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ABSTRACT OF THE DISSERTATION

Resistance to Programmed Death Protein 1 Blockade

Mediated by Somatic JAK1/2 Mutations

by

Daniel Sanghoon Shin
Doctor of Philosophy in Molecular, Cellular and Integrative Physiology
University of California, Los Angeles, 2017

Professor Antoni Ribas, Chair

Blocking programmed death protein 1 (PD-1) negative immune receptor has produced
remarkable progress in treating patients with advanced cancers, such as melanoma, lung, head
and neck, kidney, bladder, Hodgkin’s disease, mismatch repair deficient colon cancer, liver and
ovarian cancer with high mutational burden, etc. However, only subset of patients are
benefitting from this therapy and substantial portion of patients have relapsed after long durable
response. Therefore, it is critical to understand its resistance mechanisms to improve
therapeutic efficacy and select right patients for checkpoint blockade immunotherapy. We have
identified mutations associated with acquired resistance among 4 patients with advanced
melanoma, including JAK1/2 that resulted in loss of adaptive programmed death protein ligand
1 (PD-L1). We reasoned that this could occur among patients with primary resistance. JAK1/2
inactivating mutations were found in tumor biopsies of 1 of 23 patients with melanoma and in 1
of 16 patients with mismatch repair deficient colon cancer treated with PD-1 blockade. Two out
of 48 human melanoma cell lines had JAK1/2 mutations led to loss of PD-L1 expression upon

interferon gamma exposure mediated by disabled interferon gamma receptor signaling pathway.

ii



JAK1/2 loss-of-function alterations in TCGA confer adverse outcomes in patients. sh-RNA
screening and chromatin immunoprecipitation approach on interferon signaling genes for
selected melanoma cell lines revealed JAK1/2, STAT1/2/3 and IRF-1 are the key molecules
involved in PD-L1 expression. RNA-seq analyses for tumors enriched with these genes were
associated with clinical response to PD-1 blockade. Therefore, we propose that JAK1/2 loss-of-
function mutations are a genetic mechanism of lack of reactive PD-L1 expression and response

to interferon gamma, leading to primary or acquired resistance to PD-1 blockade therapy.
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Chapter 1:

Introduction



1.1 Cancer immunotherapy targeting immune checkpoint

Systemic chemotherapy has been main therapeutic armamentarium for patients with advanced
cancers since 1940’s when Sydney Farber introduced anti-folate agent to treat pediatric
leukemia patients. Many decades of trials and fails, some of the cancers, especially hematologic
malignancies could be cured by various combination of systemic chemotherapeutic agents.
However, it comes with significant toxicities with marginal benefit for most of patients with
advanced solid malignancies. More recently, field of oncology had major advancement to treat
patients with targeted agents. Some of cancers, such as BRAF mutated melanoma or EGFR
mutated non-small cell lung cancer have somatic mutations or overexpression on tyrosine
kinases that driving cancer cells to grow (1-3). Over a decade of studies, targeted agents have
shown improved response rate and survival and now these agents are readily available in the
clinic. However, the majority of patients will develop resistance to these targeted agents with

limited duration of response (4-7).

The concept of utilizing our immune system to fight cancer was introduced more than a century
ago when Dr. Coley observed tumor regression with infection after surgery. Since then, efforts
to activate the immune system to treat patients with advanced cancers largely had been
unsuccessful until the first immune checkpoint blockade agent, anti-Cytotoxic T lymphocyte
Antigen 4 (CTLA4) antibody (ipilimumab), was approved for patients with advanced melanoma
in 2011 (Figure 1) (8, 9). Shortly after anti-CTLA4 antibody was approved, programmed death

protein 1 (PD-1) blocking antibodies (pembrolizumab and nivolumab) were approved for
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Figure 1. T cell activation in the lymph node. Two immunologic signals are required for T cell activation in the
lymph node: stimulation of the T cell receptor (TCR) by the MHC (immunologic signal 1), and stimulation of
CD28 by the B7 costimulatory molecule (immunologic signal 2). However, binding of the B7 costimulatory
molecules to CTLA-4 blocks immunologic signal 2, and therefore blocks T cell activation. Antibody blockader of
CTLA-4, for example, by ipilimumab, derepresses signals by CD28, permitting T cell activation. Ribas A, N Eng
J Med 2015; 373:1490-1492

patients with advanced melanoma and non-small cell lung cancer in 2014 and its indication has
been grown to bladder, head and neck, Hodgkin disease, kidney, mismatch repair deficient
colorectal cancer and it continues to growing (10-15). It is considered a major breakthrough in
cancer therapeutics given unprecedented durable response rate for patients (Figure 2 and
Figure 3) (16, 17) with various types of advanced cancers. Even with this remarkable success,
only subset of patients benefitting from this therapy and the field has been putting tremendous
efforts to identify biomarker to predict response and improve therapeutic efficacy with various

combinatorial strategies (18).

1.2 Blockade of PD-1/PD-L1 axis
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Figure 2. Kaplan-Meier Estimates of progression-free and overall .
survival. Shown are rates of progression-free survival as of September 3, on T cells may resultin T cell
2014 (Panel A), and overall survival as of March 3, 2015 (Panel B), in the
intention-to-treat population among patients receiving pembrolizumab exhaustion that
every 2 weeks (Q2W) or every 3 weeks (Q3W) or ipilimumab. Robert C et
al. N Eng J Med. 2015 Jun 25;372(26):2521-32. . . -
characterized by inability to

secret cytolytic molecules, such as perforin/granzyme and pro-inflammatory cytokines, such as

interferon gamma (IFN-y), interleukin-2 (IL-2) and tumor necrosis factor alpha (TNF-a) (22-25).

PD-1 has two binding ligands, PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273), with PD-L1
being better characterized in regulation (25, 26). PD-L1 is inducibly expressed on both

hematopoietic cells and non-hematopoietic cells with specific stimulation (20). Cytokines, such
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the Longest Diameter of Each Target Lesion in the Full Analysis

Set. Reports maximum percentage change from baseline in the sum of macrophage, mast cells and
the longest diameter of each target lesion, as assessed by RECIST v1.1
by independent central review for patients who had measurable disease some B cells with IL-4 and

at baseline by the same and at least 1 postbaseline tumor assessment
(full analysis set, N=510). Target lesions were defined as all measurable
lesions up to a maximum of 2 lesions per organ and 5 lesions in total.
Changes greater than 100% were truncated at 100%. Ribas A et al, 2016
JAMA Apr 19;315(15):1600-9

interferons.

B. Regulation of PD-1 and its ligands in human malignancy

Persistent expression of PD-1 on T cells is highly suggestive of T cell exhaustion that
associated with decreased function or so called ‘anergic state’. This has been observed in many
types of tumor infiltrating lymphocytes (TILs) that potentially associated with poor prognosis (27-
30). It signifies the important role of PD-1 molecule in mediating anti-tumor activity. PD-L1/L2
expression also showed its prognostic role in some cancers (31-34), PD-L1 being the major
ligand that associated with tumor size, lymph node involvement and overall survival. As
discussed above, tumor PD-L1 can be expressed with cytokine stimulation, especially IFN-y,
which is particularly important in tumor microenvironment that is most likely associated with T
cell infiltration. This is the mechanistic rationale to target PD-1/PD-L1 axis that will be discussed
below. PD-L1 also can be expressed with various oncogenic processes (36-40) and its
expression without T cell association is unknown significance yet in the context of PD-1

blockade immunotherapy.
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Figure 4. T cell activation in tumor milieu. During long-term antigen exposure, such as occurs in the tumor
mileu, the programmed death 1 (PD-1) inhibitor receptor is expressed by T cells (Panel A); it suppresses the
effect of TCR on T cell activation. Blockade of PD-1 or its ligand (Panel B) (e.g., pembrolizumab or nivolumab)
depresses TCR signaling, thereby permitting T cell activation. Ribas A, N Eng J Med 2015; 373:1490-1492

C. Mechanism of action of PD-1 blockade

As discussed above, up-regulation of PD-L1/L2 expression in the presence of activated T cells
results in immunosuppressive tumor microenvironment (so called ‘adaptive immune resistance’)
that is the mechanistic basis of targeting PD-1/PD-L1 axis (Figure 4) (9). Binding of PD-L1/L2 to
PD-1 receptor leads to phosphorylation of the cytoplasmic domain tyrosines and recruitment of
Src homology 2- containing tyrosine phosphatase (SHP-2) to ITSM (Immunoreceptor Tyrosine-
based Switch Motif). SHP-2 dephosphorylates TCR-associated CD3¢ and ZAP70 that result in
inhibition of downstream signaling, including PI3K and AKT activity that disrupts glucose

metabolism and IL-2 and other cytokine secretion (24, 41).

Monoclonal antibodies targeting PD-1/PD-L1 axis to enhance T cell function have been tested in
the clinic and produced the unprecedented clinical activity as discussed above. Tumeh et al
reported how PD-1 blockade works in patients with advanced melanoma by evaluating tumor

biopsies at baseline and on treatment. It showed the density of tumor infiltrating CD8+ T cell at



the tumor invasive margin was strongly predictive to clinical response (42). It demonstrates that
PD-1 blockade induces responses by inhibiting adaptive immune resistance that is consistent

with scientific rationale to target this axis.

1.3 Biomarker/Patient selection for PD-1/PD-L1 blockade

Identifying who would be likely responding to PD-1 blockade therapy has been important subject
over the past several years. Yet, there is no defined maker that can robustly predict response.
Tumor baseline PD-L1 expression has been pursued as a potential marker to select patient
based on high correlation between its clinical responses. Non-small cell lung cancer
incorporates PD-L1 expression level for one of the PD-1 antibodies (pembrolizumab) based on
its clinical data. However, clinical responses have been observed among patients who were
labeled as negative for PD-L1 expression in tumor biopsies prior to therapy (42, 43). This
implies PD-L1 expression is dynamic and tumor heterogeneity that cannot be captured within
one biopsy. This also implies complex interaction between many other players in tumor
microenvironment, including immune cells (lymphoid and myeloid cells), tumor cells and stromal
element as well (44, 45). Non-standardized PD-L1 staining also makes it hard to compare its
expression level cross the many clinical trials. Many efforts are underway to define better way to
identify patients who would response or not response to PD-1 blockade by taking into accounts

this complex equation in tumor microenvironment.

1.4 Resistance mechanisms to PD-1 blockade

Along with biomarker search endeavor, identifying resistance mechanism has been prime
importance to overcome the resistance with better therapeutic strategies and patient selection
as well. As Tumeh et al showed, T cell infiltration into tumor microenvironment is important
factor to predict response. In other words, if the tumor microenvironment is devoid of T cells, the

chances of having response from this therapy is low. Spranger et al provided the mechanistic



insight why some cancers are devoid of T cells, via increased WNT/R-catenin signaling that
results in down regulation of CCL4 expression which is the main chemotactic cytokine (46).
Hugo et al studied transcriptome data from patients with advanced melanoma who participated
anti-PD-1 clinical trial. This study showed that tumors with innate resistance to PD-1 therapy
display a transcriptional signature indicating concurrent up regulation of genes involved in the

regulation of mesenchymal transition, cell adhesion, extracellular matrix remodeling etc (47).

We are now beginning to understand resistance mechanisms with these studies and clinical
studies are already addressing how we can overcome the T cell exclusion in tumor
microenvironment by testing various combinatorial treatment with PD-1 blockade. | started
projects with the aims to understand the biology of PD-L1 expression in melanoma cell lines to
define its role in mediating response and resistance to PD-1 blockade by utilizing clinical

samples from anti-PD-1 antibody clinical trial and cell lines panels established in our laboratory.
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ABSTRACT

BACKGROUND

Approximately 75% of objective responses to anti—programmed death 1 (PD-1) ther-
apy in patients with melanoma are durable, lasting for years, but delayed relapses
have been noted long after initial objective tumor regression despite continuous
therapy. Mechanisms of immune escape in this context are unknown.

METHODS

We analyzed biopsy samples from paired baseline and relapsing lesions in four pa-
tients with metastatic melanoma who had had an initial objective tumor regression
in response to anti-PD-1 therapy (pembrolizumab) followed by disease progression
months to years later.

RESULTS
Whole-exome sequencing detected clonal selection and outgrowth of the acquired
resistant tumors and, in two of the four patients, revealed resistance-associated loss-
offunction mutations in the genes encoding interferon-receptor—associated Janus
kinase 1 (JAK1) or Janus kinase 2 (JAK2), concurrent with deletion of the wild-type
allele. A truncating mutation in the gene encoding the antigen-presenting protein
beta-2-microglobulin (B2M) was identified in a third patient. JAKI and JAK2 truncat-
ing mutations resulted in a lack of response to interferon gamma, including insen-
sitivity to its antiproliferative effects on cancer cells. The B2M truncating mutation
led to loss of surface expression of major histocompatibility complex class 1.

CONCLUSIONS
In this study, acquired resistance to PD-1 blockade immunotherapy in patients with
melanoma was associated with defects in the pathways involved in interferon-receptor
signaling and in antigen presentation. (Funded by the National Institutes of Health
and others.)
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URABLE RESPONSES IN METASTATIC

cancers have been achieved with a variety

of immunotherapies such as interleukin-2,
adoptive cell transfer of tumor-infiltrating lym-
phocytes, antibodies that block cytotoxic T-lym-
phocyte—associated antigen 4 (CTLA4), and anti-
bodies that block programmed death 1 (PD-1).51°
However, in a recent study, approximately 25%
of patients with melanoma who had had an ob-
jective response to PD-1 blockade therapy had
disease progression at a median follow-up of 21
months.!?

The mechanisms of immune-resistant cancer
progression are mostly unknown. Previous studies
involving humans examined the loss of beta-2-
microglobulin as a mechanism of acquired resis-
tance to several forms of cancer immunother-
apy.’*’* In preclinical models, defects in the
interferon signaling pathway have been proposed
as a potential mechanism of cancer escape (in-
sensitivity) to immunotherapy.’¢ In the current
study, we assessed the effect of anti—PD-1 therapy
on cancer genomic evolution, including acquired
mutations in the genes affecting the interferon
pathway and antigen-presentation pathway, in
an effort to determine genetic mechanisms of
acquired resistance to PD-1 blockade therapy.

METHODS

PATIENTS, RESPONSE ASSESSMENT, AND TUMOR
BIOPSIES

Of 78 patients with metastatic melanoma who
were treated with the anti-PD-1 antibody pem-
brolizumab at the University of California, Los
Angeles (UCLA), 42 had an objective response, of
whom 15 went on to have disease progression.
Four of these 15 patients met all three selection
criteria for this analysis. First, they must have
had an objective tumor response while partici-
pating in a clinical trial with single-agent pem-
brolizumab.®”1*11 Tumor responses were evalu-
ated at 12 weeks and confirmed 4 weeks later,
and patients were assessed by imaging every 12
weeks thereafter with the use of both the Re-
sponse Evaluation Criteria in Solid Tumors! and
the immune-related response criteria.’® Second,
patients had to have late acquired resistance, de-
fined as in situ recurrence or new lesion devel-
opment, despite continuous dosing, after more
than 6 months of tumor response. Third, patients

had to have adequate biopsy material for whole-
exome sequencing at two time points: before the
initiation of pembrolizumab therapy and after
disease progression. We processed tumor biopsy
samples as described previously to perform path-
ological analyses, obtain DNA and RNA, and
attempt to establish cell lines.’**

IMMUNOHISTOCHEMICAL, IMMUNOFLUORESCENCE,
WESTERN BLOT, AND FLOW-CYTOMETRIC ANALYSES
Immunohistochemical and immunofluorescence
analyses™ as well as Western blot and flow-cyto-
metric analyses* were performed and analyzed
as described previously. Full methods are includ-
ed in the Supplementary Appendix, available with
the full text of this article at NEJM.org.

GENETIC AND TRANSCRIPTIONAL-PROFILING
ANALYSES

Whole-exome sequencing was performed at the
UCLA Clinical Microarray Core with the use of the
NimbleGen SeqCap EZ Human Exome Library,
version 3.0 (Roche). Mutation calling was per-
formed as described previously.?? Selected gene-
expression profiling on interferon exposure was
performed with the use of nCounter (NanoString
Technologies). Whole-exome sequencing data
have been deposited in the National Center for
Biotechnology Information Sequence Read Ar-
chive under the accession number SRP076315.

FUNCTIONAL STUDIES

Patient-derived and previously established human
melanoma cell lines were used to analyze recog-
nition by T-cell receptor transgenic T cells*® with
the use of in vitro coculture assays that detect
antigen-induced release of interferon-y assessed
by enzyme-linked immunosorbent assay. Cell-
proliferation and growth-inhibition assays were
performed with the use of an automated live-cell
imaging system (IncuCyte, Essen BioScience) with
or without exposure to interferons. Full methods
are described in the Supplementary Appendix.

STUDY OVERSIGHT

Data generated and collected by the study inves-
tigators were analyzed by the last author, who
vouches for the completeness and accuracy of the
data, analyses, and reported results. Summaries
of the clinical protocol have been reported by
Hamid et al.® and Robert et al.’®
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A Metastatic Lesion at Three Time Points
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Figure 1. Clinical Pattern of Acquired Resistance to Anti-Programmed Death 1 (PD-1) Therapy in Patient 1.

In Panel A, computed tomographic images show a melanoma small-bowel metastasis at baseline, at the time of maximum response,
and at the time of an in situ relapse after a year of minimal residual disease; the red dots in the graph on the right indicate these three
time points. Immunohistochemical staining and multiplexed immunofluorescence analysis showed abundant CD8 T-cell infiltrates and
programmed death ligand 1 (PD-L1) expression at baseline and again at the time of relapse at the tumor margin in Panels B and C, respec-
tively. In the immunofluorescence images, red indicates PD-L1, yellow CD8 T cells, light blue the melanoma marker S100 (cytoplasmic
staining), and dark blue the melanoma marker Sox10 (nuclear staining).

STATISTICAL ANALYSIS

Student’s t-test and a two-way analysis of vari-
ance were used for cell-culture experiments,
with Dunnett’s correction applied for multiple
comparisons with untreated controls.

RESULTS

CLINICAL COURSE AND IMMUNE INFILTRATES

We analyzed paired tumor samples from four
(nonconsecutive) selected patients with meta-
static melanoma who had had a relapse while
receiving PD-1-inhibition therapy with pembro-
lizumab (Tables S1 and S2 in the Supplementary
Appendix). All four patients met objective criteria
for a partial response,”*® though with slightly
different kinetics (Fig. 1, and Figs. S1, S2, and S3

in the Supplementary Appendix). The mean time
to relapse was 624 days (range, 419 to 888). The
baseline biopsy samples were obtained just be-
fore the initiation of pembrolizumab therapy in
Patients 2, 3, and 4, whereas for Patient 1, the
only available baseline biopsy sample was ob-
tained before an earlier course of therapy with
the BRAF inhibitor vemurafenib. The baseline
biopsy samples from Patients 1, 2, and 3 showed
preexisting CD8 T-cell infiltrates at the invasive
margin that colocalized with programmed death
ligand 1 (PD-L1) expression on surrounding
macrophages and melanoma cells (Fig. 1B, and
Figs. S1B and S2B in the Supplementary Appen-
dix). The biopsy samples obtained at the time
of response in Patients 2, 3, and 4 showed a
marked increase in intratumoral CD8 T-cell in-
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filtrates (Figs. S1C, S2C, and S3C and Table S3
in the Supplementary Appendix; no biopsy sam-
ple during therapy was available for Patient 1). At
the time of relapse, all four biopsy samples
showed CD8 T-cell infiltration and PD-L1 ex-
pression concentrated at the tumor margins
again (Fig. 1C, and Figs. S1D, S2D, and S3D in
the Supplementary Appendix). Multiplex immu-
nofluorescence assays revealed that melanoma
cells at the time of relapse in Patients 1 and 2
were negative for PD-L1 even when directly adja-
cent to T cells, whereas macrophages and stro-
mal cells were positive for PD-L1.

GENETIC CHANGES IN RELAPSE BIOPSY SAMPLES
The pattern of a strong initial response, long
dormancy, and rapid late progression led us to
hypothesize that relapse in these patients re-
sulted from immune-mediated clonal selection
and tumor outgrowth.” To identify mutations
that might confer immune resistance, we ex-
tracted DNA from bulk-tumor biopsy samples or
early-passage primary cell lines (Table S2 in the
Supplementary Appendix) and performed whole-
exome sequencing to compare baseline and
matched relapsed tissues. We achieved a median
coverage of 149x, and the percent of tumor cells
(as compared with stromal cells) was more than
40% in all samples (Table S2 in the Supplemen-
tary Appendix). Nonsynonymous mutations for
all samples are shown in Table S4 in the Supple-
mentary Appendix.

JAK MUTATIONS WITH CONCURRENT LOSS

OF HETEROZYGOSITY AT RELAPSE

We found strong evidence that the relapsed tu-
mors were closely genetically related to their
baseline counterparts, despite up to 2 years be-
tween biopsies. In the case of Patients 1 and 2,
of 1173 and 240 nonsynonymous mutations, re-
spectively, originally identified in the baseline
sample, 92.5% and 95.8% were also seen in the
resistant tumor (Fig. 2A, and Fig. S4 in the
Supplementary Appendix). The relapsing tumors
also contained the same chromosomal loss-of-
heterozygosity events as the baseline tumors,
and all differences were due to further loss in
the relapse samples. In the relapse biopsy sam-
ples from both patients, we identified new homo-
zygous loss-of-function mutations in the kinases
associated with the interferon-receptor pathway,
with a Q503* nonsense mutation in the gene
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Figure 2 (facing page). Acquired JAKI Loss-of-Function
Mutation at Relapse, with Accompanying Loss
of Heterozygosity.

In Panel A, a Circos plot® of Patient 1 shows differences
in whole-exome sequencing between the pre-pembroli-
zumab and post-relapse biopsies. The red circle high-
lights a new, high-allele-frequency, relapse-specific
mutation in the gene encoding Janus kinase 1 (JAKI)
in the context of chromosomal loss of heterozygosity
(asterisk). Each wedge represents a chromosome. In
the outer track (black background), each point repre-
sents a honsynonymous mutation, with most detected
in both biopsy samples (gray) rather than at relapse
only (red) or baseline only (green). The y-axis position
indicates the variant allele frequency (VAF) at relapse,
unless baseline-specific. The middle and inner tracks
show copy-number status for the baseline and relapse
biopsy, respectively; dark green in the subtrack indicates
loss of heterozygosity. In Panel B, Integrative Genomics
Viewer (IGV) plots (top) show that the JAKI Q503* non-
sense mutation is relapse-specific, and the cBioPortal?®
diagram (bottom) shows that the JAK1 mutation is up-
stream of the kinase domains.

encoding Janus kinase 1 (JAK1) in Patient 1 (Fig.
2A and 2B) and a F547 splice-site mutation in
the gene encoding Janus kinase 2 (JAK2) in Pa-
tient 2 (Fig. S4 in the Supplementary Appendix).
RNA sequencing showed that the JAK2 splice-
site mutation caused intron inclusion, producing
an in-frame stop codon 10 bp after exon 12 (Fig.
S5 in the Supplementary Appendix). Therefore,
both mutations were upstream of the Kkinase
domains and probably truncated the protein or
caused nonsense-mediated decay. Neither muta-
tion was seen at baseline in the exome sequenc-
ing reads, by Sanger sequencing, or by targeted
amplicon resequencing (Fig. S6 in the Supple-
mentary Appendix).

The JAK2 mutation was the only homozygous
mutation (adjusted variant allele frequency, >85%)
of 76 new nonsynonymous mutations in Patient
2, and the JAKI1 mutation was 1 of only 3 homo-
zygous mutations among 53 new mutations in
Patient 1 (Table S5 in the Supplementary Appen-
dix). To become homozygous, both JAK muta-
tions were acquired in the context of a copy-
number—neutral nondisjunction event, resulting
in loss of the wild-type chromosome and dupli-
cation of the mutated allele. This is seen clearly
in Patient 1: at relapse, chromosome 1p (contain-
ing JAK1) showed a decrease in minor-allele fre-
quencies for germline single-nucleotide polymor-
phisms relative to baseline (Fig. S7 in the
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Supplementary Appendix), was missing 36 hetero-
zygous baseline mutations (presumably on the
lost allele), and contained 20 mutations (presum-
ably on the amplified allele) that became homo-
zygous (adjusted variant allele frequency, >85%,
with change of >35 percentage points from base-
line). A similar loss-of-heterozygosity event oc-
curred for chromosome 9 in Patient 2 (Fig. S8
and Table S5 in the Supplementary Appendix).
Together, these data suggest that the tumors
resistant to anti-PD-1 are a relatively homoge-
nous population derived directly from the base-
line tumor and that acquisition of the JAK muta-
tions was an early founder event before clonal
selection and relapse despite the fact that the
mutation was not detected in pretreatment tumor
tissue.

FUNCTIONAL EFFECTS OF JAK2 MUTATION
To assess the functional consequences of the
observed JAK mutations, we focused on the JAK2
mutation from Patient 2 using two cell lines es-
tablished at baseline (M420, wild-type JAK2) and
at the time of relapse (M464, JAK2 F547 splice-
site mutation). Whole-exome sequencing con-
firmed that the original bulk tumor was well
represented by M464 (Fig. S9 in the Supplemen-
tary Appendix). Western blot analysis showed
that the baseline cell line responded to interferon
alfa, beta, and gamma with the expected signal
transduction, including an increase in signal trans-
ducer and activator of transcription 1 (STAT1) and
interferon regulatory factor (IRF) expression,
STAT1 phosphorylation (pSTAT1), and the pro-
duction of downstream interferon targets such as
PD-L1, transporter associated with antigen pro-
cessing 1 (TAP1), and major histocompatibility
complex (MHC) class I (Fig. 3A). However, the
cell line from the progressing lesion showed a
total loss of JAK2 protein (Fig. 3A), resulting in
a lack of response to interferon gamma, without
change in sensitivity to interferon alfa or beta.
This was true of the pSTAT1 response (Fig. 3A)
and the expression of PD-L1 and MHC class I
molecules (Fig. 3A and 3B). The progressing cell
line also failed to up-regulate a wider panel of
interferon-induced transcripts involved in antigen
presentation and T-cell chemotaxis (Fig. 3C, and
Table S6 in the Supplementary Appendix). To-

gether, these data indicate a total loss of func-
tional response to interferon gamma and are
consistent with JAK2 being required for signal-
ing through the interferon-y receptor, as op-
posed to the interferon-«/B receptor, which uses
TYK?2 and JAK1.2"%

LOSS OF INTERFERON GAMMA—INDUCED GROWTH
ARREST THROUGH ACQUIRED JAK MUTATIONS

We hypothesized that inactivating JAK mutations
may result in a functional advantage for the pro-
gressive tumors because the lack of interferon
signaling either decreased antigen presentation
or allowed escape from interferon-induced inhi-
bition of growth. In addition to using M420 and
M464, we engineered the human melanoma cell
line M407 by means of the CRISPR (clustered
regularly interspaced short palindromic repeats)—
Cas9 approach to create sublines without expres-
sion of JAK1 or JAK2 (Figs. S10 and S11 in the
Supplementary Appendix). These created truncat-
ing mutations analogous to those from Patients 1
and 2, and M407 is positive for HLA-A*02:01 and
expresses the cancer—testis antigen NY-ESO-1,
which allowed us to model T-cell recognition
using T cells genetically modified to express an
NY-ESO-1-specific T-cell receptor.”® M407 and
both JAK-loss sublines were equally recognized by
NY-ESO-1-specific T cells, leading to high levels
of interferon-y production (Fig. 4A).

When cultured in recombinant interferon alfa,
beta, or gamma, the M420 and M407 parental cell
lines showed interferon-induced growth inhibi-
tion in a dose-dependent manner (Fig. S12 in the
Supplementary Appendix). However, both the
JAK2-deficient M464 cell line (from Patient 2 at
relapse) and the M407 JAK2-knockout subline
were insensitive specifically to interferon gamma—
induced growth arrest, yet remained sensitive to
type I interferons alfa and beta; in contrast, the
M407 JAKI-mutated subline was resistant to all
three interferons (Fig. 4B). This is again consis-
tent with the specific association of JAK2 with
the interferon-y receptor and the common use of
JAK1 by all three interferon receptors.””** As an
orthogonal test of these effects, we treated our
cell lines with 2°3-cGAMP (cyclic guanosine
monophosphate—adenosine monophosphate); this
dinucleotide, which is produced in response to

19



A Western Blot Analysis C Log, RNA Counts before and after IFN Gamma Exposure

M420 M464

C IFN IFN IFN C IFN IFN IFN
alfa beta gamma  alfa beta gamma

30m18h 30m18h 30m18h 30m18h 30m18h 30m18h

JAK - . o i M420
o - SPeEse @ 00 - 15.0

12.5

g g
& 35
pSTAT1 5 2
22 1004
STAT3 sd T
(V) -
pSTAT3 < g 73
; 23
IRF1 &z >0
. O
-7 254
PD-L1
— 0.0
TAP1
MHC class |
(HCA2) ;
MHC(ﬁlgjsis()l - | Log, RNA Counts before IFN Gamma Exposure

B Staining for PD-L1 and MHC Class | M464

W Untreated IFN alfa W IFN beta [ IFN gamma
807 poo.001 1507
- =0
80T 6.0 g = 1254
e 2
G2 40 £2 1004
50 g4
ga S g
Ss 204 < £ 7.54
25
0.0- Sz 5.0
o
S
2.54
o 0.04 : 3 o o oBolosen
ngE 2.0 T T T T T T T
£ - 0.0 25 5.0 7.5 10.0 12,5 15.0
£38
% v 1.04 Log, RNA Counts before IFN Gamma Exposure
A
w =
£
0.0-

M420 M464

Figure 3. Loss of Interferon Gamma-Induced Signaling and Gene-Expression Changes through Acquired JAK2 Mutation.

In Panel A, Western blot analysis of lysates from cell lines M420 (Patient 2, baseline) and M464 (Patient 2, relapse) shows Janus kinase
(JAK)-signal transducer and activator of transcription (STAT) signaling events and downstream target induction after either 30 minutes
(m) or 18 hours (h) of exposure to interferon (IFN) alfa, beta, or gamma (C indicates untreated control). Janus kinase 2 (JAK2) protein
expression was absent in the relapse cell line (asterisk), and M464 failed to phosphorylate intermediate signaling components STAT1
and STAT3 or to up-regulate interferon-response targets TAP1, PD-L1, and major histocompatibility complex (MHC) class | after treat-
ment specifically with interferon gamma (red box), as compared with intact signaling in M420 (blue box). There was no change in response
to interferon alfa or beta. As shown in Panel B, a lack of response to interferon gamma exposure was also seen in surface staining for
PD-L1 and MHC class | by flow cytometry. Each point represents an independent experiment, T bars represent standard deviations, and
Pvaluesare for a two-way analysis of variance with Dunnett’s correction. MFI denotes mean fluorescent intensity, and NS not significant.
Panel C shows log; RNA counts of expression for 790 immune-related genes on exposure to interferon gamma or vehicle control. The
baseline cell line M420 (top) showed up-regulation of many interferon-stimulated genes (line represents an increase by a factor of 4),
whereas the JAK2 mutated progression cell line M464 (bottom) lacked a similar response.
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Figure 4 (facing page). Loss of Interferon Gamma—Induced
Growth Arrest through Acquired JAK Mutations.

In Panel A, the M407 parental cell line as well as the M407
JAKI-knockout and JAK2-knockout sublines were rec-
ognized by NY-ESO-1-specific, HLA-A*02:01-restricted
T cells, as assessed by interferon-y production after

24 hours of in vitro coculture. M420 is negative for
HLA-A*02:01 and served as a negative control. In Panel B,
cell lines M420 and M407 showed growth inhibition in
response to direct in vitro treatment with interferon
alfa, beta, or gamma (left), whereas the JAK2-deficient
counterpart M464 and the M407 JAK2 knockout were
insensitive specifically to interferon gamma (middle).
The M407 JAK1 knockout was insensitive to all three
interferons (right). In Panel C, treatment with 2’3"-cGAMP
(cyclic guanosine monophosphate—adenosine mono-
phosphate), a direct cytosolic agonist of the stimulator
of interferon genes (STING), was able to produce growth
arrest in all cell lines, regardless of JAKZ status, yet had
no effect in M407 with JAKI knockout. Growth curves
represent the percent change in the number of mela-
noma cells over time as measured by IncuCyte continuous
live-cell imaging in one of three independent experiments.
I bars in Panels A, B, and C indicate standard deviations
for three replicate wells. Three asterisks indicate P<0.001
and two asterisks P<0.01 for the percent change in
growth with the treatment shown at the 72-hour end
point as compared with the untreated control, with
Dunnett’'s multiple-comparison correction applied in
Panel B. NS denotes not significant.

cytosolic double-stranded DNA, directly activates
the stimulator of interferon genes (STING) and
leads to interferon-8 production through activa-
tion of interferon regulatory factor 3 (IRF-3).%°
After 23"-cGAMP treatment, we observed growth
arrest in all cell lines independent of JAK2 status
but no effect in the JAKI-knockout subline (Fig.
4C). Therefore, the JAK1 and JAK?2 loss-of-function
mutations did not decrease in vitro T-cell recogni-
tion but selectively blocked the interferon-y signal-
ing that leads to cell-growth inhibition, which
for JAK2 loss could be corrected by type I path-
way activation or a STING agonist.

FUNCTIONAL EFFECTS OF MUTATION IN THE GENE
ENCODING BETA-2-MICROGLOBULIN (B2M)

In Patient 3, whole-exome sequencing of the
baseline and progressive lesions showed a 4-bp
S14 frame-shift deletion in exon 1 of the beta-
2-microglobulin component of MHC class I as
1 of only 24 new relapse-specific mutations and
the only such mutation that was homozygous
(Fig. S13A and S13B in the Supplementary Ap-
pendix). Immunohistochemical analysis for MHC

class I heavy chains revealed loss of outer-mem-
brane localization as compared with adjacent
stroma or the baseline tumor, even though dif-
fuse intracellular staining indicated continued
production of MHC class I molecules (Fig. S14 in
the Supplementary Appendix). This finding is
in line with the role of beta-2-microglobulin in
proper MHC class I folding and transport to the
cell surface, and its deficiency has long been
recognized as a genetic mechanism of acquired
resistance to immunotherapy.?'* Both the base-
line and relapse biopsy samples were negative for
MHC class II expression (Fig. S14 in the Supple-
mentary Appendix), which suggests a lack of
compensatory MHC up-regulation.

We could not find defined genetic alterations
in Patient 4 that had clear potential to result in
acquired resistance to T cells, but cancer cells in
the baseline and relapse biopsy samples did not
express PD-L1 despite proximity to T cells and
PD-L1-expressing stroma (Fig. S3D in the Sup-
plementary Appendix). These findings suggest
possible nongenetic mechanisms of altered ex-
pression of interferon-inducible genes.'

DISCUSSION

With the approval of PD-1 checkpoint-blockade
agents for the treatment of patients with mela-
noma, lung cancer, and other cancers, it is an-
ticipated that cases of late relapse after initial
response will increase. Understanding the mo-
lecular mechanisms of acquired resistance by
focused comparison of biopsy samples from
paired baseline and relapsing lesions may open
options for the rational design of salvage combi-
nation therapies or preventive interventions and
may guide mechanistic biomarker studies for
the selection of patients, before the initiation of
treatment, who are unlikely to have a response.

Tumor-infiltrating T cells are the effectors
that kill cancer cells during PD-1 blockade
therapy.’®* We found it striking that after intra-
tumoral CD8 T-cell infiltration during active re-
sponse, CD8 T cells were usually still present
and abundant at the time of relapse, though they
were restricted to the tumor margin. This obser-
vation suggested to us that the T cells were no
longer able to exert their cytotoxic activity, be-
cause of either a lack of tumor antigen recogni-
tion and activation or a loss of sensitivity to their
effector molecules by the cancer cells. The gen-
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eral possibilities are loss of mutational or shared
tumor antigens that are recognized by T cells,
loss of antigen-presenting machinery components
(e.g., beta-2-microglobulin and HLA),’*'* tumor-
cell-induced or myeloid-cell-induced inactivation
of T-cell signaling,’**® or insensitivity to the
proapoptotic effects of toxic granules (e.g., per-
forin and granzymes), death receptors (e.g., Fas
and tumor necrosis factor—related apoptosis-
inducing ligand [TRAIL]D), or interferons.** Any
of these escape mechanisms would be hypothe-
sized to be fostered by the selective pressure of
CDS8 attack, which would be particularly active
during the new round of immunoediting® that
is unleashed after PD-1 blockade.

The inactivation of JAKI or JAK2, as noted in
two of the patients, may be particularly advanta-
geous to cancer cells in the context of anti—PD-1
therapy as compared with other immunothera-
pies. The interferon-induced adaptive expression
of PD-L1, which allows the cancer to inactivate
adjacent CD8 T cells,*® would be of no use after
the PD-1-PD-L1 interaction is blocked by thera-
peutic antibodies. We propose that without this
benefit, the advantage for cancer cells tilts to-
ward abolishing interferon signaling in order to
avoid the detrimental increase in antigen presenta-
tion and direct antiproliferative effects.?” Although
we identified inactivating mutations in JAK1 and
JAK2, which are receptor-level signaling bottle-
necks, interferon insensitivity through other
means — such as epigenetic silencing of inter-
feron-signaling components as previously docu-
mented in lung-cancer and prostate-cancer cell
lines'>'® or increased expression of negative
regulators® — might lead to the same end. We
also documented one case of beta-2-microglobu-
lin inactivation, which corroborates a previously
described mechanism of acquired resistance to
cancer immunotherapy in humans through loss
of this shared component of all human MHC
class I molecules that is required for CD8 T-cell
recognition.??*

In conclusion, the nearly identical mechanism
of acquisition, functional consequence, and evi-
dence of clonal selection for JAK1 or JAK2 muta-

tions in two independent cases with a similar
clinical course of acquired resistance suggests
that resistance to interferon gamma contributes
to immune resistance and escape. This genetic
alteration of immune resistance joins the pre-
viously described loss of B2M in decreasing
immune-cell recognition of cancer cells, leading
to acquired resistance to cancer immunotherapy.
Although we have identified four cases and
worked out a potential mechanism of resistance
in three of them, additional cases will need to
be closely examined to assess the generalizabil-

ity of these findings.
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Chapter 3:
Primary Resistance to PD-1 Blockade

Mediated by JAK1/2 Mutations
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ABSTRACT Loss-of-function mutations in JAK1/2 can lead to acquired resistance to anti-
programmed death protein 1 (PD-1) therapy. We reasoned that they may also
be involved in primary resistance to anti-PD-1 therapy. JAK1/2-inactivating mutations were noted
in tumor biopsies of 1 of 23 patients with melanoma and in 1 of 16 patients with mismatch repair-
deficient colon cancer treated with PD-1 blockade. Both cases had a high mutational load but did
not respond to anti-PD-1 therapy. Two out of 48 human melanoma cell lines had JAK1/2 mutations,
which led to a lack of PD-L1 expression upon interferon gamma exposure mediated by an inability to
signal through the interferon gamma receptor pathway. JAK1/2 loss-of-function alterations in The
Cancer Genome Atlas confer adverse outcomes in patients. We propose that JAK1/2 loss-of-function
mutations are a genetic mechanism of lack of reactive PD-L1 expression and response to interferon
gamma, leading to primary resistance to PD-1 blockade therapy.

Akey functional result from somatic JAKI/2 mutations in a cancer cellis the inability to
respond to interferon gamma by expressing PD-L1 and many other interferon-stimulated genes. These
mutations result in a genetic mechanism for the absence of reactive PD-L1 expression, and patients
harboring such tumors would be unlikely to respond to PD-1 blockade therapy. Cancer Discov; 7(2);

188-201. ©2016 AACR.

See related commentary by Marabelle et al., p. 128.

INTRODUCTION

Blocking the programmed death 1 (PD-1) negative immune
receptor results in unprecedented rates of long-lasting antitumor
activity in patients with metastatic cancers of different histologies,
including melanoma, Hodgkin disease, Merkel cell carcinoma,
and head and neck, lung, esophageal, gastric, liver, kidney, ovarian,
bladder, and high mutational load cancers with defective mis-
match repair, among others, in a rapidly growing list (1-8). This
remarkable antitumor activity is explained by the reactivation of
tumor antigen-specific T cells that were previously inactive due
to the interaction between PD-1 and its ligand PD-L1 expressed
by cancer cells (1, 9-12). Upon tumor antigen recognition, T cells
produce interferon gamma, which through the interferon gamma
receptor, the Janus kinases JAK1 and JAK2, and the signal trans-
ducers and activators of transcription (STAT) results in the expres-
sion of a large number of interferon-stimulated genes. Most of
these genes lead to beneficial anticumor effects, such as increased
antigen presentation through inducible proteasome subunits,
transporters associated with antigen processing (TAP), and the
major histocompatibility complex (MHC), as well as increased
production of chemokines that attract T cells and direct tumor
growth arrest and apoptosis (13). However, interferon gamma also
provides the signal that allows cancer cells to inactivate antitumor
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T cells by the adaptive expression of PD-L1 (9), thereby specifically
escaping their cytotoxic effects (12).

Acquired resistance to PD-1 blockade in patients with
advanced melanoma can be associated with loss-of-function
mutations with loss of heterozygosity in JAK1/2 or in beta
2-microglobulin (B2M; ref. 14). The complex genetic changes
leading to acquired resistance to PD-1 blockade, wherein one
JAK1/2 allele was mutated and amplified and the other was
lost, suggest a strong selective pressure induced by the thera-
peutic immune response. Similar events leading to lack of sen-
sitivity to interferon gamma have been reported in the cancer
immune-editing process and acquired resistance to immuno-
therapy in mouse models (15-17) and in patients treated with
the anti-CTLA-4 antibody ipilimumab who did not respond to
therapy (18). Therefore, lack of interferon gamma responsive-
ness allows cancer cells to escape from antitumor T cells, and in
the context of anti-PD-1/PD-L1 therapy, results in the loss of
PD-L1 expression, the target of PD-1 blockade therapy, which
would abrogate the antitumor efficacy of this approach.

In order to explore the role of JAKT and JAK2 disruption in
primary resistance to PD-1 blockade therapy, we performed a
genetic analysis of tumors from patients with melanoma and
colon cancer who did not respond to PD-1 blockade therapy
despite having a high mutational load. We identified tumors
with homozygous loss-of-function mutations in JAKI and
JAK2 and studied the functional effects of deficient interferon
gamma receptor signaling that lead to a genetically mediated
absence of PD-L1 expression upon interferon gamma exposure.

RESULTS

JAK Loss-of-Function Mutations in Primary
Resistance to PD-1 Blockade in Patients with
Metastatic Melanoma

Recent data indicate that tumors with a high mutational
burden are more likely to have clinical responses to PD-1



blockade therapy (6, 19-21). However, in all of these series
some patients failed to respond despite having a high muta-
tional load. We performed whole-exome sequencing (WES)
of 23 pretreatment biopsies from patients with advanced
melanoma treated wich anti-PD-1 therapy, which included 14
patients with a tumor response by immune-related RECIST
(irRECIST) criteria and 9 without a response (Supplemen-
tary Table S1). Even though the mean murcational load was
higher in responders than nonresponders, as reported for
lung, colon, and bladder cancers (6, 19, 21), some patients
with a tumor response had a low mutadional load and some
patients withour a tumor response had a high murtational
load (Fig. 1A).

We then assessed whether loss-of-function mutations in
interferon recepror signaling molecules, which would prevent
adaptive expression of PD-L1, might be present in tumors
with a relatively high mutational load that did not respond
to therapy. A melanoma biopsy from the patient with the
highest mutational load among the 9 nonresponders (patient
#15) had a somatic P429S missense mutation in the src-
homology (SH2) domain of JAKI (Fig. 1B). WES of an early
passage cell line derived from this tumor (M431) showed an
amplification of chromosome 1p, including the JAKI locus,
and a 4:1 mutanc:wild-type allele ratio was observed at both
the DNA and RNA level (Supplementary Fig. SIA-S1E and
Supplementcary Database S1). None of the cumors from the
other 22 patients had homozygous loss-of-function muta-
tions or deletions in the interferon receptor pathway. Rather,
the other JAK2 mutations found in biopsies of responders
had low variant allele frequency (VAF) as shown in Fig. 1B
and were likely heterozygous. These mutations would not
carry the same functional significance, as signaling would
still occur upon interferon exposure through the wild-type
JAK protein from the nonmutated allele. Two nonresponders
had IFNGR mutations, also of low allele frequency and chere-
fore uncertain significance. We also analyzed potential muca-
tions in genes involved in the antigen-presenting machinery
and did not find any loss-of-function mutations that were
homozygous (Supplementary Fig. S2).

As expected, tumors from patients who responded had
a higher density of CD8 cells and PD-L1 in the center and
invasive tumor margin (Fig. 1C and D). In contrast, the base-
line biopsy from patient #15 with a high mutational load but
with the JAKI®#?S missense mutation had undetectable CD8
infilcrates, PD-1 and PD-L1 expression (Supplementary Fig.
S$3). The amplification of PD-L1, PD-L2, and JAKZ (PDJ ampli-
con), which has been associated with a high response rate in
Hodgkin disease (4), was noted only in patient #16, who did
not respond to PD-1 blockade therapy despite having the
second highest mutational load and a high level of PD-L1
expression (Fig. 1B, D and E).

Functional Analyses of the Role of JAK Loss-of-
Function Mutations in Regulating PD-L1 Expression

We next sought to characterize the interferon response
of M431, the melanoma cell line established from a biopsy
of patient #15 with high mutational load and no response
to therapy. First, we optimized flow cytometry conditions in
selected human melanoma cell lines (Supplementary Figs. S4A-
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S4F, S5A-S5D, S6A-S6H, and S7A-S7C). PD-L1 expression
increased less than 1.5-fold interferon gamma exposure in
M431 (Fig. 2A), versus 5.1-fold in M438, a cell line estab-
lished from patient #8 used as a positive control in this
same series. Phosphorylated STAT1 (pSTAT1) was induced at
30 minutes in M431, but the signal dissipated at 18 hours,
faster than in cell lines with more durable responses to
interferon gamma leading to PD-L1 upregulation (Fig. 2B,
C compared with Supplementary Fig. S8A-S8C). These data
are consistent with the 4:1 JAKI mutant:wild-type allele fre-
quency in the M431 cell line (Supplementary Fig. SIA-S1E).

We then screened a panel of 48 human melanoma cell
lines for absolute absence of PD-L1 induction by either type
I (alpha and beta) or type II (gamma) interferons. Among the
three interferons, interferon gamma most potently induced
PD-L1 expression (Fig. 2D; Supplementary Fig. S9A and S9B
for type Iinterferons). Two cell lines had JAK1/2 homozygous
loss-of-function mutations and did not respond to incerferon
gamma with upregulation of surface PD-L1 expression. M368
had a mutation in JAK2 (20 out of 22 reads, VAF = 0.91) chat
is predicted to disrupt and shift the D313 splice-site acceptor
in exon 8 by one nucleotide, changing the reading frame, and
had loss of the wild-type allele (Fig. 3A; Supplementary Fig.
S10A and S10B). M395 had an inactivating JAKIP77*N kinase
domain mutation in exon 17 and loss of the other allele (140
out of 143 reads, variant allele frequency 0.98; Fig. 3B).

We then analyzed signaling in response to interferon alpha,
beta, and gamma in these two cell lines. M368, which harbored
the JAK2 loss-of-function mutation, maintained signaling in
response to interferon alpha and beta, but did not respond to
interferon gamma (Fig. 3C), which resulted in the ability of
M368 to upregulate PD-L1 when exposed to interferon alpha
and beta, but not to interferon gamma (Fig. 3C; Supplementary
Fig. S9A and S9B). M395, which harbored the JAKI loss-of-
function mutation, did not respond to downstream signaling
to interferon alpha, beta, or gamma (Fig. 3D), and equally did
not upregulate PD-L1 in response to any of these cytokines (Fig.
3D; Supplementary Fig. S9A and S9B). We were able to retrieve
the tumor from which the cell line M395 had been established,
and this tumor exhibited an absence of CDS8 infilcration simi-
lar to the finding in patient #15 with a JAKI loss-of-function
mutation who did not respond to anti-PD-1 therapy (Sup-
plementary Fig. S11). Taken together, these data are consistent
with the knowledge that JAK1 (disabled in M395) is required
to propagate signaling downstream of the interferon alpha/
beta and gamma receptors, whereas JAK2 (disabled in M368)
is required for signaling downstream only from the interferon
gamma receptor (22-24).

To assess a causal relationship between loss of adaptive PD-L1
expression and loss-of-function JAK mutations, we transduced
the M395 and M431 cell lines with a lentivirus vector express-
ing JAKI wild-type (Supplementary Fig. S12A-S12C). Rein-
troduction of wild-type JAK1 rescued PD-L1 expression in
M395 cells, which exhibited a 4-fold increase in PD-L1 surface
expression after interferon gamma exposure (Fig. 3E). For
M431, the magnitude of change in PD-L1 expression after
18-hour interferon gamma exposure for M431 was modest
after reintroducing the JAK1 wild-type protein (approximately
2-fold, compared with a 1.5-fold in the untransduced cell line;
Fig. 3F). However, the difference between untransduced and
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Figure 1. Mutational load and mutations in the interferon signaling pathway among patients with advanced melanoma with or without response to
anti-PD-1 blockade therapy. A, Total nonsynonymous mutations per tumor from biopsies of patients with response (n=14) or without response (n=9)
to anti-PD-1 per RECIST 1.1 criteria (median 503 vs. 274, P = 0.27 by Mann-Whitney). Median and interquartile range are shown, with value for each
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JAK1 wild-type transduced M431 was more distince when
observed over a longer time course (Fig. 3G and 3H).

JAK Loss-of-Function Mutations in Primary
Resistance to PD-1 Blockade in Patients with
Metastatic Colon Carcinoma

To determine whether JAKI/2 loss-of-function mutations
are present and relate to response to PD-1 blockade therapy
in another cancer histology, we analyzed WES data from 16
biopsies of patients with colon cancer, many with a high muta-
tional load resultant from mismatch-repair deficiency (6). One
of the biopsies of a rare patient with high mutational load
with neither an objective response nor disease control with anci-
PD-1 had a homozygous JAKI™*"" nonsense loss-of-function
mutation, expected to truncate the protein within the firsc
kinase domain, and an accompanying loss of heterozygosity at
the JAKI locus (Fig. 4A-D). No mutations in antigen presen-
tation machinery were detected in this sample (Supplementary
Fig. S13). Although we observed other interferon pathway
and antigen presentation mutations in the high mutational
load patients with a response to therapy in this cohort, they
appeared to be heterozygous by allele frequency (adjusted VAF
< 0.6) after adjustment for stromal content. Most were splice-
site mutations or frameshift insertions/deletions unlikely to
create a dominant-negative effect. Several samples bore two
mutations in JAKI/2 or B2M, but either retained at least one
wild-type copy (subjects #4 and #5), were too far apart to decer-
mine cis versus trans status (subject #6), or were of uncertain
significance (subject #1, both near c-terminus).

Frequency of JAK Loss-of-Function Mutations
in Cell Lines of Multiple Histologies

We then analyzed data from the Cancer Cell Line Encyclo-
pedia (CCLE) from cBioPortal to determine the frequency of
homozygous putative loss-of-function mucations in JAKI/2 in
905 cancer cell lines (25). For this analysis, we considered a
homozygous mutation when the VAF was 0.8 or greater, as
previously described (26). Approximately 0.7% of cell lines have
loss-of-function mutations that may predict lack of response to
interferons (Fig. SA and 5B). The highest frequency of mucations
was in endometrial cancers, as described previously (26). None of
these cell lines had POLE or POLD1 mutations, but microsatel-
lite instability and DNA-damage gene murtations were present
in the JAK1/2 mutanc cell lines (Supplementary Fig. S14). The
frequency of JAK1/2 mutations across all cancers suggests that
there is a fitness gain with loss of interferon responsiveness.

JAK1/2 Loss-of-Function Alterations in The
Cancer Genome Atlas

Analysis of WES, RNA sequencing (RNA-seq), and reverse-
phase protein array (RPPA) data from tissue specimens from
472 patients in The Cancer Genome Atlas (TCGA) Skin Cuta-
neous Melanoma dataset revealed thatr 6% (28 of 472) and
11% (S0 of 472) harbored alcerations in JAKI and JAKZ, res-
pectively. These include loss-of-function alterations in eicher
JAKI or JAK2 that would putatively diminish JAK1 or JAK2
signaling (homodeletions, truncating mucations, or gene or
protein downregulation).

There was no survival difference in patients in the TCGA
Skin Cutaneous Melanoma daraset harboring any JAKI or
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JAK2 alteration (Fig. 6A). However, when considering only
loss-of-function JAKI or JAK2 alterations (homodeletions,
truncating mutations, or gene or protein downregulation),
patients wich tcumors thac had JAKI or JAK2 alterations had
significantly decreased overall survival (P = 0.009, log-rank
test). When considered separately, the 8 patients with trun-
cating mutations in JAKI or JAK2 and the 18 patients with
JAKI or JAKZ gene or protein downregulation also had sig-
nificantly decreased overall survival (P =0.016 and P <0.001,
respectively).

To assess the relevance of these findings in a broader set
of malignancies, we examined the frequency of JAKI and
JAK2 alterations and their association with clinical outcome in
TCGA datasets for four common malignancies (breast invasive
carcinoma, prostate adenocarcinoma, lung adenocarcinoma,
and colorectal adenocarcinoma). Similar to findings in mela-
noma, alterations in JAKT were found in 6%, 8%, 10%, and 10%
of patients with breast invasive carcinoma, prostate adeno-
carcinoma, lung adenocarcinoma, and colorectal adenocarci-
noma, respectively. Likewise, alterations in JAK2 were found in
12%, 7%, 12%, and 5% of these respective malignancies.

Consistent with our findings in melanoma, JAKI or JAK2
alterations as a whole were not associated with a difference
in survival in any of the four additional TCGA datasets.
However, for patients with breast invasive carcinoma har-
boring truncating mutations, there was an association with
decreased survival (P =0.006, log-rank test; Fig. 6B). Likewise,
patients with prostate adenocarcinoma harboring truncating
mutacions had worse overall survival (P = 0.009, log-rank
test; Fig. 6C), with a similar trend noted in patients harbor-
ing any loss-of-function JAKI or JAK2 alterations (P = 0.083,
Fig. 6C). We did not observe differences in survival in patients
with lung adenocarcinoma or colorectal adenocarcinoma
harboring JAKI or JAKZ2 loss-of-function alterations, when
considered either separately or as a whole (Supplementary
Fig. S15A and S15B).

DISCUSSION

For this work, we hypothesized that if cancer cells evolved
to disable inducible PD-L1 expression upon interferon expo-
sure due to selective immune pressure as demonstrated in
preclinical models of cancer immune-editing (15, 16), then
it would be superfluous to attempt to treat these cases
with anti-PD-1/PD-L1 antibody therapy (Supplementary
Fig. S16A and S16B). The premise of therapy with anti-PD-1-
or anti-PD-L1-blocking antibodies is that T cells with speci-
ficity for cancer antigens recognize their target on cancer cells
and produce interferon gamma. The cancer cell then finds
a way to specifically protect itself from the T-cell actack by
reactively expressing PD-L1 upon interferon gamma signal-
ing. This reactive process is termed adaptive immune resist-
ance, and it requires signaling through the interferon gamma
receptor (12). By understanding chis process, it is then logical
to anticipate that a genetically acquired insensitivity to inter-
feron gamma signaling could represent an immune resistance
mechanism; these tumors would be expected to be incapa-
ble of upregulating either antigen-presenting machinery or
PD-L1 even in the presence of a robust preexisting repertoire
of tumor-specific T cells. With a genetic mechanism of lack
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tumors with mutations in JAKI or JAK2 (right axis, gray bars) in the CCLE database from the cBioPortal. B, Nonsynonymous mutational burden was ana-
VAF>0.75; blue, VAF<0.75).

Figure 5. Analysis of JAKI and JAK2 mutations in the CCLE database. A, Variant allele frequency (left axis, red and blue points) and percentage of
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Figure 6. Frequency of JAKI and JAK2 alterations and their association with overall survival in TCGA datasets. Kaplan-Meier survival analysis of
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within each set of Kaplan-Meier plots. Significance testing of overall survival was performed using log-rank analysis.

of interferon gamma signaling, a T-cell response with inter-
feron gamma production would not lead to reactive PD-L1
expression and therefore these would be cases that would be
considered constitutively PD-L1 negative.

JAK kinases mediate signaling from many cytokine recep-
tors, but the commonality between JAKI and JAK2 homozy-
gous loss-of-function mutations is that they are both required
for signaling upon exposure to interferon gamma (27). Inter-
feron gamma is a major cytokine produced by T cells upon
recognizing their cognate antigen, and it has multiple effects
on target cells. In the setting of acquired resistance to PD-1
blockade therapy in patients who progressed while on continu-
ous anti-PD-1 therapy, the tumor’s insensitivity to interferon
gamma provides a selective advantage for the relapsed cancer to
grow, as it no longer is sensitive to the antiproliferative effects
of interferon gamma (14). In that setting, T cells continued to
recognize cancer cells with JAKI or JAK2 mutations despite the
known role of interferon gamma signaling in upregulating a
series of genes involved in the antigen-presenting machinery.
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However, as the baseline expression of MHC class I, protea-
some subunits and TAP transporters is unchanged, tumor
antigen presentation to T cells was not impaired (14).

In primary resistance to checkpoint blockade therapy with
the anti-CTLA-4 antibody ipilimumab, there is a higher fre-
quency of mutations in the several molecules involved in the
interferon signaling pathway (18). It is hypothesized that
cancer cells lacking interferon receptor signaling would have
a selective advantage because they evade T cells activated by
CTLA-4 blockade, in particular through decreased antigen
presentation and resistance to the antiproliferative effects of
interferons. The same processes may have an important role in
the lack of response to anti-PD-1 therapy in the cancers with
JAK1/2 loss-of-function mutations in our series, as antitumor
T cells would be anticipated to have lower ability to recognize
and kill cancer cells. Loss-of-function mutations in JAK1/2
would likewise prevent the antitumor activity of any immuno-
therapy that results in the activation of T cells to attack cancer
cells. But in the setting of anti-PD-1/PD-L1 therapy, it has the



additional important effect of preventing PD-L1 expression
upon interferon gamma exposure, thereby making it futile to
pharmacologically inhibit the PD-L1/PD-1 interaction.

As the interferon gamma receptor pathway downstream of
JAK1/2 controls the expression of chemokines with a potent
chemoartractant effect on T cells, such as CXCL9, CXCL10,
and CXCL11 (28), it is possible that an important effect of
JAK1/2 loss may result in a lack of T-cell infilcrates. Indeed,
both the patient in the melanoma series with a JAKI loss of
function and the biopsy from which we had derived a mela-
noma cell line with a JAKI mutation were completely devoid of
T-cell infilcrates. As preexisting T cells in the tumor are a requi-
site for response to anti-PD-1 therapy (11), a JAKI/2 murtation
may result in lack of response not only because PD-L1 cannot
be reactively expressed but also because the cancer fails to
attract T cells due to lack of chemokine production.

Beyond a genetic mutation that prevented expression of
JAK1/2, ic is also possible that epigenetic silencing of JAKs
could result in lack of response to interferon gamma, as previ-
ously reported for the LNCaP cell line (29). In this case, loss
of JAK1/2 expression could then be corrected with exposure
to a demethylating agent. This evidence suggests that che fre-
quency of loss of function in JAK1/2 may be higher than can
be estimated by exome-sequencing analyses, as it could occur
epigenetically, and in these cases it would provide an option
for pharmacologic intervention.

In conclusion, we propose that JAKI/2 mutations that lead
to loss of interferon gamma signaling and prevent adaptive
PD-L1 expression upon interferon gamma exposure represent
an immunoediting process that defines patients with cancer
who would not be good candidates for PD-1 blockade therapy.
This mechanism would add to other multiple explanations
thac may lead to primary resistance to PD-1 blockade cherapy,
including a tumor thar lacks antigens that can be a target for
a T-cell response, the presence of immune suppressive factors
in the tumor microenvironment that exclude T cells in tcumors
or thatlead to alteration of T-cell function, presence of immune
suppressive cells such as T regulatory or myeloid-derived sup-
pressor cells, or cancers that have specific genetic signaling
or transcriptomes that are not permissive to T-cell infiltrates
(20, 30, 31). The recognition that JAK1/2 loss-of-function
mutations would lead to lack of response to PD-1 blockade
therapy could be incorporated in oncogenic sequencing panels
used to select patients for precision cancer treatments.

METHODS

Tumor Samples

Tumor biopsies were obtained from a subset of patients enrolled in
a phase I expansion clinical trial with pembrolizumab after signing a
written informed consent (32). Patients were selected for this analy-
sis by having adequate tumor biopsy samples and clinical follow-up.
Baseline biopsies of metastatic tumors were obtained within 30 days
of starting on treatment, except for one in a patient with an eventual
complete response (Fig. 3B, subject #4) collected after 84 days on
treatment. Samples were immediately fixed in formalin followed by
paraffin embedding, and when there was an additional sterile piece
of the tumor, processed for snap-freezing in liquid nitrogen and to
establish a cell line as previously described (33-35). Tumor biopsy
and peripheral blood cell collection and analyses were approved by
UCLA Institutional Review Boards 11-001918 and 11-003066.
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Treatment and Response Assessment

Patients received single-agent pembrolizumab intravenously in one
of three dosing regimens: 2 mg/kg every 3 weeks (2Q3W), 10 mg/kg
every 3 weeks (10Q3W), or 10 mg/kg every 2 weeks (10Q2W; ref. 32).
Tumor responses to pembrolizumab were evaluated at 12 weeks after
the first infusion (confirmed at 16 weeks), and every 12 weeks there-
after. The RECIST version 1.1 was used to define objective clinical res-
ponses. The protocol was allowed to proceed beyond initial progression
at the restaging scans at 12 weeks and have repeated imaging scans 4
weeks later following the immune-related response criteria (irRC; ref. 36).

IHC Staining

For CD8 T-cell density, 5 of the 11 cases were reanalyzed blindly
from IHC samples already used in our prior work (11), and the other
6 cases were newly stained cases also analyzed blindly. Slides were
stained with hematoxylin and eosin, $100, CD8, CD68, PD-1, and
PD-L1 at the UCLA Anatomic Pathology IHC Laboratory. Immu-
nostaining was performed on Leica Bond III autostainers using Leica
Bond ancillary reagents and the REFINE polymer DAB detection
system as previously described (11). Cell density (cells/mm?) in the
invasive margin or intracumoral area was calculated using the Indica
Labs Halo platform as previously described (11).

Cell Lines, Cell Culture, and Conditions

Patient-derived melanoma cell lines were generated as reported
previously and characterized for their oncogenic murational status
(33-35). Each melanoma cell line was thawed and maintained in
RPMI-1640 medium supplemented with 10% FBS, 100 units/mL
penicillin, and 100 pg/mL streptomycin at 37°C in a humidified
atmosphere of 5% CO,. Cells were subject to experimental con-
ditions after reaching two passages from thawing. Cell lines were
periodically authenticated using GenePrint 10 System (Promega)
and were matched with the earliest passage cell lines. Selected mela-
noma cell lines were subjected to Mycoplasma tests periodically (every
2-3 months) with the MycoAlert Mycoplasma Detection Kit (Lonza).

Surface Flow Cytometry Analysis for PD-L1 and MHC Class |

Melanoma cells were seeded into 6-well plates on day 1, ranging
from 420,000 to 485,000 depending on their doubling time, target-
ing 70% to 80% of confluence at the time of trypsinization after 18
hours of exposure to interferons. For 48-hour exposure, 225,000 to
280,000 cells were seeded, and 185,000 to 200,000 cells were seeded
for 72-hour exposure. After trypsinization, cells were incubated at
37°C for 2 hours with media containing different concentrations of
interferons. Concentrations of each interferon were determined after
optimization process (dose-response curves were generated with
representative cell lines as shown in Supplementary Fig. S5B-S5D).
After 2 hours of incubation, the media were removed by centrifuga-
tion and cells were resuspended with 100% FBS and stained with APC
anti-PD-L1 antibody on ice for 20 minutes. The staining was halted
by washing with 3 mL of PBS, which was removed by centrifugation
at 500 x g for 4 minutes. The cells were resuspended with 300 uL of
PBS, and 7-AAD for dead cell discrimination was added to samples
prior to data acquisition by LSRII. The data were analyzed by FlowJo
software (Version 10.0.8r1, Tree Star Inc.). Experiments were per-
formed at least twice for each cell line; some cell lines with high assay
variability were analyzed three times.

Phosphoflow Signaling Analyses

Cells were seeded into two 6-well plates for each cell line for single
phospho-proteomics study. After 30-minute or 18-hour exposure to
interferon alpha, beta, or gamma, cells were trypsinized and resus-
pended with 1 mL of PBS per 1 to 3 million cells and stained with
live/dead agent at room temperature in the dark for 30 minutes.



Cells were then fixed with paraformaldehyde at room temperature for
10 minutes in the dark, permeabilized by methanol, and stained with
PSTAT1. Cells were incubated at room temperature in the dark for
30 minutes, washed with phospho-flow cytometry buffer, and resus-
pended with 300 to 500 pL of the same buffer and analyzed with an
LSRIL The flow cytometry standard (FCS) files obtained by LSRII were
analyzed using the online flow cytometry program (Cytobank; ref. 37).
The raw FCS files were deconvoluted into four different conditions,
three of which were exposed to interferon alpha, beta, and gamma and
compared with an untreated condition at each time point. Data repre-
sented as Arcsinh ratio, which is one of transformed ratio of cytometry
data (inverse hyperbolic sine) analyses; each data point was compared
with its control [Value = arcsinh((x — control)/scale_argument)].

Western Blot Analyses

Selected melanoma cells were maintained in 10-cm cell culture
dishes and exposed to interferon alpha, beta, or gamma (same con-
centrations as above) for 30 minutes or 18 hours. Western blotting
was performed as described previously (38). Primary antibodies
included pJAK1 (Tyr1022/1023), pJAK2 (Tyr221), pSTAT1 (Tyr701),
pSTAT3 (Tyr705), pSTATS (Tyr695), and their total proteins; PIAS1,
IRF1, SOCS1, and GAPDH (all from Cell Signaling Technology).
Antibodies were diluted to 1:1,000 ratio for each blot. Immunore-
activity was revealed with an ECL-Plus Kit (Amersham Biosciences
Co.), using the ChemiDoc MP system (Bio-rad Laboratories).

Lentiviral Vector Production and Gene Transfer

Lentivirus production was performed by transient cotransfection of
293T cells (ATCC). The lentiviral vectors pLenti-C-mGFP and pLenti-
C-JAK1-mGFP were purchased from Origen (cat# RC213878L2). In
brief, T175 tissue culture flasks coated with poly-L-lysine (Sigma
Aldrich) containing 6 X 10° 293T cells were used for each transfec-
tion. The constructs required for the packaging of third-generation
self-inactivating lentiviral vectors pLenti-C-mGFP and pLenti-C-
JAK1-mGFP (60 pg), pMDLGg/p (39 ng), pRSV-REV (15 ng), and
pMD.G (21 pg) were dissolved in water in a total volume of 2.7 mL. A
total of 300 pL of 2.5 mol/L CaCl, (Sigma Aldrich) was added to the
DNA mixture. A total of 2.8 mL of the DNA/CaCl, mix was added
dropwise to 2.8 mL of 2x HBS buffer, pH 7.12 (280 nmol/L NaCl, 1.5
mmol/L Na,HPO,, 100 mmol/L HEPES). The DNA/CaPO, suspen-
sion was added to each flask and incubated in a 5% CO, incubator
at 37°C overnight. The next morning, the medium was discarded,
the cells were washed, and 15 mL DMEM with 10% FBS containing
20 mmol/L HEPES (Invitrogen) and 10 mmol/L sodium butyrate
(Sigma Aldrich) was added, and the flask was incubated at 37°C for 8
to 12 hours. After that, the cells were washed once, and 10 mL fresh
DMEM medium with 20 mmol/L HEPES was added onto the 293T
cells, which were further incubated in a 5% CO; incubartor at 37°C
for 12 hours. The medium supernatants were then collected, filtered
through 0.2 pmol/L filters, and cryopreserved at minus 80°C. Virus
supernatant was added at different concentrations into 6-well plates
containing S x 10° cells per well. Protamine sulphate (Sigma Aldrich)
was added at a final concentration of S pg/mL, and the transduction
plates were incubated at 37°C in 5% CO, overnight.

Whole-Exome Sequencing

Exon capture and library preparation were performed at the UCLA
Clinical Microarray Core using the Roche Nimblegen SeqCap EZ
Human Exome Library v3.0 targeting 65 Mb of genome. Paired-end
sequencing (2 X 100 bp) was carried out on the HiSeq 2000 platform
(Mllumina) and sequences were aligned to the UCSC hg19 reference
using BWA-mem (v0.7.9). Sequencing for tumors was performed to
a target depth of 150x (actual min. 91x, max. 162X, mean 130x).
Preprocessing followed the Genome Analysis Toolkit (GATK) Best
Practices Workflow v3, including duplicate removal (PicardTools),
indel realignment, and base quality score recalibration.
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Somatic mutations were called by comparison to sequencing of
matched normals for the PD1-treated whole-tumor patient samples.
Methods were modified from ref. 39; specifically, the substitution the
GATK-HaplotypeCaller (HC, v3.3) for the UnifiedGenotyper. gVCF
outputs from GATK-HC for all 23 tumor/normal exomes, and cell lines
M395 and M431, were jointly genotyped and submitted for variant
quality score recalibration. Somatic variants were determined using
one-sided Fisher exact test (P value cutoff < 0.01) between tumor/nor-
mal pairs with depth >10 reads. Only high-confidence mutations were
retained for final consideration, defined as those identified by art least
two out of three programs [MuTect (v1.1.7; ref. 40), Varscan2 Somatic
(v2.3.6; ref. 41), and the GATK-HC] for single nucleotide variants,
and those called by both Varscan2 and the GATK-HC for insertions/
deletions. Variants were annotated by Oncotator (42), with nonsynony-
mous mutations for mutational load being those classified as nonsense,
missense, splice_site, or nonstop murtations, as well as frame_shift,
in_frame_, or start_codon altering insertions/deletions. Adjusted vari-
ant allele frequency was calculated according to the following equation:

VAF adjusted = 1n.,,/CN, = VAFx*[1+(2%Stromal Fraction)/(Tumor
Fraction*Local Copy Number)]

This is an algebraic rearrangement of the equartion used in the clonal
architecture analysis from McGranaham and colleagues (43) to calculate
the fraction of murated chromosomal copies while adjusting for the
diluting contribution of stromal chromosomal copies. Local tumor copy
number (CN,,) tumor fraction (purity, or p) and stromal fraction (1 - p)
were produced by Sequenza (44), which uses both depth ratio and SNP
minor B-allele frequencies to estimate tumor ploidy and percent tumor
content, and perform allele-specific copy-number variation analysis.

PDJ amplification was considered tumor/normal depth ratio = 2 stan-
dard deviations above length-weighted genome average. BAM files for
the 16 colorectal cases were previously mapped to hg18, and sequencing
and analysis were performed at Personal Genome Diagnostics. After pre-
processing and somatic variant calling, positions were remapped to hgl19
using the Ensembl Assembly Converter before annotation.

M431 and M395 were compared with matched normal samples,
the other 47 cell lines lacked a paired normal sample. For detection
of potential JAKI or JAK2 mutations, variants were detected using
the Haplotype Caller, noted for membership in dbSNP 146 and allele
frequency from the 1000 Genomes project, and confirmed by visual
inspection with the Integrated Genomics Viewer.

RT-PCR

Forward  §-AACCTTCTCACCAGGATGCG-3" and  reverse
§-CTCAGCACGTACATCCCCTC-3" primers were designed to per-
form RT-PCR (700 base pair of target PCR product to cover the P429
region of the JAK1 protein) on the M431 cell line. Total RNA was
extracted by the mirVana miRNA Isolation Kit, with phenols as per
the manufacturer’s protocol (Thermo Fischer Scientific). RT-PCR
was performed by utilizing ThermoScript RT-PCR Systems (Thermo
Fisher Scientific, cat# 11146-057). PCR product was subject to Sanger
sequencing at the UCLA core facility.

TCGA Analysis

To determine the relevance of JAKI and JAK2 alterations in a
broader set of patients, we queried the TCGA skin cutaneous mela-
noma provisional dataset for the frequency of genetic and expression
alterations in JAKI and JAK2. We then extended our query to the
breast invasive carcinoma, prostate adenocarcinoma, lung adenocar-
cinoma, and colorectal adenocarcinoma provisional TCGA dartasets.
We then examined the association of various JAKI and JAK2 altera-
tions with overall survival for each dataset. The results are based upon
data generated by the TCGA Research Network and made available
through the NCI Genomic Data Commons and cBioPortal (43, 46).

The murtation annotation format (MAF) files containing JAKI
and JAK2 murations in the TCGA datasets were obtained from the



Genomic Data Commons. In addition, murtations, putative copy-
number alterations, mRNA expression, protein expression, and sur-
vival data were obtained using the cBioPortal resource. The putative
copy-number alterations (homodeletion events, in particular) avail-
able in cBioPortal were obtained from the TCGA datasets using
Genomic Identification of Significant Targets in Cancer (GISTIC;
ref. 47). The mRNA expression data available in cBioPortal were
obtained from the TCGA datasets using RNA-seq (RNA Seq V2
RSEM). Upregulation and downregulation of JAKI and JAKZ mRNA
expression were determined using an mRNA z-score cutoff of 2.0.
Protein expression data available in cBioPortal were obtained from
the TCGA dataset using RPPA, with a z-score threshold of 2.0.

Mutation data between the MAF files and data from cBioPortal were
combined. Genetic and expression alterations were characterized in
one of six categories: amplifications, homodeletions, single-nucleotide
polymorphisms, truncating mutations (stop codons and frameshift
insertions and deletions), mRNA or protein downregulation, and
mRNA or protein upregulation. The frequency of JAKI and JAK2 alter-
ations was determined using combined data from the *.MAF file and
cBioPortal. Kaplan-Meier survival curves were generated in R, using
the “survminer” package and the “ggsurvplot” function. Overall sur-
vival was determined using log-rank analysis.

Statistical Analysis

Statistical comparisons were performed by the unpaired two-tailed
Student ¢ test (GraphPad Prism, version 6.0 for Windows). Muta-
tional load was compared by unpaired two-sided Mann-Whitney
test. R programming was utilized to generate arrow graphs of PD-L1/
MHC class I expression upon interferon exposures and the CCLE
JAK1/2 mutation frequency graph.
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SUMMARY

PD-L1 and PD-L2 are ligands for the PD-1 immune
inhibiting checkpoint that can be induced in tumors
by interferon exposure, leading to immune evasion.
This process is important for immunotherapy based
on PD-1 blockade. We examined the specific mole-
cules involved in interferon-induced signaling that
regulates PD-L1 and PD-L2 expression in melanoma
cells. These studies revealed that the interferon-
gamma-JAK1/JAK2-STAT1/STAT2/STAT3-IRF1 axis
primarily regulates PD-L1 expression, with IRF1 bind-
ing to its promoter. PD-L2 responded equally to
interferon beta and gamma and is regulated through
both IRF1 and STAT3, which bind to the PD-L2
promoter. Analysis of biopsy specimens from pa-
tients with melanoma confirmed interferon signature
enrichment and upregulation of gene targets for
STAT1/STAT2/STAT3 and IRF1 in anti-PD-1-re-
sponding tumors. Therefore, these studies map the
signaling pathway of interferon-gamma-inducible
PD-1 ligand expression.

INTRODUCTION

The signaling pathway resulting in adaptive expression of PD-
L1 and PD-L2 upon exposure to interferons is of high impor-
tance for the clinical development of PD-1 blockade therapies
for cancer. Upon tumor antigen recognition by T cells, the
released interferons trigger the inducible expression of PD-L1
by cancer cells or other tumor microenvironment cells, thereby
inhibiting the antitumor immune response in a process known

as adaptive immune resistance. Adaptive immune resistance
allows the specific inhibition of T cell recognition of cancer
while it spares the rest of the immune responses to other anti-
gens, avoiding a systemic immune-suppressive state (Pardoll,
2012; Ribas, 2015). Interferons were first described in the
1950s as agents that interfere with viral replication (Isaacs
and Lindenmann, 1957), and signaling from the interferon re-
ceptors has been well characterized (Domanski and Colamo-
nici, 1996; Novick et al., 1994; Velazquez et al., 1992). Janus ki-
nase (JAK) and signal transducer and activators of transcription
(STAT) are the main signaling pathways mediating interferon-
induced gene expression (Darnell et al., 1994; Velazquez
et al., 1992) and resulting in the activation of interferon-stimu-
lated response elements (ISREs) (Darnell et al., 1994; Kessler
et al., 1988) and gamma interferon activation sites (GASs)
(Decker et al., 1991; Lew et al., 1991). There is a renewed inter-
est in interferon signaling given its key role in regulating PD-1
ligand expression and emerging evidence of its role in primary
and acquired resistance to immune checkpoint blockade ther-
apy for cancer (Shin et al., 2017; Gao et al., 2016; Zaretsky
et al., 2016).

Type | interferons (alpha, beta, and omega) bind to interferon
receptor type 1, which is composed of two subunits, IFNAR1
and IFNAR2, and they signal through JAK1 and TYK2, which
phosphorylate STAT1, STAT2, and STAT3, as well as other
STAT family members, depending on the cellular context. Acti-
vated phosphorylated STAT1 (pSTAT1) typically dimerizes with
pSTAT2 to form the ISGF3 complex together with the interferon
regulatory factor 9 (IRF9) (Smith et al., 2005). This complex binds
at the genomic level to the ISRE sequences to control a long list
of interferon-induced genes (Friedman and Stark, 1985). Type |
interferons can also trigger phosphorylation and subsequent
activation of homo- or hetero-dimers of STAT1, STAT3, STAT4,
STATS5, and STATS.
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Type |l interferon gamma binds to the interferon gamma re-
ceptor, leading to phosphorylation of JAK1 and JAK2, with re-
ceptor phosphorylation followed by receptor attachment and
phosphorylation of STAT1 in most cells and STAT3 in some cells.
The activated dimers then accumulate in the nucleus to act as
transcription factors (Schroder et al., 2004; Aaronson and
Horvath, 2002). There, they bind to the GAS elements present
in most interferon gamma inducible genes, such as the IRF1
gene (Platanias, 2005). Negative regulators of interferon sig-
naling, such as the suppressor of cytokine signaling protein fam-
ily (SOCS; mostly SOCS1 and SOCS3) are involved in negative
feedback regulation of cytokines that signal mainly through
JAK2 binding, thereby modulating the activity of both STAT1
and STAT3 (Qing and Stark, 2004).

PD-1 has two known ligands, PD-L1(CD274 or B7-H1) and PD-
L2 (CD273 or B7-DC), and both have been reported to be ex-
pressed on cell surfaces upon exposure to interferons, in partic-
ular interferon gamma (Kim et al., 2005; Dong et al., 2002; Tseng
et al., 2001). Evidence has been generated for the role of STAT1
and STATS3, as well as the downstream transcription factor IRF1,
in regulating the surface expression of PD-L1 upon interferon
gamma exposure (Lee et al., 2006; Loke and Allison, 2003). How-
ever, there has not been a systematic analysis of the molecules
involvedinthis signal transduction pathway. Given the importance
of this process, we undertook a detailed analysis of molecules
responsible for interferon receptor signaling and mapping of the
PD-L1 and PD-L2 promoters to define the specific signaling that
regulates their expression. Our studies demonstrate the key roles
of signaling through the interferon-gamma-JAK1/JAK2-STAT1/
STAT2/STAT3-IRF1 axis, resulting in binding of the IRF1 transcrip-
tionfactortothe PD-L1 promoter and weaker binding tothe PD-L2
promoter, which is also regulated by STAT3 in melanoma cells.
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Figure 1. Induction of PD-L1 by Interferon
Alpha, Beta, and Gamma

(A-C) Flow cytometry analysis of PD-L1 surface
expression upon interferon treatment in the human
melanomacell lines M244 (A), M263 (B), and M381 (C)
exposed tointerferon alpha, beta, orgammafor 18 hr.
Histograms represent changes in mean fluorescence
intensity by flow cytometry compared to baseline.
(D-F) Western blot analysis of interferon receptor
signaling proteins in M244 (D), M263 (E), and M381
(F), including a set of proteins involved in interferon
signaling pathways. Basal and activated (phos-
phorylated) states of the proteins are included to
compare the induction trough these different me-
diators. The first lane of each panel represents
untreated control cells. Each cell line was exposed
30 min or 18 hr with interferon alpha, beta, or
gamma, respectively.
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Interferon Receptor Signal
Transduction Pathway Regulating
PD-L1 Expression

We analyzed the interferon-inducible sur-
face expression of PD-L1 in three human
melanoma cell lines, M244, M263, and M381, using flow cytom-
etry (Figures 1A-1C). In all three cell lines, upregulation of PD-L1
was strongest with interferon gamma. Western blot analysis in
the three cell lines (Figures 1D-1F) revealed the induction of pro-
teins and phosphorylated proteins involved in the JAK-STAT
signaling pathway, including STAT1/pSTAT1, STAT2/pSTAT2,
and STAT3/pSTAT3 and increased expression of IRF1 and
IRF9. Induction of pSTAT1 and IRF1 was consistently stronger
upon interferon gamma exposure compared to interferon alpha
or beta exposure. pSTAT1, pSTAT3, and IRF9 induction was
also observed through interferon alpha and beta, consistent
with the canonical type | interferon signaling pathway (lvashkiv
and Donlin, 2014). We also analyzed interferon receptor mRNA
expression in these three lines. Expression of interferon receptor
type Il was higher than that of interferon receptor type | (Fig-
ure S1), which could explain in part the increased sensitivity of
these cells lines to interferon gamma. Interestingly, IFNGR1
expression correlated with the PD-L1 induction under interferon
gamma stimulation.

|

Interferon Receptor Pathway shRNA Screen to Define
Signaling Molecules Involved in PD-L1 Regulation

To analyze PD-L1 regulation upon interferon gamma exposure,
we generated reporter cell lines with luciferase expression
downstream of the PD-L1 promoter to be used in a small hairpin
RNA (shRNA) screen. The human melanoma cell lines M244,
M263, and M381 were infected with a lentiviral vector carrying
the PD-L1 promoter driving a polycistronic reporter cassette ex-
pressing both a DsRed-expressDR protein and firefly luciferase
linked by a 2A picornavirus sequence (Figure 2A). This vector
also included an elongation factor alpha promoter (EF1a)-BSD
cassette as selectable marker. Cells were also transduced with
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Figure 2. Effects on PD-L1 Reporter Expression upon shRNA Silencing of 33 Genes Involved in the Interferon Signaling Pathway
(A) Schematic representation of the PD-L1Prom-DSRed-FireflyLuciferase/Neo and EF1AProm-Renilla luciferase/RSV-BSD constructs used to generate the
reporter melanoma cell lines. Reporter cells contain the PD-L1 promoter driving the expression of a DSRedDR-T2A-Firefly luciferase cassette and also an EF1-

alpha promoter driving the Renilla luciferase gene used for normalization.

(B-D) Normalized luciferase reporter expression of each cell line, M244 (B), M263 (C), and M381 (D), transduced with different sets of lentiviral shRNA hairpins.
Black and checkered white bars represent the cells transduced with a lentiviral control containing no shRNA, with (black) or without (checkered) interferon gamma
treatment. Gray bars represent the expression level of the cells transduced with a set of lentiviral ShRNA hairpins with interferon gamma treatment to compare
changes upon the interferon gamma induction of PD-L1 expression. Results are represented as a percentage of luciferase expression compared with the

interferon-gamma-treated negative control.

(E) Schematic representation of the interferon receptor signaling pathway depicting the hits taking into account the redundant siRNA/shRNA activity (RSA) score
obtained for each factor in the three reporter cell lines. Color heatmap represents the summed rank score, with red indicating the greatest impact on interferon-
gamma-induced PD-L1 reporter activity and dark blue the least impact. Spatial orientation places each gene in the context of its signaling pathway.
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asecond vector used for assay signal normalization containing a
constitutively expressed EF1-alpha promoter driving Renilla
luciferase and RSV-Neo as selectable marker. After transduction
and antibiotic selection, double stably transduced melanoma
cell lines were validated for interferon gamma response and re-
porter expression {Figure S2).

In order to screen for individual targets known or anticipated to
be involved in interferon receptor signaling and related path-
ways, we selected 180 shRNA hairpins targeting 33 genes to
carry out the shRNA screen of known interferon receptor
pathway signaling molecules. The doubly transduced reporter
cell lines were then additionally transduced with the 180 shRNA
lentiviral vectors. A non-hairpin-containing vector was used as
a negative control. Transduced cells were induced for 8 hr
with 100 U/mL interferon gamma, and firefly luciferase expres-
sion was normalized to the Renilla luciferase signal and the
percentage of transduction of each virus. A redundant small
interfering RNA (siRNA) activity (RSA) statistical analysis was
performed to compensate for the effects of nonfunctional
hairpins.

Inhibition of several genes involved in both type | and type Il
interferon signaling strongly affected PD-L1 reporter expression
(Figures 2B-2D). We calculated the percentage of inhibition for
each hairpin, and we assigned a score depending on the effect
of each silenced gene on the reporter expression in the three
different cell lines. We then rank listed the silenced genes that
had the strongest global effect in inhibiting PD-L1 expression.
Each gene was then represented in a color heatmap in a sche-
matic representation of the interferon receptor signaling path-
ways (Figure 2E). The data suggest that there are two converging
bottlenecks in the signaling pathway: at the upstream tyrosine ki-
nases JAK1, JAK2, and TYK2 and at the downstream transctrip-
tion factors IRF1 and IRF9. In between, silencing of STAT1,
STAT2, or STAT3 had a moderate effect on the PD-L1 reporter
expression, suggesting redundancy in the signaling at this level.
There was a strong effect in PD-L1 expression when silencing
MAK14 (p38), CRKL, and phosphatidylinositol 3-kinase (PI3K),
which have been previously reported to be involved in modu-
lating interferon signaling pathways (Platanias et al., 1999).
However, when we knocked out these three genes using
CRISPR/Cas9, we could not detect a detrimental effect on PD-
L1 expression upon interferon gamma exposure (Figure S3);
therefore, we believe these were off-target effects of the shRNA
screen. We finally confirmed the role of JAK1, JAK2, STAT1, and
IRF1 silencing in inhibiting PD-L1 expression using M381 cells
stably transduced with shRNAs and analyzed by gPCR (Fig-
ure S4), and for JAK1 and JAK2, we have previously reported
that their CRISPR/Cas9 knockout results in loss of PD-L1
upregulation upon interferon gamma exposure (Zaretsky et al.,
2016).

IRF1 Is the Key Factor for PD-L1 Promoter Function

Analysis of the PD-L1 promoter sequence using the MotEvo
algorithm (Pachkov et al., 2007) revealed putative binding sites
for STAT1/STAT3, STAT2/STATS5, and IRF1 (Figure 3A). We per-
formed site-directed mutagenesis to delete the STAT1/STAT3,
STAT2/STATS5, and IRF1 putative binding sites in a PD-L1 pro-
moter firefly luciferase reporter plasmid. Transiently transfected

M381 cells were exposed to interferon gamma, and luciferase
activity was quantitated (Figure 3B). Deletion of the IRF1 site
dramatically decreased the expression of the PD-L1 reporter
construct upon interferon gamma induction. Deletion of the
putative STAT2/STAT5 site also affected interferon-gamma-
induced luciferase expression, but at a lower level than IRF1. It
should be noted that the proximity of these two sequences might
be affecting the same activity. On the other hand, deletion of the
STAT1/STATS3 putative binding site resulted in strong activation
of the PD-L1 reporter upon interferon gamma induction. These
data suggest the binding of a putative repressor factor at this
level or the presence of genomic elements as silencers or insu-
lator/boundary elements that could block the action of distal
enhancers.

In order to confirm the binding of the predicted factors to the
specific sequence sites, we carried out chromatin immunopre-
cipitation (ChlP) assays at the PD-L1 promoter. We confirmed
IRF1 binding to the PD-L1 promoter in an interferon-gamma-
inducible manner at a level that was much stronger than the pos-
itive control HLA-B promoter (Figure 3C). We also detected IRF1
binding to the PD-L1 promoter upon interferon beta exposure
but at lower rates than under interferon gamma treatment (Fig-
ure S5A). ChIP analysis using STAT3 antibodies did not reveal
direct binding of this factor at the PD-L1 promoter in M381 mel-
anoma cells (Figure S5B), which is different from the reported
binding of STAT3 to the PD-L1 promoter in a chimeric nucleo-
phosmin (NPM)/anaplastic lymphoma kinase (ALK) T cell lym-
phoma (ALK-TCL) (Marzec et al., 2008).

The JAK1/JAK2-STAT1/STAT2/STAT3-IRF1 Axis
Controls PD-1 Ligand and Antigen-Presenting
Machinery upon Interferon Gamma Exposure

In order to analyze the relevant genes activated at transcriptional
level by interferon gamma, we analyzed transcripts of 750 im-
mune-related genes that capture the great majority of known
interferon response genes (Table S2). Upon interferon gamma
exposure of the three melanoma cell lines, there was strong acti-
vation of PD-L1 transcripts compared with PD-L2 (Figures 4A-
4C). We documented a very repetitive pattern of activation of
JAK2, STAT1, STAT2, STAT3, IRF1, IRF9, and SOCS1 transcrip-
tion upon interferon gamma stimulation. All of these molecules
are known to be involved in the JAK-STAT signaling pathway
downstream of the interferon gamma receptor (Aaronson and
Horvath, 2002).

We also observed upregulation of a second group of genes
(light-blue labels) related to immunoregulation and the antigen
processing-presentation machinery through major histocompat-
ibility complex (MHC) class |, including the transporters associ-
ated with antigen processing 1 and 2 (TAP1/TAP2) and the
proteasome subunit beta types 8, 9, and 10 (PSMB9/LMP2,
PSMB8/LMP7, and PSMB10/LMP10). Most of these genes are
also known to be regulated by interferon gamma. TAP1 and
PSMB9 share a bidirectional promoter activated through the
interferon gamma-STAT1-IRF1 axis (Saha et al., 2010), and
they work at the antigen-processing and antigen-presentation
level through the immunoproteasome.

In order to confirm the importance of the JAK1/JAK2-STAT1/
STAT3-IRF1 axis, we analyzed the expression profile induced by
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Figure 3. Transient Luciferase Reporter As-
says and ChIP Analysis for the PD-L1 Pro-
moter in M381 Melanoma Cells

(A} Sequence of the PD-L1 promoter showing the
position of the most representative putative binding
sites of the promoter, STAT1/STAT3, STAT2/
STATS5, and IRF1.

(B) PD-L1 promoter transient reporter assay
including deletions of the putative binding sites.
Results are represented as normalized relative
luciferase units (RLUs).

(C) ChiP assay in M381 cells at the PD-L1 promoter
(gray), the HLA-B promoter as a positive control
(white), and the human tRNA-Leu anti-codon (TAG)
as irrelevant sequence for IRF1 binding (negative
control). Results are represented as percent
enrichment relative to input. Asterisks denote
significance in an unpaired t test (*p < 0.005,
*p < 0.001), and error bars denote SD.

feron gamma exposure, and M233 was
treated with or without co-incubation
with the JAK2 inhibitor CEP33779 (Stump
et al., 2011).

The JAKT mutated M395 cell line was
strongly affected and dramatically failed
to upregulate most of the previously
seen interferon-inducible genes, such as
JAK2, STAT1, STATS, IRF1, PD-L1, and
PD-L2, although it still conserved some
degree of interferon gamma activation
for some genes. The JAK2 mutated
M368 cell line presented a complete loss
of the interferon gamma induction of the
JAK-STAT genes, IRF1, and both PD-1 li-
gands. The antigen-presentation-related
group of genes had equally flat responses
to interferon gamma. To confirm the crit-
ical role of JAK2 in regulating interferon
response, we treated the good responder
M233 with the JAK2 inhibitor CEP-33779,
which led to a downregulation of STATS3,
IRF1, and the two PD-1 ligands, as well
as some of the antigen-presentation-
related group of genes, such as TAP1
and TAP2. Other interesting genes that
were not induced are the chemokine
CXCL10 and the interferon-inducible
metabolic immune suppressor indole-
amine 2,3-dioxygenase-1 (IDO1). These
results confirm the importance of the

interferon gamma in three additional human melanoma cell lines
with altered interferon receptor signaling (Figures 4D-4F). M368
has a JAK2 loss-of-function mutation and M395 has a JAKT loss-
of-function mutation, and we tested the effect of pharmacolog-
ical JAK2 inhibition in M233, which is a good interferon gamma
responder cell line (Shin et al., 2015, 2017). Interferon-related
gene expression was tested in each cell line with or without inter-
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JAK1/JAK2-STAT1/STAT2/STAT3-IRF1 axis in the PD-L1 induc-
tion upon interferon gamma exposure.

PD-L1 and PD-L2 Differential Regulation

Given the observations of different regulation of PD-L2 com-
pared to PD-L1, we extended our studies to the PD-L2 promoter
function and expression pattern. Flow cytometry analysis of
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Figure 4. Selected mRNA Expression Profiling of Interferon-Gamma-Induced Genes

(A-C) Changes in selected gene expression upon interferon gamma exposure in three melanoma cell lines: M244 (A), M263 (B), and M381 (C). Purple and blue
dots represent the expression level of the transcripts at basal level in two different biological duplicates (untreated cells), and red and green dots represent the

expression level of the transcripts after 3 hr of interferon gamma treatment.

(D) Expression profile analysis of the good interferon gamma responder M233 cell line using the JAK2-specific inhibitor CEP33779. Dark blue dots represent
untreated cells, green dots represent interferon-gamma-treated cells, and red dots represent cells treated with the JAK2 inhibitor CEP-33779 and interferon

gamma. Data are presented as normalized counts (log2) of each transcript.

(E) Same analysis of the JAK2 mutant cell line M368 with (red) or without (light blue) interferon gamma treatment.
(F) Expression profile of the JAKT mutant cell line M395 with (red) or without (light blue) interferon gamma treatment.

PD-L2 surface expression (Figures 5A-5C) revealed similar or
even stronger effect of interferon beta, compared to interferon
gamma, in two of the three analyzed cell lines, suggesting a
shared role of type | and Il interferon signaling and differential

regulation for the PD-1 ligands, as previously reported in other
cell types (Loke and Allison, 2003). Because the expression of
interferon type | receptors is lower than that of type Il receptors
in all the analyzed cell lines, there must be contribution of
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Figure 5. PD-L2 Expression and Promoter Function Analysis

IFNB- IFN320m IFNG2H IFN- IFNB20m IFNB2H IFNG- IFNB20m IFNB2H IFNB- IFNB20m IFNG2H

(A—C) Flow cytometry analysis of PD-L2 surface expression upon interferon treatment in M244 (A), M263 (B), and M381 (C).

(D) Sequence of the PD-L2 promoter and position of the putative transcription factor binding sites.

(E) Transient reporter assay including deletions of STAT1/STATS3, IRF1, or double mutations for the putative binding sites. Analysis was performed in untreated
cells (white bars) and under interferon beta {(gray bars) and interferon gamma exposure (black bars).

(F) ChIP assay using IRF1 antibody in interferon-gamma-treated cells, including primers for the PD-L2 promoter (gray), HLA-B promoter as positive control

(white), and TAG gene (black) as an irrelevant sequence for IRF1 binding.

(G) ChIP assay using STAT3 antibody in interferon-beta-treated cells, including primers for the C-FOS promoter as a positive control (white), the PD-L2 promoter
(gray), the PD-L1 promoter (checkered), and TAG gene (black) as an irrelevant sequence for STAT3 binding.
Asterisks denote significance in an unpaired t test (*p < 0.05, *p < 0.005, **p < 0.001), and error bars denote SD.

downstream elements to explain the similar or higher expression
of PD-L2 in M244 and M263 under interferon beta exposure
compared to interferon gamma exposure.

PD-L1 and PD-L2 are paralog genes, and their promoters
share a similar architecture in terms of putative binding sites.
We generated PD-L2 |uciferase reporter constructs with specific
deletions in STAT1/STAT3 and two IRF1 putative binding sites
(o and B) (Figure 5D). First, we checked that PD-L2 promoter
behaved very similar under interferon beta or gamma exposure
(no statistically significant differences) in M381 and M244 cells

(Figures 5E and S6), and then we performed reporter truncation
assays comparing the PD-L2 reporter expression under inter-
feron beta and gamma exposure or in untreated cells.

All mutations had a very similar effect on the PD-L2 promoter
function independently of the type of interferon stimulation.
Deletion of the IRF1a putative binding site decreased PD-L2
reporter expression upon interferon gamma induction, but at
lower rates than on the PD-L1 promoter compared to the intact
promoter (compare Figures 3B and 5E). In contrast, IRF1p site
deletion had no effect on PD-L2 expression. Disruption of the
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Figure 6. RNA-Seq Analysis of TCGA Tumors and Anti-PD-1-Treated Biopsies

(A) Pearson correlations between log2 normalized mRNA expression levels (RPKM) of IRF1 and STATT versus PD-L1 in the TCGA skin cutaneous melanoma
RNA-seq database.

(B) Pearson correlations between log2 normalized mRNA expression levels (RPKM) of IRF1 and STAT7 versus PD-L2 in the TCGA skin cutaneous melanoma
RNA-seq database.

(C) Potential target genes of IRF1, STAT1, STAT3, and STAT1:STAT2 heterodimer among all up-expressed genes in anti-PD1 on-treatment tumor samples (up-
expression is defined by fold change >1.5). Gray lines indicate the occurrence of the respective transcription factor binding motifs in the target genes.

(legend continued on next page)
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STAT1/STAT3 putative binding site dramatically decreased
PD-L2 promoter activation. These data suggest opposite effects
of these sites at the PD-L1 and PD-L2 promoters, which is
consistent with a differential regulation of the two PD-1 ligands.
Interestingly, the double mutation of these sites had the lower
reporter expression of the PD-L2 promoter, suggesting the
cooperation of both sites and their binding factors IRF1 and
STAT3 in the regulation of the PD-L2 expression.

In order to confirm the IRF1 and STAT3 participation in PD-L2
regulation, ChIP analysis was performed upon interferon gamma
or beta exposure for both PD-L1 and PD-L2 promoters in M381
cells (Figures 5F and 5G). Upon interferon gamma exposure, bind-
ing of IRF1 to the PD-L2 promoter was strong, yet weaker than
PD-L1 promoter binding. We also demonstrated a moderated,
interferon-beta-inducible binding of STAT3 to the PD-L2 pro-
moter, but not to the PD-L1 promoter or under interferon gamma
exposure (Figures 5G and S5B). These results support the key role
of IRF1 with STAT3 contribution to the differential regulation of
PD-L1 and PD-L2 expression in melanoma cells, respectively.

STAT1 and IRF1 Upregulation Correlates with PD-1
Ligand Expression and Interferon Signatures
Enrichment in Biopsy Specimens of Patients
Responding to Anti-PD-1 Blockade Therapy

To address whether our observations were recapitulated in hu-
man melanoma tumors, we analyzed RNA-sequencing (RNA-
seq) data from The Cancer Genome Atlas (TCGA) skin cutaneous
melanoma RNA-seq database (Figures 6A and 6B). We found a
strong correlation between IRF1 and PD-L1 or PD-L2 expression
(Pearson correlation: R =0.73 and R = 0.83, respectively), as well
as between STAT1 and PD-L1 or PD-L2 expression (R=0.78 and
R = 0.74, respectively). These data support our observations in
the cell line analyses that the correlation between STAT1/IRF1
and PD-L1 expression is strong.

We analyzed by RNA-seq the differential expression of inter-
feron gamma and interferon gamma responsive gene signatures
(Figure 6E) and of immune cell marker genes (Figure 6D) in bi-
opsy specimens from five patients responding (red, n = 2) or
not responding (black, n = 3) to anti-PD-1 therapy. These biopsy
specimens represented a range of baseline CD8 and PD-L1
expression both in the tumor center and the invasive margin
that were felt to be representative of most cases with melanoma
(Table S3). Biopsy specimens from patients responding to anti-
PD-1 had enriched expression of interferon gamma responsive
genes. The non-responding biopsy specimens did not show
interferon gamma upregulation or increased interferon signa-
tures, which is supportive of our in vitro data.

Onthe other hand, we observed at least 1.5 {log2) fold changes
in the expression of immune cell marker genes in on-treatment
tumors compared to their respective baselines (Figure 6D). For
the on-treatment tumors of the two responders, there was a gen-
eral increase in the mRNA expression levels of multiple immune

lineage markers, especially T cell and natural killer (NK) cell. On
the contrary, for the three non-responders, T cell and NK cell
markers were either not changed or downregulated.

Finally, we analyzed the expression of target genes of the
IRF1, STAT1, STAT2, and STATS3 transcription factors in anti-
PD-1 on-treatment biopsy specimens (Figure 6C). The small
nodes represent the up-expressed genes in each sample, with
binding associations indicted by the gray lines connected to
the transcription factors. The absolute numbers of upregulated
genes with the motifs of IRF1, STAT1, STAT1/STAT2 dimer,
and STAT3 were higher in the responder biopsy specimens
than in those from biopsy specimens of patients who did not
respond to therapy (n indicates the number of up-expressed
genes with binding motifs of transcription factors, while indicates
N the total number of up-expressed genes in each sample).

DISCUSSION

Blocking the inducible PD-L1 expression upon tumor-antigen-
specific T cell infiltration is the key event leading to response
to anti-PD-1 or anti-PD-L1 antibody therapy in patients with
cancer (Herbst et al., 2014; Tumeh et al., 2014). The clinical sig-
nificance of the current work mapping the pathways that allow
interferons to regulate the expression of PD-L1 and PD-L2 is
highlighted by recent evidence that biopsy specimens of pa-
tients with metastatic melanoma who do not respond to anti-
CTLA-4 or anti-PD-1 therapy are enriched for mutations in the
interferon receptor pathway (Gao et al., 2016; Shin et al., 2017)
and the evidence that the selective pressure induced by a long-
standing T cell response to melanoma with anti-PD-1 therapy
can result in acquired resistance with loss-of-function mutations,
with concomitant loss of heterozygosity, of JAKT or JAK2 (Zaret-
sky et al., 2016). Therefore, a detailed understanding of the
signaling pathways regulating the induction of PD-L1 and
PD-L2 may help in defining additional mechanisms of primary
or acquired resistance and test further improvements in this
mode of therapy.

Our studies show that PD-L1 is mainly regulated by the type Il
interferon receptor singling pathway through JAK1 and JAK2,
several STATs, and other modulators of the pathway and
converged on the binding of IRF1 to the PD-L1 promoter. On
the contrary, PD-L2 is regulated by both interferon beta and
interferon gamma, with STAT3 and IRF1 being the transcription
factors binding to its promoter in melanoma cells. This detailed
knowledge may allow defining patients who cannot respond to
PD-1 blockade therapy due to the cancer’s inability to engage
downstream interferon signaling, resulting in adaptive immune
resistance when mutating or epigenetically silencing key mole-
cules in this signaling, as demonstrated in preclinical models
invitro and in vivo (Dunn et al., 2005; Kaplan et al., 1998). Further-
more, this knowledge would allow defining new druggable mol-
ecules that could specifically modulate PD-L1 or PD-L2 signaling

(D) Tilling of differential immune cell marker genes in on-treatment anti-PD1 tumors compared to their respective baselines (red and green, up- and down-

regulation of at least 1.5 (log2) fold changes.

(E) Tiling of differential IFNG expression (red and green, up- and down-expression) and interferon signature enrichment (orange and blue, positive and negative
enrichments) in on-treatment tumors derived from patients receiving anti-PD1 treatment (red, patients who responded to treatment; black, patients who did not

respond to treatment).
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pathways, which may have advantages over current antitumor
approaches given the lower cost of small molecules compared
to antibodies. These agents may increase or decrease this
signaling pathway, thereby having opposing potential uses in
autoimmunity and transplantation tolerance or for cancer
treatment.

Our studies document a differential regulation between the
two PD-1 ligands depending on the cytokine signals, as well as
cross talk between the interferon signaling pathways. Interferon
gamma treatment resulted in a clear and repetitive upregulation
pattern of the JAK2/STAT1/IRF1 axis and PD-L1, which is typical
of the type Il interferon canonical pathway. However, there was
also upregulation of STAT2, STAT3 and IRF9 genes, more typi-
cally related to the type | interferon-signaling pathway, further
highlighting the overlap between the pathways. We also found
a very consistent |L-6 activation between the cell lines that could
be contributing to the STAT3 upregulation via autocrine/para-
crine action as previously described for other cancer cells (Sriur-
anpong et al., 2003).

To find the link between the interferon signaling pathways and
the regulation of the expression of the PD-1 ligands, we dissected
the promoters of both genes. It had been previously reported us-
ing electrophoretic mobility shift assays (EMSAs) that IRF1 binds
to the PD-L1 promoter in vitro in human lung cancer cells (Lee
etal., 2006). We carried out ChIP assaysin M381 melanomacells,
and we confirmed a strong binding of IRF1 to the PD-L1 promoter
in an interferon-gamma-inducible manner. The PD-L1 promoter
truncation assay indicated the likely presence of a repressor at
the STAT1/STAT3 in-silico-predicted putative binding site,
although a ChIP assay failed to detect STAT3 binding to this re-
gion, indicating possible participation of additional factors. For
the PD-L2 promoter, both a transient truncation reporter assay
and a ChlP assay revealed STAT3 participation in the regulation
of this promoter. Interestingly, STAT3 binding was only detected
upon interferon beta induction, pointing out again the fact of the
differential regulation of these two promoters.

The importance of the JAK1/JAK2-STAT1/STAT2/STAT3-
IRF1 axis for the activation of the PD-1 ligands and many other
interferon response genes is highlighted by the transcriptional
profile of the two mutant melanoma cell lines that had loss of
function of JAKT or JAK2 genes and studies of the pharmacolog-
ical inhibition of JAK2. Furthermore, we confirmed the relevance
of our laboratory findings in patient-derived biopsy specimens.
Tumor biopsy specimens from patients treated with PD-1 block-
ing antibody therapy upregulated interferon gamma signatures
and target genes for IRF1, STAT1, STAT2, and STAT3 in anti-
PD-1 on-treatment tumors. These data provide evidence of the
importance of the related signaling pathway for an effective
response to anti-PD-1 therapy. Whether this response is related
exclusively to PD-1 ligand expression or is a consequence of
antigen- presentation machinery regulation should be further
investigated.

In conclusion, understanding the signaling pathway used by
melanomas to respond to interferon exposure leading to the
expression of PD-L1 and PD-L2 is of high importance to develop
prognostic molecular markers and PD-1 blockade cancer immu-
notherapy. Genetic or epigenetic alterations affecting molecules
in this pathway that result in lack of adaptive PD-1 ligand expres-

sion could be used for better patient selection for PD-1 blockade
therapy. Modulation of the expression of factors involved in
these pathways could define pharmaceutical targets to develop
inhibitors that may block specific signaling resulting in adaptive
immune resistance.

EXPERIMENTAL PROCEDURES

Cell Lines

Human melanoma cell lines of the M series were established from patient’s bi-
opsies under University of California, Los Angeles (UCLA) institutional review
board (IRB) approval (11-003254), as previously described (Atefi et al.,
2014). The double stable (DS) reporter cell lines DS244, DS263, and DS381
were generated by transducing M244, M263, and M381 cell lines with two
different lentiviral particles (Figure 2A): EF1AProm-Renilla luciferase/RSV-
BSD (GenTarget) and PD-L1Prom-DSRed-FireflyLuciferase/Neo lentivirus.
Cells were infected at MOI 5-10 with 5 ug/mL polybrene (Santa Cruz Biotech-
nology) and then selected using 500-1,000 pg/mL G418 and 3-60 pg/mL of
BSD during 3 weeks in RPMI media (Invitrogen, Thermo Fisher Scientific)
with 10% fetal calf serum (FCS; Omega Scientific), 2 mM L-glutamine, and
1% penicillin, streptomycin (Invitrogen). Expression of both Iuciferases was
validated after interferon gamma treatment for each generated reporter cell
line as described in the reporter assay section (Figure S2).

Plasmids and Vectors

For the transient reporter analyses, PD-L1 and PD-L2 promoters were ampli-
fied by PCR from genomic DNA obtained from Jurkat cells using the primers
listed in Table S1 and cloned into the multicloning site (MCS) of the PGL3 Basic
Vector (Promega Corporation) as previously described (Sambrook et al., 1989;
full methods can be found in Supplemental Experimental Procedures). Spe-
cific deletions of the putative binding sites were carried out using the Q5
Site-Directed Mutagenesis Kit (New England Biolabs), with primers and tem-
plates listed in Table S1. Normalization pRL-SV40P plasmid (Addgene plasmid
27163) was a gift from Ron Prywes (Chen and Prywes, 1999), who deposited
the plasmid at the Addgene public repository.

For the stable reporter cell lines, the PD-L1Prom-DSRed-FireflyLuciferase/
Neo lentiviral construct was cloned as described in Supplemental Experi-
mental Procedures. shRNA lentiviral particles based on the pGIPZ lentiviral
vector (Dharmacon) carrying hairpins for the specific genes were generated
at UCLA’s Molecular Screening Shared Resource (MSSR) from the shRNA
Hannon collection. Plasmids were prepared using the PureLink HiPure Filter
Plasmid Maxiprep Kit (Invitrogen) or NucleoSpin 96-well Miniprep kits
(Macherey-Nagel), and lentiviral particles were produced as previously
described (Kappes and Wu, 2001; Silva et al., 2005).

Surface Flow Cytometry Analysis of PD-L1 and PD-L2

Melanoma cell lines were seeded into six-well plates on day 1, targeting 70%-
80% of confluence on the day of surface staining. On day 2, cells were
exposed to 5,000 IU/mL interferon alpha (Merck Millipore), 500 IU/mL inter-
feron beta (Merck Millipore), or 100 IU/mL interferon gamma (Becton Dickin-
son) for 18 hr. Interferon concentrations were defined after dose-response
curve (PD-L1 mean fluorescence intensity as a function of interferon concen-
tration) optimization processes for all three interferons (Shin et al., 2017).

On day 3, cells were trypsinized and incubated at 37°C for 2 hr with media
containing the same concentrations of interferon alpha, beta, or gamma. After
2 hr of incubation, cells were stained with allophycocyanin (APC) anti-PD-L1
and phycoerythrin (PE) anti-PD-L2 antibodies on ice for 20 min and analyzed
by flow cytometry using an LSRIl (Becton, Dickinson and Company). Data
were analyzed using FlowJo software (Tree Star). Experiments were per-
formed at least twice for each cell line. Specificity of the PD-L1 antibody
was previously reported (Atefi et al., 2014), while PDL2 antibody specificity
was checked as described below using a PD-L2 siRNA approach (Figure S7).

siRNA Transfection
PD-L2 antibody specificity checking was performed on the two cell lines (M244
and M381), which were seeded on a six-well plate (target confluency of ~80%
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on the day of flow cytometry analysis) on day 1. Cells were transfected with
25 nM of a PD-L2 siRNA (GE Dharmacon, SMARTpool: siGENOME
PDCD1LG2 siRNA and non-targeting control siRNA) as per the manufacturer’s
protocol on day 2. On day 3, the selected groups were exposed to 100 IU/mL
interferon gamma, and flow cytometry analyses were performed on day 4 as
described above.

Western Blot

Western blotting was performed as previously described (Escuin-Ordinas
et al.,, 2014). Primary antibodies were purchased from Cell Signaling
Technology (CST). Immunoreactivity was revealed with an ECL-Plus kit
(Amersham Biosciences) using the ChemiDoc MP system (Bio-Rad). Selected
melanoma cells were maintained in 10-cm cell culture dishes and treated with
5,000 IU/mL interferon alpha, 500 IU/mL interferon beta, or 100 IU/mL inter-
feron gamma for 30 min and 18 hr.

Transient Luciferase Reporter Assays

M381 cells were seeded in 24-well plates for 18 hr and then transfected in trip-
licate using the TransIT-X2 (Mirus Bio) according to the manufacturer’s manual
with 0.5 pg of each experimental plasmid and 0.5 pg of the Renilla pRL-SV40P
plasmid used for normalization per well. After 24 hr in culture, relative luciferase
units (RLUs) were measured in non-treated and interferon-treated cells (3 hr,
100 1U/mL interferon gamma; 500, IU/ml interferon beta) using the Dual-Glo
Luciferase Assay System and a GloMax 96 Microplate Luminometer (Prom-
ega) according to the manufacturer’s instructions. RLUs from firefly luciferase
signal were normalized by RLUs from Renilla signal.

shRNA Lentiviral Screen

1,000-1,500 cells of each reporter cell line were seeded in 384-well plates and
transduced with 15 pL of each virus containing a shRNA hairpin or with the
same empty vector without any active hairpin as a control. After 72 hr of cul-
ture, transduced cells were treated with 100 U/mL interferon gamma for 8 hr
and then stained with 35 pM propidium iodide (Pl) and 5 pg/mL Hoechst
(Invitrogen). Cell images were acquired using an Image press XL (Molecular
Devices) with a 10x objective (0.6 numerical aperture [NA]) in the DAPI, GFP
(virus encoded), and CY3 channel. Images were analyzed using the
MetaXpress multi-wavelength cell-scoring algorithm with standard settings
in order to score cells and calculate percent viability and efficiency of trans-
duction. RLUs for firefly and Renilla were analyzed using the Dual Glo Lucif-
erase Assay System (Promega) according to the manufacturer instructions
in a Victor3V luminometer (Perkin Elmer) with 0.1 s integration time. Firefly
RLUs were normalized to the Renilla signal and the percentage of transduction
to take into account any possible difference in cell viability and virus titer.
A probability-based RSA analysis was performed in order to minimize the
impact of the shRNA off-target activities as described in the statistical analysis
section. Relative downregulation compared to the control were calculated and
plotted for each gene and cell line (Figures 3B-3D). A global score based
ranking was generated taking into consideration the position of each gene in
the 3 cell lines and then was mapped onto the interferon pathways using
PathVisio (v 3.2.1) (Kutmon et al., 2015). Pathway representation was based
on interferon type | signaling (Homo sapiens) from Wikipathways (WP585)
and edited for size and clarity and to include type Il interferon pathway compo-
nents (Kutmon et al., 2016).

ChIP

Formaldehyde-cross-linked chromatin was prepared from 2 x 107 M381 mel-
anoma cells, and ChIP was performed using the SimpleChip Plus Enzymatic
Chromatin IP Kit (Magnetic Beads 9005) from CST according to the manufac-
turer’s instructions. Antibodies were purchased from CST (normal rabbit
immunoglobulin G [IgG] 2729, STAT3 12640) and Abcam (IRF1 ab26109). To
calculate DNA enrichment in the ChIP assays, Real-time gPCR was performed
in an ABI 7500 (Applied Biosystems, Thermo Fisher Scientific) or a CFX96 real-
time PCR system (Bio-Rad) using the iQ SYBR Green supermix (Bio-Rad) and
the primers for the PD-L1, PD-L2, and HLA-B promoters listed in Table S1.
SimpleChip C-FOS and human tRNA-Leu anti-codon (TAG) primers were pur-
chased from CST, and HLA-B primers were previously reported (Stefan et al.,
2011).

Gene Expression qPCR Assays

Downregulation of the genes in the generated cells lines was measured by
gPCR using TagMan gene expression assays and the TagMan RNA-to-CT
1-Step Kit (Applied Biosystems, Thermo Fisher Scientific) following the ven-
dor’s specifications. Total RNA was extracted from cell lines in the absence
or presence of interferon-gamma (100 1U/mL) at 3 hr using the QIAGEN AllPrep
DNA/RNA Mini Kit RNeasy kit according to the manufacturer’s protocol
(QIAGEN).

nCounter Transcriptional Profiling Analysis

Total RNA was extracted from human melanoma cell lines in the absence or
presence of interferon gamma (100 1U/mL) at 3 hr as described above.
nCounter (NanoString Technologies) analysis was performed at the Center
for Systems Biomedicine, a part of the Integrated Molecular Technologies
Core (IMTC) at UCLA analyzing the genes detailed in Table S2. mRNA tran-
scripts of specific cellular genes, including housekeeping genes for normaliza-
tion, were quantified in untreated M233, M244, M263, M368, M381, and M395
cells and after 3 hr of interferon gamma exposure. M233 cells were also co-
incubated for 3 hr with 1 uM JAK2 pharmacological inhibitor CEP-33779
(Apex Bio). Results were analyzed using the 2.5 nSolver Software (NanoString
Technologies).

Tumor Biopsies and Immunohistochemical Staining

Tumor biopsy specimens were obtained from patients receiving anti-PD-1
therapy under UCLA IRB 11-001918. Samples were immediately fixed in
formalin followed by paraffin embedding and processed for snap-freezing
in liquid nitrogen when an additional sterile piece of the tumor was present
(Tumeh et al., 2014). For CD8 and PD-L1 analyses of tumor biopsy speci-
mens, slides were stained with H&E, S100, CD8, and PD-L1 at UCLA’s
anatomic pathology immunohistochemistry laboratory. Immunostaining
was performed on Leica Bond lll autostainers using Leica Bond ancillary re-
agents and REFINE polymer 3,3'-diaminobenzidine (DAB) detection system.
Percent positivity in the invasive margin or intratumoral area was calculated
using the Indica Labs Halo platform as previously described (Tumeh et al.,
2014).

CRISPR/Cas9-Mediated Knockout

The human melanoma cell line M233 was subjected to CRISPR/Cas9-medi-
ated knockout of MAK14 (p38), CRKL, and PI3K by lentiviral transduction using
particles encoding guide RNAs, a fully functional CAS9 cassette, GFP, and
puromycin as selectable markers (Sigma-Aldrich), as previously described
(Zaretsky et al., 2016). Two guide sequences were used per gene. GFP-posi-
tive single-cell clones were isolated using a FACSARIA sorter (Becton Dickin-
son). Disruption was confirmed by Sanger sequencing with tracking of indels
by decomposition (TIDE) analysis (Netherlands Cancer Institute (NKI);
https://tide.nki.nl) and finally by western blot.

RNA-Seq Gene Set Enrichment and Transcription Factor

Enrichment Analysis

RNA-seq data were generated using 2 x 100 bp paired-end sequencing using
the lllumina HiSeq2000 platform. Paired-end reads were mapped to the UCSC
hg19 reference genome using Tophat2 (Kim et al., 2013); full methods are
included in Supplemental Experimental Procedures.

Statistical Analysis

Descriptive statistics such as mean and SD were calculated and are presented
in the figures. Unpaired t tests were performed for reporter assay analysis as
well as comparing percent input in ChIP analysis. For the shRNA screening,
a probability-based RSA analysis was performed in order to minimize the
impact of off-target activities of the different shRNA hairpins used in the study
(Kénig et al., 2007). The activities of the top hit shRNAs of each gene identified
by RSA algorithm were then summarized and presented. nCounter expression
profile analysis was carried out using the 2.5 nSolver Software (NanoString
Technologies). The normalization module of this software used the popular
geNorm algorithm (Vandesompele et al., 2002) to identify the most stable sub-
set of housekeeping genes. From this, a gene expression normalization factor
was calculated for each sample based on the geometric mean of the selected
housekeeping genes. The normalized expression values of each sample were
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visualized and presented in scatterplots. Graph Pad Prism Version 6 was also
used to generate plots and additional statistical analysis.

ACCESSION NUMBERS

The accession number for the RNA-seq data reported in this paper is GEO:
GSE96619. The nCounter transcriptome is listed in Table S2.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2017.04.031.
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5.1 Conclusion

Our studies have shown the significant role of interferon signaling in mediating anti-tumor

activity to immune check point immunotherapy. Interferon gamma signaling has pleotropic

effects on cancer cell, including increased MHC (Major Histocompatibility Complex) class | and

proteasome expressions, increased chemokine expression and growth inhibition/apoptosis.

Benefit of inducible PD-L1 expression in response to interferon (T cell attack) outweighs other

negative effects (immune sensitizing effects) on cancer cell survival. However, this selective

pressure is flipped when the PD-1/PD-L1 axis is blocked by therapeutic application (acquired

resistance) or immunoediting processes before therapeutic application (primary resistance).

Inefficacy of
PD-1/PD-L1
blockade

x*

IFNGR1 IFNGR2

Figure 1. Impact of JAK mutations on IFNy signaling. A, The
binding of IFNy to the interferon gamma receptor
(IFNGR1/IFNGR2) activates downstream signaling via JAK1 and
JAK2. Upon phosphorylation, a specific transcription profile will be
initiated by a homodimer of the transcription factor STAT1, which
will bind to the GAS promoter to induce the expression of IFN-
stimulated genes. This transcription profile will result in cell-cycle
arrest and an upregulation of MHC-I molecules and PD-L1 to the
cancer cell outer membrane. B, Loss-of-function mutations of JAK?
or JAK2 can impair IFNy downstream signaling and therefore allow
for cancer cell proliferation, T-cell ignaorance by lack of MHC-I
upregulation, and inefficacy of anti-PD-1/PD-L1 therapy due to
absence of PD-L1 expression.
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When cancer cell loses its adaptive

Pd-L1 expression by disabled
interferon signaling, we may think
T cells may have better anti-tumor
activity due to absence of PD-
1/PD-L1 interaction. However, as
Figure 1 showed, when cancer cell
loses its interferon signaling,
cancer cells become insensitive to
T cell attacks (T cell ignorance).
Therefore, treat those tumors with
anti-PD-1/L1 antibodies would be
ineffective and we propose that
JAK1/2 loss of function mutations
are a genetic mechanism of loss of

adaptive PD-L1 expression that



leads to primary or acquired resistance to PD-1 blockade.

5.2 Future direction

As we have shown, the genetic alteration of JAK1/2 that leads to loss of adaptive PD-L1

expression and loss of interferon response is low. However, the frequency of loss of interferon

signaling in cancer cell is likely under-appreciated considering epigenetic alteration as Bob

Schreiber and his colleague showed that epigenetic inactivation of JAK1 or JAK2 allowed

experimental carcinogen-induced cancers and some established human cell lines, especially in

one of prostate cancer cell lines, to avoid immune response (1-3). Epigenetic modification is

now increasingly recognized as one of the complex adaptations of cancer cells use to evade

immune attack. Currently the strategy to prime cancer cells with epigenetic modifiers before

immunotherapy, in particular with TCR engineered adoptive T cell transfer and checkpoint

1200 4
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™ II

3004

PD-L1 MFI

interferon signaling genes. (Shin, et al, Cancer Discover, 2016)
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Figure 2. PD-L1 response to interferon gamma. Arrows represent average
change from baseline upon interferon gamma exposure. Shades show the full
range of measured values (n=2 or 3). Red stars indicate cell lines with no response
and black stars indicate cell lines with poor response to interferons. Red: BRAF
mutated; blue: NRAS mutated; green: BRAF and NRAS mutated; black: BRAF wild
type, NRAS wild type. M395 harbored JAK1 loss of function mutation, M368
harbored JAK2 loss of function mutation, M412B did not harbor mutations in

55

blockade, is being

tested in the clinic
(NCT01928576).

Epigenetic modifiers
appear to induce
tumor antigen
expression and recent
studies show that it

induces endogenous

retroviral double
strand RNA
expression that
triggers interferon



response in cancer cell (4, 5). Epigenetic modifiers also induce PD-L1 expression (6, 7). Our
screening on 48 human melanoma cell lines showed variable degrees of PD-L1 up-regulation in
response to interferon gamma, categorized into good (80%), poor (10-15%) and non-responding
cell lines. Among 3 of the non-responding cell lines, we reported JAKT or JAKZ2 loss of function
mutations, and the third cell line did not have any loss of function mutations on JAK-STAT
signaling genes, yet it did not up-regulate PD-L1 expression at all. These data indicate the
potential role of epigenetics in regulating interferon response to those poorly responding and

non-responding cell lines without genetic alterations.

With these observation, | am currently undertaking epigenetic profiling of melanoma cell lines
based on its adaptive PD-L1 expression in response to interferon by utilizing cutting edge
methodologies, such as ATAC (Assay for Transposase-Accessible Chromatin)-seq and
fractionated RNA-seq (chromatin associated RNA), etc. These will be particularly useful to
interrogate the active transcriptional programs along with accessible genome in each melanoma
cell line in response to interferons. This ongoing work has great potential to characterize how
cancer cells react to interferons which is a central question needs to be answered in order to

understand response and resistance to immunotherapy.
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