients with acute AMR and CAV.
IL-17, in particular, induces the production of numerous
cytokines (such as IL-6, G-CSF, GM-CSF, IL-13, TGF-
and TNF-«), chemokines (including IL-8, GRO-a and
MCP-1) and prostaglandins (e.g., PGE,) from many cell
types (fibroblasts, endothelial cells, epithelial cells, keratin-
ocytes and macrophages).*®

In our study, the presence of increased levels of IL-5 and
IL-17 demonstrates the role of autoimmunity in the patho-
genesis of acute AMR and CAYV, respectively. We have
provided evidence strongly suggesting that both alloim-
mune responses as well as autoimmune responses play an
important role in the processes of AMR and CAV in post-
HTx patients. Our results also suggest cross-talk between
DSA and autoimmunity mediated by IL-17 in the pathogen-
esis of CAV. Therefore, IL-17 pathway—mediated autoim-
munity to self-antigens can represent an important therapeu-
tic option in the management of CAV. Future studies
examining the mechanistic basis and signaling pathways
involved in this pathogenesis are warranted.
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