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blockade

Davis Y. Torrejonl, Gabriel Abril-Rodriguezl:2, Ameya S. Champhekar!, Jennifer Tsoi?,
Katie M. Campbelll, Anusha Kalbasi3, Giulia Parisil, Jesse M. Zarestskyl, Angel Garcia-
Diazl, Cristina Puig-Saus!, Gardenia Cheung-Lau?, Thomas Wohlwender?4, Paige
Krystofinskil, Agustin Vega-Crespol, Christopher M. Leel, Pau Mascaro?, Catherine S.
Grasso?l, Beata Berent-Maoz!, Begofia Comin-Anduix*®, Siwen Hu-Lieskovanl”, Antoni
Ribasl.2.4.5.6

1.Department of Medicine, Division of Hematology-Oncology, University of California, Los Angeles
(UCLA).

2.Department of Molecular and Medical Pharmacology, UCLA
3-Department of Radiation Oncology, UCLA

4Department of Surgery, Division of Surgical Oncology, UCLA.
5Jonsson Comprehensive Cancer Center, Los Angeles, CA 90095, USA

6.Parker Institute for Cancer Immunotherapy, San Francisco, CA 94129, USA

Abstract

Mechanism-based strategies to overcome resistance to programmed cell death-1 (PD-1) blockade
therapy are urgently needed. We developed genetic acquired resistant models of JAKZ, JAKZ and
B2ZM loss of function mutations by gene knockout in human and murine cell lines. Human
melanoma cell lines with JAK1/2 knockout became insensitive to interferon (IFN)-induced
antitumor effects, while B2M knockout were no longer recognized by antigen-specific T cells and
hence resistant to cytotoxicity. All of these mutations led to resistance to anti-PD-1 therapy /in
vivo. JAK1/2 knockout resistance could be overcome with the activation of innate and adaptive
immunity by intratumoral Toll-like receptor 9 (TLR9) agonist administration together with anti-
PD-1, mediated by natural killer (NK) and CD8 T cells. B2M knockout resistance could be
overcome by NK and CD4 T cell activation using the CD122 preferential interleukin 2 (IL-2)
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agonist bempegaldesleukin. Therefore, mechanistically-designed combination therapies can
overcome genetic resistance to PD-1 blockade therapy.

Introduction

Therapeutic efficacy of blocking negative immune regulation through the PD-1 checkpoint is
limited by primary and acquired resistance (1-3). Understanding the underlying mechanisms
of resistance may allow rational design of combinatorial therapies to overcome resistance.
There is emerging data pointing to the loss of function mutations in the Janus kinases 1
(JAKI) and 2 (JAK2) from the IFN signaling pathway, and in beta-2-microglobulin (BZ2M)
from the antigen presentation pathway in patients who become resistant to immune
checkpoint blockade therapy (4-10). The frequency of such mutations is low in the limited
studies to date (11,12), but these are defined mechanisms that provide biological evidence of
how cancer cells try to escape from the antitumor immune response induced by anti-
PD-1/L1 therapies. Furthermore, five preclinical models based on CRISPR screens to study
mechanisms of cancer escape from immune response also point to alterations in the antigen
presenting machinery and IFN signaling as the two dominant pathways involved in
resistance (13-17). We acknowledge that the biology of these loss of function mutations is
not straightforward, as several well-documented cases of patients with metastatic melanoma
with BZM mutations at baseline were reported to respond to anti-PD-1 or anti-CTLA4
therapy (9,18-21). In addition, it is envisioned that a subset of cases with primary and
acquired resistance to PD-1 blockade therapy can obtain the similar resistant phenotypes
through epigenetic changes in the same pathways, which are harder to study in patient-
derived biopsies (1,21-23). Based on this knowledge, we postulate that the full mechanistic
understanding of these genetic acquired resistance mutations will allow the design of
strategies aimed to overcome resistance.

The convergence of data on the IFN-gamma receptor-signaling pathway suggests that the
use of combinatorial approaches to re-activate the IFN pathway could overcome resistance
driven by JAK mutations (24). For instance, Toll-like receptor 9 (TLR9) agonists that mimic
bacterial DNA sequences stimulate both innate and adaptive immune responses by inducing
the production of type | IFNs, in particular by plasmacytoid dendritic cells, a cell type with
exquisite sensitivity to TLR9 agonists (25). On the other hand, it is well-known that MHC
class I-deficient tumors are susceptible to NK cell-dependent cytotoxicity (26-28). Without
B2ZM on the tumor cell surface, HLA-class | molecules are not stable and unable to present
antigen to CD8+ T cells. Hence, NK cells may be activated to recognize “missing self” (27).

To define the IFN signaling and antigen presentation mechanisms of resistance by JAKZ,
JAKZand BZ2M loss of function mutations, we developed /7 vitro and in vivo models and
studied the biological significance of these mutations leading to resistance to PD-1 blockade
therapy. Using CRISPR/Cas9 genome editing, we created sublines lacking JAKZ, JAKZ2and
B2ZM expression in four human melanoma cell lines and in the murine MC38 colon
carcinoma, which is a well-characterized model with high mutational burden that responds
well to anti-PD-1 therapy (29,30), and validated key results in the widely used primary anti-
PD-1 blockade-resistant B16 murine melanoma model (29). Based on the molecular
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understanding of these pathways, we hypothesized that a TLR9 agonist could initiate a
potent type | IFN systemic response overcoming anti-PD-1 resistance in JAK1/2 deficient
models and that a CD122 preferential IL-2 pathway agonist could overcome resistance in
BZM deficient tumors by enhancing NK and CD4 T cell antitumor activity.

Functional effects of JAK1/2 and B2M knockout mutations in human melanoma cell lines

We generated and validated JAKZ and JAKZ knockout sublines of four human melanoma
cell lines (M202, M233, M407 and M420), and BZM knockout sublines of two human
melanoma cell lines (M202 and M233) using CRISPR/Cas9 gene editing (Figure S1 and
S2A). Next, we characterized the biology of JAKZ/2knockout cells in terms of response to
IFN-alpha, -beta and -gamma stimulation. Three of these four parental melanoma cell lines
showed growth inhibition in response to direct /n vitro treatment with the three IFNs, while
M202 was mostly resistant with only a small amount of growth inhibition with IFN-beta. All
JAK1 knockout sublines were insensitive to all three IFNs, which is in line with the role that
JAK1 plays in signaling downstream of both type | and Il IFN receptors (31). As expected,
since JAKZis only involved in type Il IFN receptor signaling, JAKZ2 knockout sublines were
insensitive to IFN-gamma but remained sensitive to IFN-alpha and -beta (Figure 1A). We
also evaluated the surface expression of PD-L1 and MHC class | after exposure to IFNs. In
all JAKI knockout sublines, PD-L1 and MHC class | surface expression did not increase
after exposure to the three IFNs, while, as expected (5), the JAKZknockout sublines did not
respond to IFN-gamma but still responded to IFN-alpha and -beta (Figure 1B). In contrast,
B2ZM knockout in the M202 and M233 cell lines did not affect the sensitivity to any of the
three IFNs on cell growth inhibition and PD-L1 surface expression compared to the wild-
type counterpart, but instead led to the loss of surface expression of MHC class | (Figure S2
B-D). Therefore, JAKZ knockout cell lines lose the ability to respond to type I and 11 IFNs,
JAKZ knockout cell lines lose the ability to respond to type Il IFN, and B2M knockout cell
lines continue to respond to all three IFNs and loss the expression of MHC-class 1.

In order to assess the impact of JAKZ/2and BZM knockout mutations in the ability of T
cells to recognize and attack tumor cells, we used HLA-A*02:01 MART-1 positive M202
melanoma cells and set up a co-culture using human T cells that were retrovirally transduced
to express the F5 transgenic TCR specific for MART-1 (32,33). MART-1 TCR transgenic T
cells had strong /n vitro antitumor cytotoxicity against both JAK1/2knockout MART-1-
positive melanoma cells comparable to the parental cells, with intact IFN-gamma production
by these T cells in co-culture experiments (Figure 1C). This observation was consistent
across different clones of the JAKZ/2knockout cell lines with similar ability to be
recognized and killed by antigen-specific T cells (Figure S2 E-G). On the other hand, B2M
knockout MART-1-positive melanoma cells were not recognized by MART-1 TCR
transgenic T cells, exemplified by the lack of IFN-gamma production and cell killing when
co-cultured (Figure 1C). Taken together, JAKZ/2knockout cell lines have intact T cell
cytotoxicity likely due to sufficient baseline levels of MHC class | expression allowing T
cell recognition. However, both T cell recognition and cytotoxicity are lost when B2M was
knocked out.
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Downstream signaling alterations in human cell lines exposed to IFN-gamma

In order to investigate the change in response to IFN-gamma exposure, we cultured the four
cell lines with and without JAKZ/2 or BZM knockout mutations with IFN-gamma. We
harvested RNA after 6 hours of IFN-gamma stimulation for genome-wide transcriptome
comparison to baseline by RNA-seq. We then filtered for gene sets involved in immune
response and IFN-gamma signaling and obtained a total of 61 genes that had greater than a
two-fold change difference in expression in all parental cell lines upon IFN-gamma
treatment. These genes were also upregulated in B2M knockout sublines upon IFN-gamma
exposure, but not in sublines with JAKZ/2knockout (Figure 2). Overall, wild-type cell lines
generally increased gene expression involved in antigen presentation machinery (such as
B2M, HLA-A, HLA-B, HLA-C, HLA-F HLA-G, HLA-DRBI1, HLA-DRB5, CIITA, TAPI,
TAPZ, PSMBS8, PSMB9and PSMB10), IFN-gamma signaling (such as JAKI, JAKZ,
SOCS1, SOCS3, STAT1, STATZ, IRF1, IRF2, IRF7and /RF9) and chemokines (CXCL9
and CXCL10). These changes were also observed in BZM knockout sublines. However, the
ability to upregulate these genes by IFN-gamma was lost in both JAKZ/2knockout sublines
(Figure S3).

In summary, human melanoma cell lines with JAK1/2 knockout mutations do not respond to
IFNs, as determined by upregulation of corresponding IFN-response target genes as well as
surface expression of PD-L1 and MHC class I, but they can still be recognized by antigen-
specific T cells leading to specific cytotoxicity provided they have constitutive baseline
MHC class | expression. On the contrary, human melanoma cell lines with B2ZM knockout
mutations respond to IFNs with expression of corresponding IFN-response genes, but they
are not recognized by antigen-specific T cells due to lack of surface MHC class | expression,
and therefore are resistant to specific cytotoxicity.

Modeling resistance to PD-1 blockade in MC38 murine carcinoma

There are very few syngeneic animal models that respond to PD-1 blockade therapy. The
murine colon adenocarcinoma MC38 has been previously shown to partially respond to
PD-1 blockade therapy (29,30,34). It is a carcinogen-induced cell line with high mutational
burden which shows increase in CD8+ T cell infiltration after PD-1 blockade, and therefore
it recapitulates highly mutated human cancers that respond to this therapy. To generate a
mouse model of anti-PD-1 resistance, we created JAKZ, JAKZ and BZM knockout sublines
of MC38 (Figure S4 A-C). Once multiple knockout clones were selected and validated for
each gene, we characterized their individual /n vitroand in vivo growth curves, as well as
the basal surface expression of PD-L1 and MHC class I, in order to select only the sublines
(JAKZsgRNAL ¢5, JAKZ2sgRNA2 c3 and BZM sgRNAZ2 c6) that behaved similarly to the
parental cell line (Figure S4 D-E). We found that the functional effects of IFNs exposure in
terms of growth inhibition, PD-L1 and MHC class | surface expression were broadly
comparable to that of the human cell lines with the corresponding knockout genes. MC38
JAKI knockout was insensitive to all three IFNs and MC38 JAKZ knockout was insensitive
to only IFN-gamma (Figure 3 A-C).

To model /n vivoresistance to PD-1 blockade, we injected MC38 wild-type or genetically
modified MC38 sublines subcutaneously in the lower flank of the mice. When tumors
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became palpable (at day 5), mice received the first out of four systemic injections of anti-
PD-1 therapy or isotype control. In three replicate studies we demonstrated that JAKZ, JAKZ
and BZM knockout mutations result in the complete abrogation of the benefit of anti-PD-1
therapy (Figure 3D-E and S5A), as has been shown in patient biopsy based studies (4—
10,35), and prior mouse models of B2M knockout (8).

Characterization of the tumor immune contexture by CyTOF

To characterize the tumor-infiltrating immune cell populations in both MC38 wild-type and
resistant tumors treated with either isotype or anti-PD-1 therapy, we performed cytometry by
time-of-flight (CyTOF) analysis. A total of 19 independent cell clusters were identified
using a panel with 28 markers (Figure 4A and S5 B-D). The T cell population was defined
by four clusters, including a CD4 T cell cluster positive for CD3e, CD4 and CD25, and three
CD8 T cell clusters positive for CD3e, CD8e, Thet and PD-1. A NK cell cluster positive for
CD335 and CD161 was also identified (Figure 4 A-B). Using this approach, we analyzed
MC38 tumors from mice after three doses of isotype or anti-PD-1 (day 13). Anti-PD-1
treated wild-type control MC38 tumors presented increased T cell infiltration (p=0.04) and a
trend toward statistical significance (p=0.07) of increased CD8+ T infiltration compared to
isotype control antibody treated tumors, which is in line with data from prior studies (34).
We did not observe significant changes in the CD4+ and NK cell infiltration (Figure 4C-D).
However, anti-PD1 did not induce any significant changes in T, CD4+ T, CD8+ T, and NK
immune cell populations in MC38 JAKZ, JAKZ and B2M knockout tumors (Figure 4C-D).

Given the limited change in the number of tumor-infiltrating CD8+ T cells with anti-PD-1
therapy in this model (34), we analyzed the change in functional phenotype of the CD8+ T
cells including terminally CD8+ T exhausted (CD3e+, CD8a+, PD1+, TIM3+, EOMES+,
Thet+) and progenitor CD8+ T exhausted (CD3e+, CD8a+, PD1+, Thet+, CD69+), within
the CD8+ T cluster (CD3+CD8+) (Figure 4E). Interestingly, JAK1/2and B2M knockout
tumors were enriched in terminally CD8+ T exhausted cells, which have been reported to be
unable to respond to anti-PD-1 therapy (36—38), compared to MC38 wild-type tumors
(Figure 4 F=G), in line with the observed lack of response to anti-PD-1 therapy /in vivo.

Intratumoral TLR-9 agonist administration overcomes resistance to anti-PD-1 therapy in
JAK1/2 knockout tumors

Our results thus far demonstrate that the major effect of JAKZ/2knockout is the inability of
cancer cells to respond and express an IFN-induced transcriptional profile that leads to
downstream immune activation. Additionally, JAK1/2knockout tumors were less immune
infiltrated with functional CD8 T cells compared to wild-type tumors after anti-PD-1
treatment. Therefore, we investigated whether upstream activation with agents that trigger a
type I IFN response in the tumor microenvironment could overcome resistance mediated by
JAKI and JAKZloss. Type | IFN responses could be triggered by recognition of foreign
DNA sequences through pattern recognition receptors such as TLR9 signaling. TLR9
stimulation of plasmacytoid dendritic cells (pDC), which are high producers of IFN-alpha,
could initiate a strong antitumor immune response (25) in tumors lacking JAK signaling
since they can still be recognized and killed by antigen-specific T cells, as shown in Figure
1. To this end, we bilaterally injected wild-type control and JAK1/2knockout cells into mice
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and when tumors became detectable, mice were treated with intratumoral TLR9 agonist
SD-101 injections into the right flank tumors. We observed antitumor effects in both the
injected and contralateral non-injected left flank tumors, with or without systemic anti-PD-1
therapy. In three replicate experiments, the combined therapy of SD-101 and anti-PD-1
provided superior antitumor activity against JAKZ and JAKZ knockout tumors, overcoming
resistance both in injected and contralateral non-injected sites (Figure 5A and S6A), as well
as increased survival (Figure 5B). The antitumor effect of intratumoral SD-101 was
consistent when replicated using tumors from additional MC38 JAK1/2 CRISPR/Cas9
knockout sublines (Figure S6B).

To analyze the role of T and NK cells, we performed antibody-mediated CD4+ T-cell, CD8+
T-cell and NK1.1+ cell depletion studies in mice with JAK1/2 knockout tumors treated
unilaterally with intratumoral SD-101 or combination therapy with systemic anti-PD-1
therapy. Antibody-mediated depletion was confirmed by flow cytometric analysis of
splenocytes (Figure S7A). In JAKZ knockout tumors, depletion of NK and CD4+ T, but not
CD8+ T cells, partially abrogated the SD-101 antitumor activity (Figure 5C and S7B). In
contrast, the CD8+ T cell depletion completely ablated the effect of the combination therapy
(Figure 5D and S7C). In JAKZ2knockout tumors, depletion of CD4+ and NK cells resulted in
a partial abrogation of antitumor activity while CD8+ T cell depletion resulted in complete
abrogation of the antitumor efficacy of SD-101 alone and in combination with anti-PD-1
(Figure 5C-D and S7B-C).

To have the power to distinguish tumor-specific immune cell changes from combinatorial
treatments, we integrated data from replicate mass cytometry experiments using an
automated meta-analysis of CyTOF data, Metacyto (39). We merged cytometry data across a
wide range of cell surface and intracellular markers (Table S1 and S2) and identified
immune cell populations using pre-defined cluster analysis (Table S3). Anti-PD-1 therapy
did not change the frequency of CD4+ and CD8+ T-effector subsets in both JAKZ/2
knockout tumors (Figure 5E). These results are in line with Figure 4, and suggest a lack of
maintained T cell activation in JAK1/2 knockout tumors. Treatment with single agent
SD-101 increased NK cells mobilization in JAKZ knockout and also CD8+ and CD4+ T
cells in JAKZ knockout tumors. Interestingly, the addition of anti-PD-1 treatment improved
immune responses and increased the levels of CD3+ T, CD4+ T, CD8+ T and B cells
compared to SD-101 alone (Figure 5F and S8) in line with our depletion experiments
(Figure 5C-D).

As we documented the increase in T cell infiltration when adding anti-PD-1 to intratumoral
TLR9 administration, we next wanted to elucidate whether the combinatorial treatment
increase expression of the T-cell chemoattracting chemokines CXCL9 and CXCL10 within
tumor microenvironment. Therefore, we performed gRT-PCR from MC38 wild-type control
and knockout tumors after two doses of intratumoral SD-101 and three doses of anti-PD-1
compared to anti-PD-1 or isotype control. No differential expression of CXCL9 or CXCL10
was detected in JAKZ/2knockout tumors treated with anti-PD-1 comparable to isotype
control. Interestingly, combination of SD-101 with anti-PD-1 treatment produced higher
levels of CXCL9 and CXCL10 than did tumors treated with anti-PD-1 or isotype control, in
wild-type and JAK1/2 knockout tumors (Figure 5G). Taken together, our results demonstrate
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that SD-101 is able to overcome resistance in both JAKZ and JAKZ knockout models by
increasing infiltration of T cells and NK cells as a result of markedly increased levels of both
CXCL9 and CXCL10 in the tumor microenvironment.

The CD122 preferential IL-2 pathway agonist bempegaldesleukin overcomes resistance in
B2M knockout tumors

We reasoned that the absence of B2M and subsequent lack of surface expression of MHC
class | may sensitize cancer cells to NK cells, as MHC class | is the major inhibitory ligand
for NK cell function (26-28). Therefore, we tested the CD122 preferential IL-2 pathway
agonist bempegaldesleukin (also known as NKTR-214) (40,41), administered either alone or
in combination with anti-PD-1. In two replicate experiments, the systemic administration of
bempegaldesleukin overcame therapeutic resistance to anti-PD-1 in B2M knockout tumors
(Figure 6A and S9A), with significantly longer survival compared to the control groups
(Figure 6B).

To assess the influence of T and NK cells in the bempegaldesleukin response, depletion
studies were performed and confirmed by spleenocyte flow cytometric analysis (Figure
S7A). Depletion of CD8" T cells did not affect the antitumor effect, as expected from the
low MHC-I expression on the tumors. However, the depletion of either CD4+ T or NK cells
abrogated the antitumor effect of bempegaldesleukin in the MC38 B2M knockout tumors
(Figure 6C and S9B).

Applying MetaCyto across a set of mass cytometry data, knockout of B2M in tumors
resulted in the loss of MHC class | and the reduction of CD8+ T cell infiltration (Figure 6
D-E). However, treatment with bempegaldesleukin was able to overcome resistance through
increased infiltration of CD4+ T as well as NK cells, resulting in the rejection of B2M
knockout tumors (Figure 6E). Taken together, our combined meta-analysis and depletion
studies suggests that the immune compartment is distinct in the B2M knockout and wild-
type tumors due to the lack of MHC-I expression. However, an effective anti-tumor immune
response, consisting of CD4+ T cells and NK cells, can still be mounted in these tumors by
treatment with bempegaldesleukin.

Overcoming JAK1/2 and B2M resistant tumors in an aggressive B16 murine melanoma

model

To validate the concepts underlying the combinatorial strategies to overcome resistance in
JAK1/2 and BZM knockout tumors, we used a second mouse tumor model, the B16
melanoma model, which exhibits primary resistance to PD-1 blockade (30). Functional
effects of IFNs exposure were consistent with their defective signaling: B16 JAKZ knockout
did not upregulate PD-L1 and MHC class | surface expression to all three IFNs, and B16
JAKZ knockout to only IFN-gamma (Figure 7A).

To evaluate the impact of the combinatorial treatment TLR-9 agonist plus anti-PD-1 in this
model, we bilaterally implanted B16 wild-type control and JAKZ/2knockout cells into mice
and treated with intratumoral SD-101 with or without systemic anti-PD-1 therapy, as we had
done with the MC38 experiments. Combination of SD-101 with anti-PD-1 resulted in a
significant growth delay in JAKZ and JAKZ knockout tumors, overcoming resistance in both,
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injected and contralateral non-injected sites (Figure 7B and S10A). We also examined the
effect of bempegaldesleukin alone or in combination with anti-PD-1 in B16 B2M knockout
tumors. Consistent with the results in the MC38 model, combination of bempegaldesleukin
with anti-PD-1 overcame therapeutic resistance to anti-PD-1 in B2M knockout tumors
(Figure 7C and S10B), with a significant improved survival in B2M knockout tumors
compared to wild-type control.

Discussion

Targeting mechanisms of resistance to immune checkpoint blockade is an area of high
clinical need. In this study we characterized the significance of JAK1/2and B2M loss of
function mutations in tumor cells as resistance mechanisms to anti-PD-1 therapy. Our
functional data showed that JAKZ/2knockout mutations resulted in insensitivity to IFN
gamma-induced antitumor effects while maintaining the ability to be recognized and killed
by T cells, and BZM knockout led to the lack of antigen presentation, cancer cell recognition
and cytotoxicity by T cells. This information allowed us to design combinatorial strategies to
successfully overcome these anti-PD-1 resistance mechanisms in mouse models.

Defects leading to lack of sensitivity to the IFN signaling pathway have been described as a
mechanism of tumor escape and immunoresistance (42-46). Baseline JAKI or JAKZ?
mutations are infrequent in human cancers, representing less than 1% of all cases (4), with
an increase in incidence in JAKZ mutations in endometrial carcinomas with microsatellite
instability (7,47,48). Upon pressure from the immune system, some cancer cells may escape
by developing an inactivating mutation in one JAK allele and losing the second wild-type
allele, resulting in a homozygous loss of function mutation in the IFN-gamma response
pathway. Such events have been documented in patients with melanoma treated with
immune checkpoint blockade therapy with acquired resistance induced by mutations in
JAKI or JAKZ2 (5,6), and in patients with metastatic cervical cancer receiving adoptive cell
transfer therapy with a TCR specific for the E6 viral antigen mediated by the development of
mutations in the IFN-gamma receptor 1 (46). These mechanisms of resistance have been
modeled pre-clinically with different readouts. Using shRNA knockdown in human and
murine melanoma cell lines, Luo ef a/. (49) concluded that silencing of JAKZ but not JAK2
was critical for the effects of IFN-gamma and anti-PD-1. However, given the longstanding
evidence that both JAKZ and JAKZ are required for IFN-gamma receptor signaling (43,45),
it is likely that the differences in results may be due to the shRNA partial silencing approach.
Furthermore, Williams et a/. (50) used a murine model of melanoma expressing a strong
foreign antigen to study the effects of JAKZ knockout in tumor implantation, showing that it
resulted in decreased tumor outgrowth. This result is likely from the inability to express PD-
L1 by the JAKZ knockout tumors, resulting in loss of adaptive immune resistance, and
increased their clearance at the time of tumor implantation. Our data suggest that once the
tumor cells with JAKZ knockout grow /7 vivo past the point of tumor implantation, then they
become resistant to anti-PD-1 therapy due to the inability to respond to IFN-gamma and
amplify the antitumor immune response.

The realization that IFN signaling by cancer cells is critical for anti-PD-1 response led us to
hypothesize that changing the tumor microenvironment to have a strong IFN response by
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triggering pattern recognition receptors may overcome resistance due to lack of IFN-gamma
signaling, and may improve the antitumor activity of immune checkpoint blockade therapy.
Synthetic CpG-ODN agonists of TLR9 are being tested in the clinic in combination with the
human anti-PD-1 antibody therapy. The combination of intratumoral SD101 with
pembrolizumab resulted in antitumor responses in patients with advanced melanoma who
were refractory or resistant to prior anti-PD-1 therapy (51). In the same way, early clinical
trials using two other TLR9 agonists, CMP-001 (52) and IMO-2125 (53), or the double-
stranded RNA (poly I:C) BO-112 (54), in combination with immune checkpoint inhibitors,
resulted in objective antitumor responses in patients who had previously progressed on
treatment with anti-PD-1. Together, these clinical data validate our mouse model findings
and suggest a strategic approach for overcoming resistance to PD-1 blockade therapy. We
observed that the JAK1/2knockout tumors were still being recognized by antigen-specific T
cells and could lead to specific cytotoxicity independent of IFN-gamma signaling, which
provides evidence that if a TLR-9 agonist could re-activate type | IFN signaling in tumor
microenvironment cells despite the cancer cells not being able to signal through the IFN
receptor, then T cells will be able to exert antitumor activity.

Both JAK1/2knockout tumors respond according to the mechanistic mode of action of
SD-101 (55). Antitumor immune response involved in JAKZ knockout tumors were NK and
CDA T cell-dependent when treated with single SD-101, but the addition of anti-PD-1
recovers the central role of CD8 T cell effector demonstrating that these tumors may
sensitize to synergistic effect of combined therapy. In contrast, JAKZ knockout tumors
required mainly CD8+ T cells for tumor suppression, suggesting that JAKZ2loss is a more
favorable scenario for CD8+ T-cell responses.

Loss of function BZM mutations have been reported in microsatellite stable and MSI-high
colorectal (56), melanoma (9,57) and lung cancers (58), and promote resistance to
immunotherapy mediated by loss of antigen presentation (5,8-10,35). Some studies have
found the loss of BZM in biopsies from patients who respond to anti-PD-1 (20,21), with
corresponding supportive results when knocking out B2M in mouse models of
immunotherapy (8), indirectly suggesting to us that activation of MHC class I-independent
CDA4+ T cells or innate immune cells such as NK cells may contribute to clinical response
(18). Bempegaldesleukin is a CD122-preferential I1L-2 pathway agonist that activates and
expands effector CD4+ T, CD8+ T and NK cells (40,59). Combination therapy with
bempegaldesleukin and nivolumab has shown encouraging objective responses in patients
with treatment-naive melanoma with PD-L1 negative tumors (60,61). Consistent with our
hypothesis, we obtained durable tumor responses with this combination in B2M knockout
tumors. In line with the lack of MHC class | antigen presentation, depletion studies
suggested that NK and CD4+ T cells, which are not restricted by MHC class I, play a key
role in the antitumor immunity in B2M knockout tumors. Furthermore, Ardolino ef al. (62)
had also previously described that IL-2 therapy could induce antitumor responses in a model
of MHC class | deficient mouse tumor. These studies provide strong mechanistic support for
this a strategy of I1L-2-based therapy with anti-PD-1 for treating patients with MHC class |
deficient tumors who have progressed on prior anti-PD1-therapy, and may also enhance the
antitumor activity in previously untreated tumors.

Cancer Discov. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torrejon et al.

Methods

Page 10

In conclusion, our study links the disruption of genes in the IFN receptor and antigen
presentation pathways with mechanisms of resistance to PD-1 blockade therapy and may
guide the design of effective combination therapies to overcome resistance. Even in the
extreme setting of genetic resistance to PD-1 blockade by JAK1/2loss of function
mutations, resistance can be overcome by the intratumoral injection of a TLR9 agonist,
while resistance through B2M loss can be overcome by an IL-2 pathway agonist potently
activating an antitumor CD4+ T cell and NK response. Our findings strongly support the
testing of these rational combinatorial strategies in patients with such mechanisms of anti-
PD-1 resistance.

Human melanoma cell lines, cell culture and conditions:

Patient-derived melanoma cell lines were thawed and cultured at 37° C with 5% CO, in
RPMI-1640 medium supplemented with 10 % fetal bovine serum, 100 units/ml penicillin,
100 pg/ml streptomycin and 0.25 pg/ml amphotericin B. Cells were maintained and
confirmed mycoplasma negative using MycoAlert Mycoplasma Detection Kit (Lonza). Cell
lines were periodically sampled and used the GenePrint® 10 System for cellular
authentication, and matched with the earliest passage cell lines. Cell lines were subject to
experimental conditions after reaching two passages from thawing.

CRISPR/Cas9-Mediated knockout

The human melanoma cell lines M202, M233, M407 and M420 were subjected to CRISPR/
Cas9-mediated knockout of JAKZ, JAKZ, and B2M. MC38 and B16 murine cell line were
subjected to CRISPR/Cas9-mediated knockout of JAKZ, JAKZ, and B2M. Using the
CRISPR design tool at http://www.deskgen.com, the sgRNASs targeting were designed
(Table S4).

Human melanoma M407 with CRISPR/Cas9 mediated JAKZ and JAKZ knockouts were
generated by lentiviral transduction using particles encoding guide RNAs, a fully functional
CAS9 cassette, GFP, and puromycin as selectable markers (Sigma-Aldrich), as previously
described (5). All other sgRNASs were cloned into the pSpCas9(BB)-2A-GFP vector
(Addgene, Cambridge, MA) (63) and then transformed into One Shot® StbI3™ Chemically
Competent E. coli (Invitrogen) and cultured overnight in LB with ampicillin plates. Selected
colonies were grown in LB overnight and DNA was isolated using the QlAprep midiprep kit
(QIAGEN). Plasmids were then sequence-verified using a U6 promoter primer forward 5-
GCCTATTTCCCATGATTCCTTC-3. Cells were transfected using lipofectamine 3000
manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA) and GFP positive cells
were collected and single-cell sorted 48—72 hours after transfection at the UCLA Flow
Cytometry core. Genomic DNA was isolated for each clone (NucleoSpin Tissue XS,
Macherey-Nagel, Diiren, Germany) and after a 700 base pair (bp) region containing the
sgRNA was amplified by PCR using the HotStarTag Master Mix (QIAGEN). Disruption was
confirmed by Sanger sequencing with Tracking of Indels by Decomposition (64) (TIDE)
web tool and finally confirmed by western blot.
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Cell-Proliferation and growth-inhibition assays

Cell-proliferation and growth-inhibition assays were performed by real-time live cell
imaging in an Incucyte ZOOM (Essen Biosciences, Ann Arbor, MI). 2000-5000 cells were
seeded in 96-wells plates and cultured at 37° C. 24 hours after plating, culture media was
replaced with fresh media with or without 5000 1U/ml IFN-alpha (Merck Millipore, Cat#
IF007), 500 IU/ml IFN-beta (Merck Millipore, Cat# 1F014) and 100 ng/ml IFN-gamma (BD
Pharmingen, Cat# 554616) in human melanoma cell lines and IFN-alpha (Merck Millipore,
Cat# IF009), IFN-beta (Merck Millipore, Cat# IF011) and IFN-gamma (Peprotech, Cat#
315-05) in mouse cell lines at the same concentrations. IFN concentrations were defined
after dose-dependent growth inhibition optimization processes for all three IFNs (5).

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

Melanoma and murine cell lines were seeded into 6-well plates during day 1, targeting 70—
80% of confluence on the day of surface staining. Following day, culture media was replaced
with fresh media with or without IFN-alpha 5000 1U/ml, -beta 500 1U/ml, or -gamma 100
ng/ml (same conditions as above) for 18 hours. During day 3, after incubation time, cells
were trypsinized and incubated at 37°C for 2 hours with media containing the same
concentrations of IFN-alpha, -beta, or -gamma. Then media were removed by centrifugation
and cells were resuspended with 100% FBS and stained with APC anti-PD-L1 and PE-
Cy™7 anti-HLA-ABC in human melanoma cell lines or PE anti-PD-L1 and APC anti-MHC
I in mice cell lines, on ice for 20 minutes. To continue, cells were washed once with 3 ml
PBS and resuspended in 300 pL of PBS. Dead cell discriminator, 7-AAD, was added to
samples prior to data acquisition by LSRII (Becton, Dickinson and Company). Data were
analyzed using Flowjo software (version 10.0.8r1, Tree Star Inc., Ashland, OR).
Experiments were performed at least twice for each cell line.

Functional Coculture Assays and IFN-gamma production by ELISA

Parental human M202 melanoma cell line and established JAKZ, JAKZ and B2M knock-out
sublines are HLA-A*0201*MART1* cell lines used to analyze recognition by T-cell
receptor transgenic T cells with the use of /in vitro coculture assays. Cells were co-cultured
with effector PBMCs (untransduced and MART-1 F5 specific TCR) at an effector/target
ratio of 1:1, 2.5:1 and 10:1. Supernatants from six replicate wells for each condition were
collected 24 hours postcoculturing and measured IFN-gamma release by ELISA
(eBioscience, San Diego, CA). Cytotoxicity assay were conducted by real-time live cell
imaging in an IncuCyte ZOOM (Essen Biosciences) and expressed as percentage of cells
that were killed by effector cells over period of coculture. Cell lines were stably transfected
with a nuclear localizing RFP (NucLight Red Lentivirus EFla Reagent, Essen Biosciences)
to facilitate cell counts. All experiments were performed in a minimum of three independent
runs. Graph production and statistical data were analyzed via Prism software (Graphpad, La
Jolla, CA).

RNA isolation and RNA-seq analysis of human melanoma cell lines

Melanoma cell lines were plated at 1.5-2.0 x 106 cells per 10 cm dish or 2x10° per 6-well
plate well for IFN-gamma treatment. 24 hours after plating, culture media was replaced with
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fresh media with or without 100 ng/ml IFN-gamma (BD Pharmingen, Cat# 554616). Cells
were harvested 6 hours after the start of IFN-gamma treatment, pellets were lysed in TRIzol
reagent (Invitrogen, Cat# 15596018) and stored at —80°C before RNA extraction.

Total RNA was extracted using a protocol that combined the TRIzol method and the RNeasy
mini kit (Qiagen Cat# 74104). Briefly, the agueous phase containing RNA from the TRIzol
extraction method was mixed with an equal amount of 70% Ethanol and loaded on a RNeasy
mini column. The column was washed according to the kit manual and total RNA was eluted
in 60 ul RNase free water. RNasin RNase inhibitor (Promega, Cat# N2511) was added to a
final concentration of 2 U/ul. Total RNA was submitted for RNA-seq to the UCLA
Technology Center for Genomics & Bioinformatics.

Single-end reads 50bp in length were mapped using HISAT?2 (65) version 2.0.4 and alighed
to the hg19 genome using default parameters. Reads were quantified using HTSeq (66)
version 0.6.1 with the intersection-nonempty mode and counting ambiguous reads if fully
overlapping. Raw counts were then normalized to fragments per kilobase of exon per million
fragments mapped (FPKM) expression values. FPKM values were log2 transformed with an
offset of 1, and normalized by gene for heatmap visualization. Change in gene expression
was quantified by calculating the log2 fold change, comparing IFN-gamma treated to
untreated cell lines. Genes were annotated as processes and pathways using the MSigDB
(67), KEGG (68), and Reactome (69) gene sets. Heatmaps were created using the R
statistical language (https://www.R-project.org) and the ggplot2 (70) package.

Western blots

Selected cell lines were maintained in 10 cm culture dishes and analyzed when 70-80%
confluent. Western blot was performed as previously described(71). Primary antibodies
included JAKZ, JAKZ, BZM and GAPDH (all were obtained from Cell Signaling
Technology, Danvers, MA). Immuno-reactivity was analyzed with the ECL-Plus kit
(Amersham Biosciences Co, Piscataway, NJ), using the ChemiDoc MP system (Bio-Rad
Laboratories, Hercules, CA). Experiments were performed at least twice for each cell line.

Mice, cell lines and reagents

C57BL/6 mice were bred and kept under defined-flora pathogen-free conditions at the
Association for the Assessment and Accreditation of Laboratory Animal Care approved
animal facility of the Division of Experimental Radiation Oncology, University of
California, Los Angeles (UCLA), and used under the UCLA Animal Research Committee
protocol #2004-159-431. The MC38 cell line was originally generated at the NCI Surgery
Branch (originally labeled as Colo38), and was obtained from UCLA Department of
Neurosurgery (Dr. Robert Prins). The B16-F10 mouse melanoma cell line were purchased
from ATCC. The MC38 cell line, B16-F10 mouse melanoma cell line and established
knockout cell lines were cultured at 37° C with 5% CO, in DMEM medium (Invitrogen,
Carlsbad, CA) supplemented with 10 % fetal bovine serum, 100 units/ml penicillin, 100
ug/ml streptomycin and 0.25 ug/ml amphotericin B. Cell lines were confirmed mycoplasma
negative using MycoAlert Mycoplasma Detection Kit (Lonza), and periodically tested for
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authentication. For in vivo experiments, early passage cell lines were used (less than ten
passages).

Antibodies for /n vivo experiments: anti-mouse-PD-1 (clone RMP1-14), anti-mouse CD8
(clone YTS 169.4, BE0117), anti-mouse CD4 (clone GK1.5, BE0003), anti-mouse NK1.1
(clone PK136, BE0036) and isotype control antibody (clone 2A3, BE0089), all from
BioXCell (West Lebanon, NH). The CpG-C oligodeoxynucleotide SD-101 were obtained
under a material transfer agreement (MTA) with Dynavax. SD-101 was synthesized and
purified by standard techniques as previously described (72). Bempegaldesleukin
(NKTR-214 (40)) was provided by Nektar Therapeutics. Both are diluted in the
recommended product formulation buffer for /n vivo studies.

Antitumor studies in mouse models

To establish subcutaneous (s.c.) tumors, 0.3x10% of MC38 wild-type or established JAKZ,
JAKZ, BZM knockout cells per mouse were injected into the flanks of C57BL/6 mice. When
tumors became palpable (day 5 or 6), four doses of 300 pg of anti—-PD-1 or isotype control
antibody were injected intraperitoneally (i.p.) every 3 days. Intratumoral treatment of
SD-101 was used at 50 ug per injection. Bempegaldesleukin (NKTR-214) was used at 0.8
mg/kg every 9 days x 2 doses, intravenous (tail vein). For depletion studies, 300 pg of anti-
CD8, 300 pg of anti-CD4, 300 pg of anti-NK1.1, or the combination were administered
every 3 days starting the day before SD-101 or bempegaldesleukin until the end of the
experiment. Splenocytes from control and depleted corresponding mice were taken to
validate depletion efficacy. Tumors were followed from caliper measurements two or three
times per week and tumor volume was calculated using the following formula: tumor
volume= ((width)2 x length)/2. Mean and error standard of the tumor volumes per group
was calculated.

Mass Cytometry (CyTOF) analysis

MC38 wild-type or established JAKZ, JAKZ2and B2M knockout tumor cells (0.3x108) were
implanted into the flanks of C57BL/6 mice. On day 13 following inoculation, tumors were
harvested from mice at pre-defined treatment. Tumors were digested using the tumor
dissociation kit mouse (Miltenyi, Bergisch Gladbach, Germany). Spleens were dissociated
and filtered with a 70-micrometer filter following digestion with the ACK lysis buffer
(Lonza, Basel, Switzerland). Samples staining and data acquisition were performed as
previously described (34) except that used 3% paraformaldehyde and samples were not
barcoded. A full list of immune markers used was described in Table S2. Samples were
analyzed using Fluidigm® Helios™ (San Francisco, CA) mass cytometry system at the
UCLA Flow Cytometry core. Samples were manually gated for cells, singlets and double
expression of the viable CD45 single-cell-positive population (Figure S5b) using FlowJo
software (version 10.4.2) and data files were analyzed using Cytofkit package (73) (R
version 3.5.1). To identify and annotate each of the clusters obtained, cluster median data
were normalized, and a threshold of >0.5 was used to define positive immune markers. T-
distributed stochastic neighbor embedding plots were generated by PhenoGraph clustering
through cytofkiyShinyAPP from Cytofkit. We used FlowSom, an unsupervised automated

Cancer Discov. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torrejon et al. Page 14

algorithm which orders cells according to their phenotypic similarities. FlowSom clustered
the T-CD8 cells into three branches and thus distinguished exhausted T-CD8 populations.

MetaCyto analyses

MetaCyto was performed using the default workflow for both flow and mass cytometry
(CyTOF) data as previously described (39). By combining and clustering the markers for all
datasets, MetaCyto is able to identify and track specific immune cell populations present
across heterogeneous studies. We included the MetaCyto automated unsupervised clusters
determined from the aggregated experiments and additionally supplied a list of pre-
determined functional clusters as listed Table S3 for the analysis. For each phenotype, we
performed a regression analysis to estimate effect sizes and p-values of the treatment relative
to isotype in each immune cluster. Results were plotted via Prismv8 software (Graphpad, La
Jolla, CA). MetaCyto is available as an R package on Bioconductor: (http://
bioconductor.org/packages/release/bioc/html/MetaCyto.html).

Gene Expression Assays

Total RNAs were extracted using the PureLink RNA Mini Kit (Invitrogen). CXCL9 and
CXCL10 expression was measured by reverse transcription PCR following manufacturer’s
protocol for the Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems) and using
the following primers: CXCL9: 5'- CCCAATTGCAACAAAACTGA-3" and 5'-
AGTCCGGATCTAGGCAGGTT-3" and CXCL10: 5'-AATCATCCCTGCGAGCCTAT-3’
and 5 -TTTTTGGCTAAACGCTTTCAT-3".

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

The activation of IFN signaling through pattern recognition receptors and the stimulation
of NK cells overcome genetic mechanisms of resistance to PD-1 blockade therapy
mediated through deficient IFN receptor and antigen presentation pathways. These
approaches are being tested in the clinic to improve the antitumor activity of PD-1
blockade therapy.
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Figure 1: JAK1/2 knockout in human melanoma cellsresult in insensitivity to | FN-gamma, while
B2M knockout resultsin lack of antigen presentation to T cells.

(A) M233, M407 and M420 melanoma cell lines showed growth inhibition in response to
direct /n vitro treatment with IFN-alpha, -beta or -gamma (p<0.0001, IFN-gamma compared
to baseline). All JAKZ knockout sublines were insensitive to all three interferons (o ns, IFNs
compared to baseline) and JAKZ knockout sublines were only insensitive to IFN-gamma (p
ns, IFN-gamma versus baseline; p<0.0001, IFN-alpha and -beta compared to baseline in
M233, M407 and M420). Growth curves represent the percent in the confluence of cells (y-
axis) over time (x-axis), treated with IFN-alpha, -beta or -gamma (fill color) as measured by
IncuCyte continuous live-cell imaging. Error bars reflecting the standard error of the mean
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across six replicates of each cell line and treatment combination. ns, not significant;
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 for the percent in growth with the treatment
shown at the 72-hour (in M202 and M407) or 120-hour (in M233 and M420) endpoint as
compared to the untreated control, with Dunnett’s multiple-comparison test. One
representative experiment of three independently conducted experiments is shown (B) PD-
L1 and MHC class | surface expression were measured by flow cytometry on cell lines (fill
color) treated with IFN-alpha, -beta or -gamma (x-axis). Expression (y-axis) is summarized
by the mean fluorescence intensity (MFI) normalized to the corresponding control-treated
cell lines and genotype. (C) M202 MART-1 positive parental, as well as the M202 JAKZ
(SgRNA2 c6) and JAKZ (sgRNAL c41) knockout sublines were recognized and killed by
MART-1 TCR transgenic T cells (effector/target 10:1; 77% compared to 75% and 77%
cytotoxicity respectively, p=0.9, Dunnett’s multiple-comparison test). Whereas, B2M
(SgRNA3 c5) knockout sublines resulted in the loss of selective killing (effector/target 10:1;
B2M knockout 0% versus parental 77% cytotoxicity, p<0.0001). Target cancer cells were
stably transfected with a nuclear localizing RFP (NucLight Red Lentivirus EFla Reagent,
Essen Biosciences) and cocultured with MART-1 specific TCR engineered T cells. The
percent of cytotoxicity (y-axis) was measured after 24 hours of coculture at E:T ratio
between 1:1 and 10:1 (x-axis) and the IFN-gamma production (y-axis)) after 24 hours of in
vitro coculture at different E:T ratios.
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IFigure 2: Altered | FN-gamma-induced genetranscription in JAK1/2 knockout melanoma cell
Ines.

Heatmap displaying the change in gene expression due to IFN-gamma treatment. Genes
were filtered to those that had at least 2-fold change in expression in all four groups of
melanoma cell lines: M202 (MART-1-positive), M233, M407 (NY-ESO-1 positive) and
M420. Associated cell line (top row panel) and Genotype (second row panel) are indicated.
Hallmark, KEGG, and Reactome gene sets were filtered to those with at least 10 genes
differentially expressed (right plot). Genes were sorted by the most highly enriched
pathways.
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Figure 3: CRISPR/Cas9 knockout tumors of JAK1/2 and B2M result in resistance to anti-PD-1in
the MC38 model.

(A) Growth inhibition in response to direct /n vitro treatment with IFN-alpha, -beta, or -
gamma in MC38 wild-type (WT) and knockout cell lines. Growth curves represent the
percent in the confluence of cells (y-axis) over time (x-axis) as measured by IncuCyte
continuous live-cell imaging. ns, not significant; *p<0.05; **p<0.01; ***p<0.001;
****<0.0001 for the percent in growth with the treatment shown at the 72-hour as
compared with the untreated control, with Dunnett’s multiple-comparison correction. One
representative experiment of three independently conducted experiments is shown. The
measure of (B) PD-L1 and (C) MHC class I surface expression by flow cytometry after IFNs
stimulation. Histograms represent changes in mean fluorescence intensity by flow cytometry
compared to baseline. (D) /n vivotumor growth curves and of JAKZ or JAKZ, or BZM
knockout cell lines with 5 mice in each group (mean + SEM) after anti-PD-1 or isotype
control. The arrow indicates the days of treatment with anti-PD-1 or isotype control was
started. p value was determined by unpaired #test on day 19, anti-PD-1 versus isotype
control. ns, not significant; **p<0.01. One representative experiment of three independently
conducted experiments is shown. (E) /n7 vivotumor growth curves of individual mice after
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anti-PD-1 (red) or isotype control (blue): MC38 wild-type (n=28 per group), JAKZ knockout
clone 5 (n=22 per group), JAKZknockout clone 3 (n=15 per group) and B2M knockout
clone 6 (n=10 per group). Treated tumors received four doses of anti-PD-1 in total.
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Figure 4: I dentification of MC38 tumor CD8+ T immune cell population by CyTOF.
(A) Heatmap with the normalized median percentages for each of the immune-markers.

Clusters >0.5% frequency were analyzed. (B) t-SNE plot of total CD45+ cells from all
samples and (C) groups of treatment overlaid with color-coded clusters and subsequent
classification in immune cell populations. (D) Percentage of T, CD8+ T, CD4+ T, NK,
Tumor-associated macrophages (TAMs) and myeloid cells (My) from CD45+ cells in MC38
wild-type, JAK1, JAKZ2and BZM knockout tumors treated with anti-PD-1 or isotype mAb.
(E) Heatmap with the normalized median percentage for each cluster obtained with
FlowSOM on CD8+ T cells markers. Clusters with >0.5% frequency were analyzed. (F) t-
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SNE plot of MC38 CD8+ T infiltrating population cells overlaid with color-coded clusters
and the differentiation of exhausted T cells, representing of terminally CD8+ T exhausted in
red and progenitor CD8+ T exhausted or CD8+ T cells in blue. (G) Percentage of terminally
CD8+ T exhausted cells from CD8+ cells in MC38 wild-type, JAKZ, JAK2and BZM
knockout tumors treated with anti-PD-1 or isotype mAb. In (D) and (G), mean + SEM,
unpaired t test, n=3, *p<0.05; **p<0.01.
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Figure5: Intratumoral TLR-9 agonist (SD-101) administration to reverseresistance to anti-PD-1
in JAK1/2 knockout resistant tumors.

(A) Effect of intratumoral (i.t) SD-101 on tumor growth at treated and non-treated
contralateral sites. Date represented as mean +/— SEM from an n of 5. Dunnett’s multiple
comparison tests for control versus anti-PD-1 or SD-101 or anti-PD-1 plus SD-101. One
representative experiment of three independent experiments is shown. (B) Long-term
survival for mice inoculated with wild-type and JAK 1/2knockout tumor cells in one flank.
Effect of intratumoral (i.t) SD-101 at treated sites, MC38 wild-type (n=10 per group), JAKZ
knockout (n=12 per group) and JAKZ knockout (Control, n=18; anti-PD-1, n=10; SD-101,
n=13; and SD-101 plus anti-PD-1, n=18). Differences in survival were examined using Log-
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rank (Mantel-Cox) test. (C) Tumor growth curves for wild-type control and JAK1/2
knockout resistant tumors with anti-CD4, anti-CD8 and anti-NK1.1 depletion studies after
intratumoral (i.t) SD-101 treatment (one-side). Date represented as mean +/— SEM. In
MC38 wild-type, n=5 per group. In JAKZ KO depletion: Control, n=10; SD-101, n=12;
SD-101 plus anti-CD4, n=10; SD-101 plus anti-CD8, n=12, SD-101 plus anti-NK1.1, n=12
and SD-101 plus anti-CD4/8/NK1.1, n=6. In JAKZ KO depletion: n=8 per group. (D) Tumor
growth curves for wild-type control and JAK1/2knockout resistant tumors with anti-CD4,
anti-CD8 and anti-NK1.1 depletion studies after intratumoral (i.t) SD-101 plus anti-PD-1
treatment. Date represented as mean +/— SEM, n=5 per group. In (C) and (D) Dunnett’s
multiple comparison tests for SD-101 or SD-101 plus anti-PD-1 versus control or depletion
with anti-CD4 or anti-CD8 or anti-NK1.1 or anti-CD4/8/NK1.1. (E) Meta-analysis of
CyTOF data using MetaCyto in MC38 wild-type and JAKZ/2knockout tumors. Plots
showing the effect size of treatments: Control-Isotype versus anti-PD-1 or (F) Control-
Isotype versus SD-101 or combination SD-101 plus anti-PD-1 therapy in wild-type and
JAK1/2 knockout tumors (effect of injected sites). Dots and whiskers represent the means
and 95% confidence intervals. The pvalue is calculated using a random effect model,
adjusted using Benjamini-Hochberg correction. (G) RT-PCR for CXCL9 and CXCL10
expression show that SD-101 plus anti-PD-1 increase the expression levels of these genes.
Showing means +/- SD. Results are normalized to Control-Isotype level in each group and
then log2 transformed (n= 3). In (A), (B), (C), (D) and (G): ns, not significant; *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.
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Figure 6: Bempegaldesleukin to reverseresistance in B2M- deficient tumors.
(A) Effect of bempegaldesleukin on tumor growth of MC38 wild-type and B2M knockout

tumors. In MC38 wild-type, Control, n=6; anti-PD-1, n=5; bempeg, n=8; and anti-PD-1 plus
bempeg n=9. In BZM KO: Control, n=10; anti-PD-1, n=8; bempeg, n=10; and anti-PD-1
plus bempeg, n=9. Dunnett’s multiple comparison tests for control versus anti-PD-1 or
bempeg or anti-PD-1 plus bempeg. (B) Long-term survival for mice inoculated with wild-
type and B2M knockout tumors. n=9 mice per group. Differences in survival were examined
using Log-rank (Mantel-Cox) test. (C) Tumor growth curves for B2M knockout resistant
tumors with anti-CD4, anti-CD8 and anti-NK1.1 depletion studies after 0.8 mg/kg IV
bempegaldesleukin. Date represented as mean +/—= SEM from an n of 8 per group, except
bempegaldesleukin plus anti-CD4/8/NK1.1, n=6. Dunnett’s multiple comparison tests for

bempegaldesleukin versus control or bempegaldesleukin plus anti-CD4 or

bempegaldesleukin plus anti-CD8 or bempegaldesleukin plus anti-NKZ1.1 or
bempegaldesleukin plus anti-CD4/8/NK1.1. (D) Meta-analysis of CyTOF data using
MetaCyto: Plots showing the effect size of treatments: Control-Isotype versus bempeg in
wild-type tumors and (E) Control-Isotype versus anti-PD-1, bempeg or combination of
bempeg plus anti-PD-1 in B2M knockout tumors. Dots and whiskers represent the means
and 95% confidence intervals. The pvalue is calculated using a random effect model,
adjusted using Benjamini-Hochberg correction. In (A), (B) and (C): ns, not significant,
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Bempeg, bempegaldesleukin.
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Figure 7: Overcoming JAK1/2 and B2M resistant tumorsin an aggressive B16 murine melanoma

model.

(A) PD-L1 and MHC class | surface expression by flow cytometry after IFNs stimulation.
Histograms represent changes in mean fluorescence intensity by flow cytometry compared
to baseline. (B) Effect of intratumoral SD-101 on tumor growth at treated and non-treated
contralateral sites and long-term survival. Date represented as mean +/— SEM. In B16 wild-
type and JAKZ knockout tumors, n=8 per group. In B16 JAKZ knockout tumors, Control,
n=6; anti-PD-1, n=6; SD-101, n=8; and SD-101 plus anti-PD-1, n=8. Dunnett’s multiple
comparison tests for control versus anti-PD-1 or SD-101 or anti-PD-1 plus SD-101. (C)
Effect of bempegaldesleukin on tumor growth of B16 wild-type and B2M knockout tumors
and long-term survival. In B16 wild-type, n=8 per group. In B16 B2M KO: Control, n=4;
anti-PD-1, n=4; bempeg, n=6; and anti-PD-1 plus bempeg, n=6. Dunnett’s multiple
comparison tests for control versus anti-PD-1 or bempeg or anti-PD-1 plus bempeg. In (B)
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and (C): Differences in survival were examined using Log-rank (Mantel-Cox) test. ns, not
significant, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Bempeg, bempegaldesleukin.

Cancer Discov. Author manuscript; available in PMC 2021 February 01.



	Abstract
	Introduction
	Results
	Functional effects of JAK1/2 and B2M knockout mutations in human melanoma cell lines
	Downstream signaling alterations in human cell lines exposed to IFN-gamma
	Modeling resistance to PD-1 blockade in MC38 murine carcinoma
	Characterization of the tumor immune contexture by CyTOF
	Intratumoral TLR-9 agonist administration overcomes resistance to anti-PD-1 therapy in JAK1/2 knockout tumors
	The CD122 preferential IL-2 pathway agonist bempegaldesleukin overcomes resistance in B2M knockout tumors
	Overcoming JAK1/2 and B2M resistant tumors in an aggressive B16 murine melanoma model

	Discussion
	Methods
	Human melanoma cell lines, cell culture and conditions:
	CRISPR/Cas9-Mediated knockout
	Cell-Proliferation and growth-inhibition assays
	Surface Flow Cytometry Analysis of PD-L1 and MHC Class I
	Functional Coculture Assays and IFN-gamma production by ELISA
	RNA isolation and RNA-seq analysis of human melanoma cell lines
	Western blots
	Mice, cell lines and reagents
	Antitumor studies in mouse models
	Mass Cytometry (CyTOF) analysis
	MetaCyto analyses
	Gene Expression Assays

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:



