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ABSTRACT

Autoimmune myocarditis is a rare but often fatal toxicity of checkpoint inhibitor immunotherapy. To
improve the understanding of this complication, we performed immune profiling on post-mortem tissue
from a patient with metastatic melanoma who had steroid-responsive hepatitis, steroid-refractory
myocarditis, and shrinking lung metastases after ipilimumab treatment. Histological analysis of heart
tissue demonstrated findings consistent with giant cell myocarditis (GCM). The immune infiltrate in the
heart was largely comprised of CD4-+ T cells, whereas the liver had very few T cells, and CD8+ T cells were
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predominant in the responding lung metastases. TCR sequencing identified high T cell clonality in the
lung metastases. The TCR repertoire showed low clonality in the heart and minimal overlap with the liver
(1.2%), but some overlap with lung metastases (9.9%). Transcriptional profiling identified several potential
mediators of increased inflammation in the heart. These findings provide new insights into the

pathogenesis of autoimmune myocarditis with ipilimumab.

Introduction

The anti-CTLA-4 checkpoint inhibitor ipilimumab is an FDA-
approved immunotherapy for patients with stage III and stage
IV melanoma.'™ Treatment with ipilimumab is associated with
the development of grade 3-4 toxicities in ~25% of patients
treated with the 3 mg/kg dose approved for patients with stage
IV disease, and in ~50% of patients treated with 10 mg/kg in
the adjuvant setting.'* The majority of these toxicities are auto-
immune in nature, most commonly affecting the gastrointesti-
nal, skin and endocrine organ systems, and usually resolve with
immunosuppressants.

Autoimmune myocarditis is a rare but often fatal adverse
event of ipilimumab treatment. Currently there is scarce histo-
logical, immune, or molecular information about ipilimumab-
related myocarditis. Here, we report a fatal case of steroid-
refractory autoimmune myocarditis in a patient with metastatic
melanoma receiving ipilimumab treatment. Our report
includes characterization of the inflammation and infiltration
of cardiac tissue by immunohistochemistry (IHC), T cell recep-
tor (TCR) sequencing and immune-related gene expression

profiling. Comparative analysis of other tissues from the same
patient were performed, including a responding melanoma
lung metastasis and tissue from the liver, which was initially
inflamed but improved with steroid treatment. The results
of these analyses provide new insights into the basis of ipilimu-
mab-induced autoimmune myocarditis and suggest a
potentially distinct pathogenesis from myocarditis induced by
anti-PD-1.

Materials and methods

This study was approved by The University of Texas MD
Anderson Cancer Center’s Institutional Review Board (IRB).

Pathological review

Autopsy findings were retrieved from the clinical report per-
formed by one of the authors (AJL). Microscopic evaluation
was performed on hematoxylin and eosin (H&E) slides from
The University of Texas MD Anderson Cancer Center. Clinical
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data and selected slides were reviewed by a specialized cardiac
pathologist (RFP).

Viral and fungal testing

Bacterial, mycobacterial, fungal and virus cultures were per-
formed in MD Anderson’s CLIA certified laboratory.

Immunohistochemistry studies

The immunohistochemistry reactions for CD3 (polyclonal -
Dako), CD4 (4B12 - Thermo Scientific), CD8 (C8/144B - Thermo
Scientific), CD20 (L-26 - Dako), CD68 (PG-M1 - Dako),
CD45RO (UCHLL - Leica) and FoxP3 (clone 206D - BioLegend)
were performed on 4 pm thick sections that were cut from For-
malin Fixed Paraffin Embedded (FFPE) tissue blocks as described
previously.”

T cell receptor sequencing

DNA was extracted from autopsy tissues from the heart, liver,
and lung and the CDR3 variable region of the § chain of the T
cell receptor was amplified and sequenced using ImmunoSeq
(Adaptive Biotechnologies, Seattle, WA) as described
previously.®

Gene expression profiling

Gene expression profiling was performed on RNA from the
center, periphery, and whole heart, liver and lung necrotic sam-
ples using the NanoString nCounter System (NanoString tech-
nologies, Seattle, WA) using a commercial codeset (nCounter
Human Immunology V2) containing 579 target genes, 15
housekeeping genes, 8 negative controls and 6 positive controls,
as described previously.”

Statistical analysis

All plots were generated with GraphPad Prism v5.0. TCR
sequencing analysis was performed using the Analyzer website
(Adaptive Biotechnologies, Seattle, WA). For gene expression
analysis, the raw. RCC files from nCounter system were QCed
using NanoStringNorm version 1.1.21, under R version 3.2.0
(2015-04-16). The normalization of the expression was per-
formed based on both the geometric means of the housekeep-
ing genes, and the sum of expression of each sample. The
statistical analysis was performed on the log2-transformed
expression with 2 sample t-test and unequal variance. The
resulting p-values were adjusted through Benjamini-Hochberg
procedure to account for multiple testing.

Results
Clinical presentation

The patient was an 80 year-old man with past oncologic history
of resected Gleason 7 prostatic adenocarcinoma in 1995 and
low grade B cell lymphoma treated curatively in 2012 with rit-
uximab. Cardiovascular past medical history included coronary

artery disease with a bypass grafting in 1998 and chronic atrial
fibrillation. The patient was diagnosed with primary cutaneous
melanomas of the right low back in 2000 and the left shoulder
in 2010. In 2013, surveillance imaging demonstrated a new
left-sided 3.3 cm perihilar mass, a 3 cm left upper lobe lung
nodule, and several enlarged mediastinal lymph nodes. Biopsy
of the lung nodule confirmed metastatic melanoma. Clinical
molecular testing was negative for BRAF, NRAS or KIT muta-
tions. No other metastases were detected on imaging of the full
body. The patient started treatment with ipilimumab 3 mg/kg
given every 3 weeks. Sixteen days after the second ipilimumab
treatment, the patient presented to an outside hospital with
progressive shortness of breath and fatigue. Initial evaluation
showed elevated B-type natriuretic peptide (BNP) of 2,222
pg/ml (normal range 15-121), consistent with congestive heart
fajlure. No cardiac enzymes were sent, but a 2-D transthoracic
echocardiogram showed an ejection fraction of 40-45% with
stage III diastolic dysfunction and restrictive pattern. The
patient was also noted to have elevated liver function tests,
including aspartate aminotransferase (AST) of 679 IU/L
(normal range 10-58), alanine aminotransferase (ALT) of
775 IU/L (normal range 5-50), and total bilirubin (BILI) of
2.5 mg/dL (normal range 0.2-1.2) (Fig. 1A, Supplemental
Fig. 1). As serum serologies were negative for Hepatitis A, B, or
C infection, the findings were felt to be consistent with autoim-
mune hepatitis. The patient was treated initially with intrave-
nous (IV) corticosteroids and then converted to oral
prednisone. The patient was discharged on hospital day 4. On
the day of discharge, the BNP remained elevated, but the AST
(138 TU/L), ALT (643 IU/L), and BILI (1.8 mg/DL) were
markedly improved (Fig. 1A, Supplemental Fig. 1).

Two days later the patient presented to our center as sched-
uled for evaluation and ipilimumab treatment. As the patient
remained dyspneic, treatment was held and the patient was
admitted for further evaluation and management. Initial testing
of cardiac enzymes revealed elevated Troponin-I (TNI) of
2.18ng/ml (normal range 0-0.03), creatine kinase myocardial b
(CK-MB) of 15.9ng/ml (normal range 0.6-6.3), and normal
total creatine kinase (CK) of 82U/L (normal range 55-170)
(Fig. 1A, Supplemental Fig. 1). A CT scan of the chest demon-
strated reduced size of the perihilar mass and left upper lobe
lung mass, resolution of mediastinal lymphadenopathy, a small
new left pleural effusion, and no evidence of pneumonitis or
pneumonia (Fig. 1B). Over the next 7 days, the patient’s liver
enzymes progressively improved to near-normal levels with
continued prednisone treatment. However, cardiac enzymes
remained significantly elevated (Fig. 1A, Supplemental Fig. 1).
A myocardial perfusion study revealed a fixed perfusion defect
in the anterior wall on both stress and resting images, compati-
ble with prior myocardial infarction, with no evidence of acute
ischemia. On day 26 of cycle 2 of ipilimumab, cardiac enzymes
remained elevated with a TNI of 3.7 ng/ml and CK-MB of
26.6ng/ml (Fig. 1A, Supplemental Fig. 1). Though prior electro-
cardiograms (EKG) showed no sign of myocarditis, an EKG on
day 28 of cycle 2 of ipilimumab showed features compatible
with myocarditis, including new diffuse ST segment elevation
(Supplemental Fig. 2). This is consistent with EKG changes
being a late manifestation of myocarditis. The patient’s predni-
sone was changed to IV dexamethasone. Unfortunately, later
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Figure 1. Autoimmune myocarditis in a patient with melanoma treated with ipilimumab. (A) Cardiac and hepatic function testing results over the course of therapy with
ipilimumab. Graphs show results as fold-change for BNP, TN-I, CKMB, CK, BILI, ALT, AST, and AlkPh; horizontal dashed line indicates the upper limit of normal for each
test. X-axis, day of ipilimumab treatment cycle (Cycle 1 = C1, Cycle 2 = C2). Arrows indicate the timing of ipilimumab doses and the start of corticosteroids. (B) Computer-
ized tomography images of the lung metastasis before ipilimumab and after 2" treatment. (C) Experimental plan and histological images of the heart, lung, and liver
which were studied by immunohistochemistry, TCR sequencing, and gene expression profiling.

that day the patient developed sustained ventricular tachycar-
dia, which degenerated to ventricular fibrillation followed by
asystole. The patient’s family agreed to post-mortem examina-
tion of the heart, liver, and lungs (Fig. 1C). Additional clinical
details of the patient’s case were previously reported.”

Clinical and pathological assessment

Autopsy examination of the heart identified cardiomegaly
(890 g) with left ventricular hypertrophy (2.0 cm), with diffuse
mottling of the myocardium and fusion of the pericardium to
the epicardium, with significant fibrosis. The lung showed 2
nodules in the left side and one in the right side (Fig. 1B).
Hepatomegaly was present. Microscopic evaluation revealed
the left lung nodules to be entirely necrotic tumor surrounded
by a moderate lymphohistiocytic infiltrate at the interface
between the nodule and the normal lung parenchyma; the right
lung nodule showed dense fibrosis and extensive calcification
with no tumor cells. In the liver there was a mild portal lym-
phocytic infiltration, vascular congestion and associated zone
III necrosis. The myocardium demonstrated a diffuse moderate
to intense interstitial infiltrate composed of lymphocytes, a
great number of multinucleated giant cells, and occasional eosi-
nophils (Fig. 1C). The giant cells were positive for CD68 by
IHC, confirming their histiocytic origin. Heart tissue was

cultured and showed no evidence of aerobic and anaerobic bac-
teria, acid-Fast Bacilli, or fungi. Aerobic blood cultures were
negative, as were viral cultures for adenovirus, cytomegalovirus,
herpes simplex virus, and varicella zoster. Together, the find-
ings supported a diagnosis of autoimmune giant cell
myocarditis.

Immune profiling reveals a predominant CD4+ T cell
infiltrate in the myocardial tissue

Immunohistochemical (IHC) staining was performed for
immune cell surface markers on 10 representative regions of
heart tissue, liver tissue, and one of the necrotic melanoma
lung metastases to determine the relative composition of the
immune infiltrates at each site (Fig. 2A-F). A predominant
CD3+4 T cell infiltrate was present in the heart and lung
(Fig. 2A). The vast majority of the T cell infiltrate in the heart
consisted of CD4+ T cells. There were very few CD8+ T cells
detected in the heart or liver, but they were the predominant
immune cell population in the area of the lung containing the
necrotic metastases (Fig. 2B-C). Few CD20+ B cells were
detected, with the highest number found in the lung. FoxP3
and CD45RO staining were performed to identify regulatory T
cells (Treg) and antigen-experienced T cells, respectively. This
analysis showed almost no FoxP3 expression in heart and liver
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Figure 2. Immune profiling of the inflamed heart reveals a CD4-dominated T cell infiltrate. Representative immunohistochemistry images and quantification of 10 regions
for (A) CD3, (B) CD4, (C) CD8, (D) CD20, (E) CD45RO, and (F) FoxP3 in the heart, liver, and lung. n.s. = not significant; ** = p < 0.01; *** = p < 0.001; *** = p < 0.0001.

tissue and low expression in the lung metastasis and CD45RO
expression was highest in the heart (Fig. 2D-F).

T cell receptor sequencing confirms presence of a low
clonality T cell infiltrate in the inflamed heart

Sequencing of the CDR3 variable region of the 8 chain of the T
cell receptor was performed to characterize the T cell repertoire
of the lymphocytic infiltration in the heart, and for comparison
to those detected in the liver (resolving autoimmune inflamma-
tion) and the responding lung metastases. This analysis demon-
strated that the clonality of the T cell infiltrate was highest in
the responding lung metastasis, but very low in the heart and
liver tissues (Fig. 3A). Comparative analysis of the heart, liver
and lung demonstrated that only 1% of T cell clones were
detectable in all organs, with the highest proportion of unique
T cell clones observed in the lung (69.5%) (Fig. 3B). Very few T
cell clones were detected in the liver (n = 194) compared with
the heart (n = 3,147) and the lung (n = 8,416), and the clones
detected in the liver showed very little overlap with those in the
heart (1.2%) or in the lung metastasis (1.3%) (Fig. 3B). More
overlap (n = 1,044; 9.9%) of T cell repertoire was observed
between the heart tissue and the lung metastasis.

To better understand the nature of the overlap between the
sites, we next investigated the highest frequency T cell clones
considered most likely to be expanding and involved in anti-
gen-specific responses. To do so, the 100 most prevalent T cell
clones detected in the patient were ranked and their frequency
was quantified in each tissue (Fig. 3C). The highest frequency

clones were found at the highest prevalence in the lung, consis-
tent with the clonality and clinical response observed. All of the
top 100 clones were also detectable in the heart but at low fre-
quency, in line with the overall low clonality observed
(Fig. 3C). The 2 highest frequency clones were not detected in
the liver, further underscoring the differences in immune infil-
trates between these organs. The results suggest a heteroge-
neous T cell repertoire across these organs, with a clonal
infiltrate in the responding lung metastasis, and extremely
diffuse and non-clonal infiltrate in the heart and liver. The pat-
terns in the heart and liver are consistent with a lack of anti-
gen-specific responses, and suggest that the myocardial
immune infiltrate could have been triggered by non-specific
infiltration of immune cells through chemotaxis.

Differential expression of immune-related genes reveals
increased expression of CXCR3-axis chemokines in the
heart

The expression of 579 immune-related genes was characterized
in RNA from heart tissue, liver tissue, and a lung metastasis to
evaluate factors in each microenvironment that may have influ-
enced the observed differential immune responses and sensitiv-
ity to steroids. Comparison of gene expression in heart tissue
versus non-heart tissue (liver and lung) identified CXCLI11I,
ILI12RBI, TNFRSF4, IRF1, CD8B, CCL13, IL2RB, IDOI,
CXCR3, EBI3, CCLI9, and IRF4 as the genes most overex-
pressed in the heart compared with the liver and lung, while
C1S and CXCL13 were the genes most decreased in the heart
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Figure 3. TCR sequencing suggests a polyclonal T cell infiltrate in the heart. (A) Clonality of the T cell repertoire in the heart, liver and lung tissues. (B) Overlap in the T cell
repertoire between the heart, liver and lung. (C) Top 100 clones detected ranked by highest frequency (n = 1, left) to lowest frequency (n = 100, right) as detected in the
heart, liver and lung. Red = high frequency, Yellow = low frequency, Black = absence.

(Fig. 4A-D, Supplemental Table S1). Comparison of the heart
to the liver identified 55 significantly differentially-expressed
genes, while comparison to the lung metastasis identified 16
differentially-expressed genes. Increased expression of the che-
mokines CXCL9 (p<0.0001) and CXCLI1 (p<0.0001), and
their receptor CXCR3 (p<0.0001), was also detected in the
heart compared with both liver and lung (Fig. 4E-G).

Analysis of checkpoint molecules revealed that PDCDI (PD-
1) (p<0.001), LAG3 (p<0.0001) and CD274 (PD-LI)
(p<0.001) were increased in the heart compared with both the
liver and lung (Supplemental Fig. S3A-C). Higher expression of
the MHC class II molecules HLA-DRBI (p<0.0001) and
HLA-DRB3 (p<0.0001) was also observed in the heart tissue
(Supplemental Fig. S3D-E).

Discussion

Autoimmune myocarditis is a rare but life-threatening compli-
cation of immunotherapy. An improved understanding of the
pathogenesis of autoimmune myocarditis may lead to better
treatments. Our comparative analysis of post-mortem tissue
from responding melanoma lung metastases, controlled liver
inflammation, and uncontrolled myocarditis from a patient
treated with ipilimumab demonstrates the heterogeneity of the
immune response in different organ sites that can occur with
checkpoint inhibitor immunotherapy.

While there have been other reports characterizing autoim-
mune myocarditis following checkpoint inhibitor therapy,*® >
to our knowledge this is the first study to characterize the

immune features of myocarditis with single-agent ipilimumab
treatment, and the first to identify evidence of giant cell myo-
carditis. Giant cell myocarditis (GCM) is a form of autoim-
mune myocarditis with worse prognosis than lymphocytic
myocarditis, with suboptimal responsiveness to conventional
immunosuppressive treatments. Compared to lymphocytic
myocarditis, GCM myocarditis is rapidly progressive with a
high rate of mechanical circulatory support and/or cardiac
transplantation, and a 5-year transplant-free survival rate of
52%." Histologically, GCM is characterized by a lymphocytic
infiltration with multinucleated giant cells and myocyte necro-
sis and poses significant clinical challenges due both to its very
aggressive clinical course and because definitive diagnosis gen-
erally relies on endomyocardial biopsies or autopsy studies."*
Few cases of myocarditis have been reported following ipili-
mumab.**'%'>1¢ One study reported a myocarditis case sec-
ondary to the combination of ipilimumab and nivolumab
treatment in a metastatic melanoma patient with clinical symp-
toms that included chest pain, fever, and malaise, which
resolved with corticosteroids and suspension of the immuno-
therapy. No further histopathological or molecular characteri-
zation of the myocarditis was reported.'® Another report
described autoimmune myocarditis in a patient undergoing
pembrolizumab treatment of metastatic uveal melanoma who
had previously received 4 cycles of ipilimumab. A cardiac
biopsy revealed a lymphocytic myocarditis predominantly
composed of CD8+ T cells, and the patient improved with cor-
ticosteroid treatment and withdrawal of pembrolizumab.?
Another study reported a fatal case of a melanoma patient
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Figure 4. Gene expression profiling demonstrates increased CXCR3-axis chemokine expression in the heart. Gene expression profiling showing differentially expressed
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treated with anti-CTLA-4 followed by anti-PD-1 who devel-
oped aseptic meningioencephalitis and myocarditis, with both
sites showing an infiltration comprised predominantly of CD8
T cells.””

Recently, deeper immune analysis of 2 melanoma patients
who developed fatal myocarditis after treatment with the com-
bination of ipilimumab and nivolumab has been reported.’
Characterization of post-mortem tissues found that the cells
infiltrating the heart were either CD3+ T cells or CD68+
myeloid cells. Further profiling revealed that the T cell infiltrate
consisted of both CD4+ and CD8+ T cells. In contrast, in our
patient treated with single-agent ipilimumab we observed that
the cardiac infiltrate consisted predominantly of CD4+ T cells,
with very few CD8+ T cells. Notably, our findings in this
patient treated with single-agent ipilimumab corroborate
work in animal models that supported a more important role
for CD4+ than CD8+ T cells in autoimmune toxicity related
to loss of CTLA-4.'7'® Although definite conclusions require
analysis of additional patients, the results support that

the pathogenesis of autoimmune myocarditis may differ
between patients receiving anti-PD-1 and anti-CTLA-4
immunotherapy.

TCR profiling was also performed in the 2 patients with fatal
myocarditis following combination ipilimumab and nivolumab
treatment.” Although clonality was not reported, in one patient
the most prevalent T cell clone in the heart was also among the
most prevalent in the tumor, and had expanded upon treat-
ment. However, the most prevalent T cell clone in the heart of
the other patient was not detected in pre-treatment tumor tis-
sue. In our patient we observed striking differences in the T cell
repertoires of the heart (active myocarditis), liver (resolved
hepatitis) and lung metastases (clinically responding). A high
clonality was observed in the responding lung, as would be
expected. However, low clonality was detected in the heart and
liver. Interestingly, the heart tissue and lung metastasis had
some overlap of T cell repertoires, suggesting that T cells infil-
trating and responding to the lung metastases may also have
contributed to the autoimmune myocarditis. This possibility is



supported by the ubiquitous CD45RO expression detected on T
cells in the heart, which suggests that these cells were antigen-
experienced rather than naive. The secondary inflammation of
the heart is also supported by the elevated expression of PD-1,
PD-L1, and LAG-3 detected in the heart tissue, as these
markers may be induced in the context of a normal negative
feedback loop to prevent or minimize autoimmune responses
in an inflamed environment, as occurs with prolonged expo-
sure to IFN-y. The high expression of IDOL1 in the heart tissue
is also in line with deployment of an inflammation-induced
negative feedback loop. Similar immunosuppressive proteins
were also observed in the cardiac tissue of the patients that had
received combination ipilimumab and nivolumab.” Finally, we
also detected upregulation of TNFRSF4, also termed OX40, in
the heart tissue. Contrary to PD-1 and CTLA-4, OX40 isa T
cell agonist that can induce T cell responses upon ligation, and
thus it could have contributed to the increased inflammation
seen in the heart."

We also detected increased expression of chemokines that
could have promoted T cell trafficking into the heart. CXCL9
and CXCL11 were among differentially-expressed genes in the
heart compared with the liver and lung, and CXCR3, their
receptor, was also overexpressed in the heart. CXCR3 is
induced on T cells upon activation.”® As the T cells in the heart
demonstrated ubiquitous expression of CD45RO0, it is possible
that the cells were activated in the response to the patient’s
lung metastases, which induced CXCR3 expression. This effect
could have favored subsequent trafficking to the CXCL9/
CXCL11-rich myocardium. Of note, other cytokines such as
IFN-y could also have played a role in this context, but
these findings must be further validated to confirm these
associations.

In summary, our studies present new insights into the path-
ogenesis of autoimmune myocarditis with single agent ipilimu-
mab, which is approved by the FDA for both stage III and stage
IV melanoma. The novel finding of giant-cell myocarditis is
consistent with the failure of steroids to resolve this toxicity in
this patient, and combined treatment with corticosteroids, aza-
thioprine, and cyclosporine should be considered in future
patients that are steroid-refractory.'” Notably, we found that
the immune infiltrate in the heart was comprised largely of
CD4+ T cells, which contrasts with the infiltrate observed in
this patient’s steroid-responsive liver tissue and shrinking lung
metastases. This finding also differs from previously reported
CD8+ T cell-predominant myocarditis in patients treated with
anti-PD-1 containing regimens. Finally, our results suggest that
the CXCR3-axis could be a target to reverse ipilimumab-
induced autoimmune myocarditis. Together our analyses dem-
onstrate that heterogeneous immune responses can occur in
normal tissues with checkpoint inhibitor therapy, as has been
observed in synchronous metastatic tumors.*'
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