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Uncoupling interferon signaling and antigen
presentation to overcome immunotherapy resistance
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Anusha Kalbasi'*3*, Mito Tariveranmoshabad”, Kevin Hakimi”, Sarah Kremer’,

Katie M. Campbell4, Juan M. Funes?, Agustin Vega-Crespo“, Giulia Parisi®, Ameya Champekar4,
Christine Nguyen’, Davis Torrejon", Daniel Shin*, Jesse M. Zaretsky4, Robert D. Damoiseaux>>®,

Daniel E. Speiser7, Pedro P. Lopez-Casass, Marisol Quintero®, Antoni Ribas®>*>°

Defects in tumor-intrinsic interferon (IFN) signaling result in failure of immune checkpoint blockade (ICB) against
cancer, but these tumors may still maintain sensitivity to T cell-based adoptive cell therapy (ACT). We generated
models of IFN signaling defects in B16 murine melanoma observed in patients with acquired resistance to ICB.
Tumors lacking Jak1 or Jak2 did not respond to ICB, whereas ACT was effective against Jak2¥© tumors, but not
Jak1%° tumors, where both type | and Il tumor IFN signaling were defective. This was a direct result of low baseline
class | major histocompatibility complex (MHC I) expression in B16 and the dependency of MHC | expression on
either type | or type Il IFN signaling. We used genetic and pharmacologic approaches to uncouple this dependency
and restore MHC | expression. Through independent mechanisms, overexpression of NLRC5 (nucleotide-binding
oligomerization domain-like receptor family caspase recruitment domain containing 5) and intratumoral delivery
of BO-112, a potent nanoplexed version of polyinosinic:polycytidylic acid (poly I:C), each restored the efficacy of
ACT against B1 6-Jak1%° tumors. BO-112 activated double-stranded RNA (dsRNA) sensing (via protein kinase R and
Toll-like receptor 3) and induced MHC | expression via nuclear factor kB, independent of both IFN signaling and
NLRCS5. In summary, we demonstrated that in the absence of tumor IFN signaling, MHC | expression is essential
and sufficient for the efficacy of ACT. For tumors lacking MHC | expression due to deficient IFN signaling, activa-

tion of dsRNA sensors by BO-112 affords an alternative approach to restore the efficacy of ACT.

INTRODUCTION

Intact tumor cell interferon (IFN) signaling was first identified as a
critical piece of immune surveillance more than two decades ago
(1, 2). More recently, experience with immune checkpoint blockade
(ICB) has validated the importance of tumor cell-intrinsic IFN sig-
naling to antitumor immune responses in patients (3, 4). Genetic or
epigenetic disruption of tumor IFN signaling can result in primary
or acquired resistance to ICB (5-8).

In primary resistance to ICB, tumor cell defects in IFN signaling
disrupt adaptive expression of PD-L1 and negate the effects of targeting
the PD-1/PD-L1 axis (9). In acquired resistance, defects in IFN sig-
naling render tumor cells insensitive to the positive effects of IFNs
on antigen presentation and chemoattractant expression and the nega-
tive effects of IFNs on cell proliferation. However, whether intact
tumor IFN signaling regulates the direct cytotoxic capacity of a tumor-
specific T cell is less clear. Upon engaging their target through recog-
nition of the major histocompatibility complex (MHC)-antigen complex,
tumor-specific T cells release granzyme and perforin, which induce
apoptosis of the target cell (10). The role of tumor-intrinsic IFN signaling
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in this context is particularly relevant for adoptive cell therapy (ACT)
approaches using tumor-specific T cells, such as T cell receptor (TCR)-
or chimeric antigen receptor (CAR)-engineered T cell therapy.

To study the impact of tumor-intrinsic IFN signaling on the
direct antitumor efficacy of tumor-specific T cells, we performed
in vitro and adoptive transfer studies using tumor-specific T cells
against a murine model of melanoma with IFN signaling defects
(JakI or Jak2 loss) observed in patients with acquired resistance to
ICB. Only defects in Jakl in which both type I and II tumor IFN
signaling are disrupted negated the efficacy of adoptively transferred
tumor-specific T cells, a by-product of the dependency of MHC I
expression on either type I or type I IFN signaling. This dependency
could be circumvented genetically by overexpressing NLRC5
(nucleotide-binding oligomerization domain-like receptor family
caspase recruitment domain containing 5), which up-regulates
MHC I independent of an IFN signal (11, 12). As a pharmacologic
approach, we used BO-112, a phase 1-tested, nanoplexed formula-
tion of polyinosinic:polycytidylic acid (poly I:C) with activity in
combination with ICB against tumors refractory to ICB monotherapy
(13). BO-112 uncouples tumor IFN signaling and MHC I antigen
presentation through activation of double-stranded RNA (dsRNA)
sensing and nuclear factor kB (NF-kB) signaling, thereby restoring
the efficacy of tumor-specific T cells.

RESULTS

B16-Jak1%? tumors are resistant to ACT due to deficiency

in both type I and Il IFN signaling

To model the IFN signaling defects observed in human melanoma
patients with primary or acquired resistance to ICB, we generated
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Jak1*© and Jak2"© B16-F10 cell lines using CRISPR. As a functional To evaluate the impact of defective tumor IFN signaling on re-
validation of the CRISPR knockout cell lines, surface PD-L1 expres-  sponse to ICB in the B16 model, we combined anti-PD-1 and anti—
sion was evaluated in response to type I (IFN-o0.and IFN-B) or type I CTLA-4 checkpoint blockade with focal radiation therapy (XRT, 12 Gy) in
(IFN-y) IFNs (Fig. 1A). Consistent with their aberrant signaling, a dual-flank tumor model, which results in a more robust antitumor
B16-Jak2X® and B16-Jak1*° tumors did not up-regulate surface PD-  immune response in the nonirradiated tumor than single or dual

L1 in response to type II and either type I or II IFNS, respectively. ICB (14, 15). As expected, XRT and dual checkpoint blockade resulted
A
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Fig. 1. Jak1 loss, but not Jak2 or Ifnar1 loss, mediates resistance of B16 melanoma to adoptively transferred tumor-specific T cells. (A) PD-L1 surface expression
by flow cytometry in response to IFN-a, IFN-B, or IFN-y. (B) Tumor growth (mean + SEM) of nonirradiated tumors in a dual-flank model. Mice (n =4 to 6 per group) were
treated with focal tumor irradiation (12 Gy) to a contralateral tumor, along with aPD-1 and oCTLA-4 dual ICB (or relevant isotype controls); ***P < 0.001 (unpaired t test).
NS, not significant; KO, knockout; Abs, antibodies; XRT, radiation therapy. (C) In vitro and in vivo modeling of efficacy of tumor-specific pmel T cells against B16 wild-type
(WT) and CRISPR-modified cell line. (D) In vivo tumor growth (mean + SEM) of CRISPR-modified B16-F10 tumors (WT, Jak1%®, Jak2*®, and Ifnar1*©) after treatment with
ACT. After lymphodepleting total body irradiation (TBI) (5 Gy), tumor-bearing mice (n=5 per group) were treated with ACT consisting of one dose of 5.0 x 10° pmel (or
control BL/6 T cells) along with IL-2 [50,000 IU/day intraperitoneally (i.p.) X 3 days]. **P < 0.01 (repeated-measures two-way ANOVA). (E) In vitro growth (mean + SD) of
CRISPR-modified B16-F10 tumor cell lines pretreated with either IFN-B (left) or IFN-y (right) and cocultured with tumor-specific pmel T cells (red) or control BL/6 T cells
(black). Cocultures performed in biological triplicate; error bars not visible as they are encompassed within the data points. **P < 0.01; ***P < 0.001(unpaired t test).
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in a growth delay in the wild-type (WT) nonirradiated tumor
(P <0.001, multiple pairwise comparison); this effect was not
observed in nonirradiated B16-Jak2 Oor Bl6—]ak1Ko tumors lack-
ing type IT IFN signaling or both type I and IT IFN signaling, respec-
tively (Fig. 1B). The absence of type II (Jak2*®) IEN signaling or
both (JakI¥®) did not affect the antitumor effects on the irradiated
tumor (fig. S1).

To test the sensitivity of IFN signaling—deficient tumors to tumor-
specific T cells, we performed in vitro and adoptive transfer studies
using T cells from pmel mice, which harbor a TCR transgene specific
for gp100, a melanoma antigen highly expressed in B16 (Fig. 1C).
B16 tumor cells retained gp100 expression after CRISPR modifica-
tions to IFN signaling pathways (fig. S2). Adoptive transfer of acti-
vated pmel T cells and interleukin-2 (IL-2) after lymphodepletion
delayed the growth of WT tumors, compared to adoptive transfer of
activated T cells from control C57BL/6 mice and IL-2 after lympho-
depletion [P < 0.01, two-way analysis of variance (ANOVA); Fig. 1D].
Adoptively transferred pmel T cells retained antitumor efficacy
against B16-Jak2"® tumors deficient in type IT IFN signaling. How-
ever, tumors lacking both type I and IT IFN signaling (B16-Jak1®)
were completely resistant to the antitumor effect of pmel T cells. To
evaluate whether tumor-intrinsic type I IFN signaling alone was
responsible for the resistance to pmel T cells, we generated B16-
Ifnar1®© tumors deficient in type I IFN signaling. Adoptively trans-
ferred pmel T cells retained efficacy against B16-IfnarI<® tumors.

We modeled these in vivo findings using an in vitro coculture
system in which B16 WT or CRISPR-modified tumor cells were
pretreated with either type I IFN-p or type II IFN-y, and subse-
quently exposed to either control or pmel T cells. Pretreatment of
WT B16 with either IFN-B or IFN-y sensitized the tumor cells to
killing by pmel T cells (Fig. 1E). Tumor cells pretreated with an IFN
for which the cognate signaling pathway was defective (B16-Jak2*?
tumors pretreated with IFN-y; B16-Ifnarl KO tumors pretreated
with IFN-B) were resistant to the cytotoxic effect of pmel T cells
(Fig. 1E). B16-Jak1*© tumor cells were resistant to killing by pmel
T cells despite pretreatment with IFN-B or IFN-y (Fig. 1E). On the
basis of these data, we concluded that the in vivo sensitivity of B16
tumor cells to adoptively transferred pmel T cells is dependent on
the activation of either type I or II IFN signaling. We hypothesized
that this is related to the dependency of MHC I expression on either
type I or I IFN signaling.

Human melanoma exhibits IFN-dependent

expression of MHC |

IEN signaling is a well-described positive regulator of MHC I
antigen-processing machinery (16). To better understand the role
of IFN signaling in MHC I expression in melanoma, we evaluated
the expression of MHC I in 48 human melanoma cell lines at base-
line and in response to type I (IFN-o and IFN-B) and type II IFN
(IFN-y). Baseline MHC I expression in the human melanoma cell
lines was distributed broadly, including a subset of cell lines with
low baseline MHC I expression (Fig. 2A), similar to B16 murine
melanoma (Fig. 1A). IFN-a, IFN-B, and IFN-y augment the surface
expression of MHC I (P < 0.0001); an absolute increase in MHC I
expression was observed in 85% (41 of 48), 92% (44 of 48), and 79%
(38 of 48) of cell lines, respectively (Fig. 2A and figs. S3 and S4). The
relative increase in MHC I expression (mean fluorescence intensity,
MFI) in response to IFN-y was higher for cell lines in the lowest quartile
of baseline MHC I expression, compared to the second, third, or fourth

Kalbasi et al., Sci. Transl. Med. 12, eabb0152 (2020) 14 October 2020
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Fig. 2. MHC | expression of human melanoma exhibits IFN-y dependence.
(A) Effect of IFN-y on surface MHC | expression of 48 human melanoma cell lines.
Cell lines arranged from left to right by increasing MHC | expression (basal MHC |
MFI shown in bottom panel and also as the diameter of the data point in the main
panel). Data are shown as log,(fold change) of MFI of the IFN-y-treated sample
relative to untreated control [and also colored from blue to red according to value
of logs(fold change)]. (B) Relative change in MFI (mean + SD) upon IFN-y exposure
as related to basal MHC | expression. *P < 0.05 (unpaired t test). (C) Immunohisto-
chemical staining analysis at baseline and at relapse in a patient with melanoma
that developed acquired genetic resistance (loss-of-function JAKT mutation) to
anti-PD-1 ICB. Scale bars, 1 mm (top) and 0.75 mm (bottom). (D) S100 (left) and
MHC | (right) expression at the tumor margin in a patient with melanoma that
developed acquired genetic resistance to ICB through a loss-of-function mutation
in JAK2. Scale bar, 100 um.

quartiles (Fig. 2B). This pattern was recapitulated in response to IFN-a.
and IFN-B (figs. S3 and S4), suggesting that MHC I expression ex-
hibits greater IFN sensitivity in cell lines with low baseline MHC I
expression.

We observed a similar IFN dependence of MHC I expression
in two previously reported patients with melanoma treated with
anti-PD-1 ICB who developed acquired resistance due to a loss-of-
function mutation in either JAKI or JAK2 (3). At baseline in the tumor
from the patient who ultimately developed a JAK1 loss-of-function
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mutation, CD8" T cell infiltration was observed at the invasive mar-
gin (as defined by S100 expression on human melanoma; Fig. 2C,
top). The S100* melanoma cells at the invasive margin adjacent to
CD8" T cells expressed MHC I and PD-L1, in contrast to melanoma
cells at a distance from the invasive margin. In contrast, at relapse
in the JAKI-mutant tumor, the S100" melanoma cells in the
JAKI-mutant tumor did not express MHC I and PD-L1; here, the
MHC T and PD-L1 expression was limited to the margin surround-
ing the $100* melanoma cells (Fig. 2C, bottom). In a second patient
whose relapsed tumor harbored a JAK2 loss-of-function muta-
tion, a similar absence of MHC I expression was observed on
S100" melanoma cells, adjacent to an area of MHC I ¥ stroma
(Fig. 2D; baseline tumor not available). Together, these clinical
data support IFN dependence of MHC I expression in patients with
melanoma.

Nlrc5 overexpression bypasses IFN signaling to restore MHC

I expression and sensitivity to tumor-specific T cells

We recapitulated the observed IFN dependency of MHC I expres-
sion in B16 murine melanoma. Consistent with their aberrant sig-
naling, B16-Ifnar1KO, B16-Jak2%°, and B16-Jak1X° tumors did not
up-regulate surface MHC I in response to type I, type II, and both
type I and II IFNSs, respectively (Fig. 3A). To test the role of IFN
dependence in vivo, we used B16 tumor cells overexpressing red flu-
orescent protein (RFP) and examined the expression of MHC I on
CD45 RFP” cells from tumor digests (fig. S5). REP-labeled B16-WT,
B16-Ifnarl KO and B16-Jak2"° tumor cells all expressed MHC I in vivo
compared to the MHC I-deficient negative control (B16-B2mKO;
Fig. 3B). However, B16-Jak1*® tumor cells did not express MHC I
in vivo, indicating that either type I or II IFN signaling is necessary
to induce MHC I expression on B16 tumor cells in vivo. This
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Fig. 3. NLRC5 bypasses IFN dependency of B16 MHC | expression and restores sensitivity to adoptive T cell therapy. (A) MHC | surface expression by flow cytometry
in response to IFN-o, IFN-B, or IFN-y in CRISPR-modified B16-F10 cell lines. (B) Percentage of MHC I* cells among CD45 RFP* tumor cells in vivo. Mice (n=5 to 8 per group)
were inoculated subcutaneously with RFP* tumor cell lines. Established tumors were harvested, and single-cell suspensions were stained for CD45 and MHC I. Box plots
depict minimum, maximum, and mean. (C) Surface expression of PD-L1 and MHC | on B16-Jak1*° tumor cells lentivirally transduced with Nlrc5 or empty vector control.
Representative samples treated with and without IFN-y and summary bar plots of MHC | MFI (mean + SD, n =3 per group) are shown. ****P < 0.0001. (D) IFN-y production
(mean + SD) by BL/6 or pmel T cells after 24-hour coculture with indicated tumor cells (which were not pretreated with IFN-y; n=3 per group). (E) In vivo tumor growth
(mean = SEM) of B16-Jak 1“C-EV and B16-Jak 1*C-NLRC5 tumors after treatment with ACT. After lymphodepleting total body irradiation (5 Gy), tumor-bearing mice (n=>5 per group)
were treated with ACT consisting of one dose of 5.0 x 10° pmel (or control BL/6 T cells) along with IL-2 (50,000 IU/day i.p. x 3 days). *P < 0.05, ***P < 0.001 (unpaired t test).
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contrasts with the patient presented in Fig. 2B, where defect in type IT IFN
signaling alone was associated with an absence of MHC I expression.

To restore MHC I expression in IFN-deficient tumor cells,
B16-Jakl KO tumor cells were lentivirally transduced with Nlrc5, a
transcriptional regulator of MHC I antigen-processing machinery
that has been shown to induce constitutive MHC I expression in
WT B16 tumor cells (11, 12). Compared to those transduced with
empty vector control, B16-JakI*°-Nlrc5 tumor cells expressed MHC I
constitutively in the presence or absence of IFN-y (Fig. 3C). Forced
expression of NLRC5 in the B16-Jak1 KO tiimor cells rendered them
sensitive to antigen-specific recognition by pmel T cells, as measured
by IFN-y production in vitro (Fig. 3D). Likewise, forced expression
of NLRCS5 restored the sensitivity of B16-Jak1® tumors to adop-
tively transferred pmel T cells and IL-2 in vivo (Fig. 3E). However,
overexpression of NLRC5 in WT B16 tumors did not augment the
in vivo antitumor efficacy of adoptively transferred pmel T cells and
IL-2 (fig. S6). These studies demonstrate that restoring surface ex-
pression of MHC 1 is critical for T cell recognition in the setting of
loss-of-function mutations in genes affecting IFN signaling. Still,
we do not exclude other potential MHC I-independent functions
for NLRC5 in the Bl6—]ak1KO tumors.

BO-112 restores efficacy of tumor-specific T cells against
tumors lacking type | and Il IFN sensitivity

We reasoned that pharmacologic activation of pattern recognition
receptor (PRR) pathways may activate downstream signaling path-
ways redundant with IFN signaling and, in so doing, restore the
efficacy of tumor-specific T cells against tumors with deficient IFN
signaling and insufficient MHC I expression. This would offer a
pharmacological approach to up-regulate MHC I expression in
immunotherapy-resistant tumors with low baseline MHC I expres-
sion. To test this hypothesis, we used BO-112, a nanoplexed formu-
lation of poly I:C administered intratumorally. In a phase 1 study,
BO-112 was found to be safe as monotherapy or in combination
with anti-PD1 ICB in patients with solid tumors (17).

Intratumoral injection with BO-112, but not vehicle control, re-
stored antitumor efficacy of adoptively transferred pmel T cells and
IL-2 against B16-JakIX© tumors (Fig. 4A), similar to the effect of
NLRCS5 overexpression (compare with Fig. 3E). BO-112 also sig-
nificantly (P < 0.05) augmented the antitumor efficacy of adoptively
transferred pmel T cells against WT B16 tumors, although BO-112
was ineffective when used in combination with mock T cells and
IL-2 (fig. S7). To evaluate the contribution of adoptively transferred
and endogenous immune cells to the antitumor response, we per-
formed parallel bulk RNA sequencing (RNA-seq) and single-cell
mass cytometry of tumor specimens 5 days after ACT. By RNA-seq,
the samples clustered by treatment group (control T cells and vehicle,
control T cells and BO-112, pmel T cells and vehicle, and pmel T cells
and BO-112) on principal component analysis (PC1 and PC3;
Fig. 4B). Compared to B16-Jak1*° tumors treated with control T cells
and intratumoral vehicle injection, 700 transcripts were specifically
up-regulated in tumors treated with pmel T cells and intratumoral
BO-112 (hereafter referred to as the pmel-BO-112 gene set; Fig. 4C).
Although we did not observe an increase in CD8 pmel T cell infil-
tration in the samples treated with pmel T cells and BO-112 com-
pared to samples treated with pmel T cells and vehicle using
single-cell mass cytometry (fig. S8), the pmel-BO-112 gene set was
strongly correlated with infiltration of adoptively transferred CD8
pmel T cells, but not endogenous T cells (Fig. 4D). Endogenous

Kalbasi et al., Sci. Transl. Med. 12, eabb0152 (2020) 14 October 2020

myeloid populations, in particular polymorphonuclear myeloid-derived
suppressor cells (PMN-MDSCs) and tumor-associated macrophages,
were also associated with expression of the pmel-BO-112 gene set. We
cannot exclude that these other cells contribute to a coordinated anti-
tumor immune response in the group treated with pmel T cells and BO-112.

To further evaluate whether the impact of BO-112 on the antitumor
efficacy in the IFN-deficient B16-Jakl KO tumor model was depen-
dent on recognition of tumor cells by pmel T cells via MHC I, we
generated a B16-B2m*® tumor that lacks surface MHC I due to a
defect independent of IFN signaling. Like B16-Jak1*° tumors,
B16-B2m*® tumors were also resistant to pmel T cells even after
pretreatment with IFN-y (fig. S9). However, unlike its effect on
B16-Jak1¥© tumors, BO-112 did not restore the antitumor effect of
adoptively transferred pmel T cells against B16-B2m*® tumors (Fig. 4E).

BO-112 induces MHC | expression in an IFN- and
NIrc5-independent manner in murine and human melanoma
Upon exposure in vitro, BO-112 augmented the expression of sur-
face MHC I and PD-L1 on WT B16 cells, similar to the effects of
type I and IT IFNs (Fig. 5, A and B, top). However, only BO-112, but
not type I or type I IFNs, augmented the expression of the B16-Jak1<®
cell line (Fig. 5, A and B, bottom). Expression of MHC I antigen-
processing machinery genes B2m and Tapl was augmented within
6 hours of exposure to BO-112 (Fig. 5C). Furthermore, tumor-specific
IFN-y production by pmel T cells occurred after pretreatment of
WT B16 tumor cells with either BO-112 or IFN-y. In contrast, pmel
T cells only recognized B16-Jak1<° tumor cells pretreated with BO-112,
but not IFN-y (Fig. 5D). We also evaluated the induction of MHC I
by BO-112 in two human melanoma cell lines CRISPR-modified
with defects in IFN signaling, M202-JAK1*© and M407-JAK1*°, as
well as three human melanoma cell lines with low basal MHC I ex-
pression that was not inducible by IFN-y (M311, M368, and M412B;
Fig. 2A). BO-112 augmented surface MHC I expression in all cell
lines except M311 (Fig. 5E).

Given the importance of Nlrc5 in coordinating the expression of
MHC I antigen-processing machinery and its position downstream
of IFN signaling, we considered that the effect of BO-112 on MHC I
expression may occur through induction of Nirc5 expression. BO-112
augmented the expression of Nlrc5 in both WT B16 and B16-Jak1<°
tumor cells (fig. S10). To test the functional role of Nlrc5 in MHC I ex-
pression induced by BO-112, we generated two different B16-Nlrc5 <©
tumor cell clones and two different B16-JakI¥°-Nirc5 %° tumor cell
clones by CRISPR. As anticipated, MHC I induction by IFN-y was
greatly diminished in B16-Nlrc5 X© tumor cells compared to WT
B16 (fig. S10). However, MHC I induction by BO-112 was retained
in both B16-Nirc5 X© and B16-Jak 1XO-Nirc5 KO tumor cells (Fig. 5F
and fig. $10). Thus, MHC I induction by BO-112 occurs in both an
IFN- and Nlrc5-independent manner.

The BO-112 nanoplexed formulation of poly I:C was designed to
engage dsRNA sensors. We compared the MHC I augmenting
effects of BO-112 with the effects of a standard formulation of poly
I:C, as well as two other PRR agonists [lipopolysaccharide (LPS), a
toll-like receptor 4 (TLR4) agonist, and CpG oligonucleotides,
which activate TLR9] to determine whether the effect on antigen
presentation was specific to BO-112 or broadly applicable to PRR
agonists. In a mouse macrophage cell line (RAW264.7) known to
respond to PRR agonists (18), LPS, CpG, and poly I:C all resulted in
an increase in MHC I expression, as did BO-112. However, aside
from BO-112, none of the PRR agonists augmented MHC I expression
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Fig. 4. BO-112 restores efficacy of tumor-specific T cells against tumor cells lacking both type I and Il IFN signaling. (A) In vivo growth (mean + SEM) of B16-Jak1*©
tumor cells after treatment with ACT. After lymphodepleting total body irradiation (5 Gy), tumor-bearing mice (n=4 to 5 mice per group) were treated with ACT consist-
ing of one dose of 5.0 x 10° pmel (or control BL/6 T cells) along with IL-2 (50,000 IU/day i.p. x 3 days). Left: Both groups were treated with intratumoral (i.t.) injection of
vehicle control. Right: Both groups were treated with intratumoral injection of BO-112. Intratumoral injections were administered twice a week starting on the day after
ACT. *P < 0.05 (unpaired t test). (B) Tumors were harvested 5 days after ACT (and after two doses of intratumoral vehicle or BO-112) for RNA-seq analysis (n =3 per group).
Principal component analysis demonstrates clustering of treatment groups by PC1 and PC3 (treatment groups encircled manually). (C) Top: Venn diagram illustrating the
number of genes differentially expressed compared to the control group (BL/6 T cells and vehicle intratumoral agent), highlighting the 700 genes differentially expressed
in the group treated with pmel ACT and intratumoral BO-112. The relative expression of this set of 700 genes is shown in the bottom panel colored by treatment group.
(D) Heatmap of correlations between the 700 differentially expressed genes from the pmel-BO-112 gene set with CD45" populations identified by mass cytometry. Red
font highlights comparison of adoptively transferred T cells (CD8 pmel T cells) and endogenous T cells (CD8 T cells). (E) In vivo growth (mean + SEM) of B1 6-Jak1*° tumors
(top, n=5 to 7 mice per group) or B16-B2m"® tumors (bottom, n = 7 mice per group) after treatment with ACT and intratumoral BO-112. **P < 0.01 (unpaired t test).

of the WT B16 or B16-Jak1¥® cell lines (Fig. 5G). The surface MHC ~ gene sets (P < 0.01, g < 0.05, normalized enrichment score > 1.5)
I expression of the IFN-insensitive M202-JAKI*® human melanoma  that contained at least 30 genes that were also differentially ex-
cell line increased in response to both poly I:C and BO-112, but  pressed, identifying eight significantly different gene sets that were
neither LPS nor CpG, suggesting an effect specific to dsRNA sensing ~ up-regulated in BO-112-treated B16-Jak1*® cells, compared to
(Fig. 5H). vehicle-treated B16-Jak1¥° (Fig. 6A, right). Despite the absence of

IFN signaling in B16-Jak1*® tumor cells, BO-112 induces an “IFN-
BO-112 bypasses IFN signaling to induce MHC | expression like” gene signature, highlighted by genes in the Hallmark IFN-y
through activation of NF-xB signaling Response Pathway, the Hallmark IFN-o Response Pathway, and the
RNA-seq analysis of the B16-Jak1*° tumor cell line 6 hours after ~Reactome IFN Signaling gene sets. To determine whether the
treatment with vehicle or BO-112 revealed a set of 190 genes differ-  tumor-intrinsic effects of BO-112 in vitro were also observed in vivo,
entially expressed in response to BO-112 [P < 0.01, false discovery ~we examined the genes that were specifically up-regulated in
rate (FDR) < 0.05, and log,(fold change) > 1.5; Fig. 6A, left]. Gene B16- Jak1%© tumors treated with BO-112 and either pmel or control
set enrichment analysis was used to identify differentially expressed T cells (135 genes; Fig. 6B). Of these 135 genes, 55 were significantly
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increased both in vitro and in vivo in groups treated with BO-112
[P <0.01, FDR < 0.05, and log,(fold change) > 1.5; Fig. 6B]. Notably,
23 of these 55 genes were involved in either type I IFN signaling or
TNF-o signaling via NF-xB (Fig. 6C).

We postulated that NF-«xB could be the transcriptional effector
of the signaling induced by BO-112 that was responsible for IFN-
and Nlrc5-independent MHC I expression. Treatment with BO-112
augmented cytoplasmic phosphorylation and nuclear translocation
of NF-«kB (p65) (fig. S11). We treated our BlG—]aleO cell line with
BO-112 in conjunction with a selective NF-kB inhibitor, BMS-

Kalbasi et al., Sci. Transl. Med. 12, eabb0152 (2020) 14 October 2020

345541. BMS-345541 abrogated the induction of MHC I by BO-112 in
a dose-dependent manner (Fig. 7A). A transient knockdown of Rela
via two different small interfering RNAs (siRNAs) achieved a simi-
lar effect, 1nh1b1t1ng the up-regulation of surface MHC I by BO- 112
in B16- ]ak] tumors, as well as in human melanoma M407- ]AKI
(Fig. 7B).

We screened the effects of siRNA targeting four putative dsSRNA
sensors on induction of MHC I by BO-112. Knockdown of Pkr and
Tlr3, both of which are known to directly signal through NF-xB
(19-21), but not Ifihl or Ddx58, abrogated MHC I induction by
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Fig. 6. BO-112 induces IFN and NF-kB gene expression programs in B16-Jak1%® tumor cells despite the absence of IFN signaling. (A) B16-Jak1*® tumor cell lines
were treated with vehicle or BO-112 for 6 hours, and gene expression was quantified by RNA-seq (n = 3 biological replicates). The left panel shows the top 190 differen-
tially expressed genes [P <0.01, FDR < 0.05, and log,(fold change) > 1.5], which were also associated with significantly enriched gene sets [P <0.01, FDR < 0.05, and nor-
malized enrichment score (NES) > 1.5]. The eight enriched gene sets with at least 30 differentially expressed genes are shown in the right panel. (B) Comparison of the 136
genes enriched in tumors treated with BO-112 from our in vivo experiment (left; see also Fig. 4) with genes enriched in B16-Jak1%C tumor cell line treated with BO-112.
Relative expression of these 136 genes in the cell lines (right, top) mirrors the expression of these same genes in the groups treated with BO-112 in vivo (right, bottom).
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TNF-a signaling via NF-xB (red font) gene sets is highlighted and shown in larger font. Right: Relative expression of each gene in vitro.

BO-112 (Fig. 7C and fig. S12). Of these, only siRNA against PKR
(protein kinase R) completely abrogated the effect of BO-112 on
MHC I induction. Consistent with the hypothesis that BO-112 acti-
vates NF-«kB signaling via PKR, siRNA targeting PKR reduced the
abundance of nuclear NF-xB (p65) in response to BO-112 (Fig. 7D).

DISCUSSION

Although ICB is effective in a subset of patients with melanoma and
other malignancies, most patients still do not benefit. Tumor de-
fects in IFN signaling are an important mechanism of both primary
and acquired resistance to ICB (3, 4, 6, 8, 22). This role of IFN sig-

Kalbasi et al., Sci. Transl. Med. 12, eabb0152 (2020) 14 October 2020

naling is consistent with preclinical studies that demonstrated the
importance of tumor IFN sensitivity in mounting an effective anti-
tumor immune response (I, 2). Accordingly, we observed resistance
to the combination of dual ICB and focal radiation in B16 murine
melanoma with defects in Jakl or Jak2 observed in patients with
acquired resistance to ICB.

We queried whether T cell-based ACT could be an effective
approach to overcome resistance in tumors with defective IFN sig-
naling, especially given the increased utilization of ACT with tumor-
infiltrating lymphocytes and TCR- or CAR-engineered T cells for
patients with cancer. Notably, the efficacy of ACT with tumor-
specific pmel T cells was unaffected by defects in Jak2 or Ifnarl in
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Fig.7.BO-112 bypasses IFN signaling and induces MHC | expression through direct dsRNA sensor-mediated activation of NF-kB signaling. (A) Surface expression
of MHC | and PD-L1in B16-Jak7%® tumor cells (representative example) treated with increasing doses of BMS-345541, a selective NF-kB inhibitor. Right: Quantification
(mean with individual data points; n=2 per group). *P < 0.05 (unpaired t test). DMSO, dimethyl sulfoxide. (B) Effect of siRNA targeting Rela on expression of MHC | in
mouse B16-Jak1%® (mean, n = 2 per group) and human M407-JAKT*C (mean + SD; n = 4 per group) tumor cells in response to BO-112. *P < 0.05; **P < 0.01 (unpaired t test).
(€) Impact of siRNAs against dsRNA sensors (Pkr, Ifih1, Ddx588, and Tlr3), as well as Rela, on the induction of MHC | by BO-112 (mean + SD; n =3 per group). *P < 0.05 (unpaired
t test). (D) Effect of siRNA targeting Pkr on expression of nuclear and cytoplasmic NF-kB (p65) in mouse B16-WT and B16-Jak7*C tumor cells in response to BO-112.

B16 tumors. However, ACT with pmel T cells was ineffective against
B16-Jak1®© tumors lacking both type I and II IFN signaling both
in vitro and in vivo.

Our findings indicate that either type I or II IFN signaling is
necessary to coordinate MHC I antigen presentation by B16 tumor
cells in vivo and thereby confer sensitivity to pmel ACT. The role of
IFN signaling in the coordinated expression of MHC I antigen-
processing machinery (including peptide processing and transpor-
tation) is well described (16, 23), and melanoma tumors with defective
MHCI expression and IFN signaling have been reported (4). MHC
I expression on B16 is absent in vitro at baseline and readily induc-
ible by IFN (24, 25). This phenotype of low basal and IFN-inducible
MHC I expression is not unique to B16 murine melanoma. Although
human melanoma cell lines have variable expression of MHC I, we
found that a subset can also exhibit poor basal expression of MHC I
that can be induced by type I or II IFNs. In addition, in relapsed
tumors from patients after anti-PD-1 ICB with absent IFN signal-

Kalbasi et al., Sci. Transl. Med. 12, eabb0152 (2020) 14 October 2020

ing, the putative IFN-dependent gradient of MHC I expression at
the tumor margin was no longer observed. Others have also reported
that melanoma lesions progressing in the context of immune-based
therapies have weak MHC I expression (26, 27).

We used NLRCS5 as a tool to restore constitutive MHC I expres-
sion in the IFN signaling—deficient B16-Jak1*° model and, in doing
so, restored the antitumor efficacy of pmel ACT. Thus, when
MHC 1 is constitutively expressed, the absence of tumor IFN sig-
naling does not negate the efficacy of tumor-specific CD8" T cells.
This is consistent with the capacity of effector T cells to directly kill
tumor cells in a perforin- and granzyme-dependent manner, inde-
pendent of IFN signaling (10).

Our findings also highlight the different mechanisms that drive
resistance to ICB and ACT. IFN signaling has diverse downstream
effects, including direct antiproliferative effects (28, 29), the induc-
tion of immune checkpoints such as PD-L1 (30, 31), the expression
of T cell chemoattractants CXCL9 and CXCL10 (32-34), and the
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coordinated expression of antigen presentation machinery. In the
context of ICB, the complex interplay of each of these factors may
drive response or resistance (9). In some model systems, defects in
IFN signaling have even resulted in improved efficacy of ICB (15, 35).
In other scenarios, antigen presentation can be defective despite in-
tact IFN signaling (36). In the context of T cell-based ACT, our re-
sults suggest that the role of tumor IFN signaling is primarily tied to
its effect on antigen presentation. From this, we infer also that CAR
T cells, which target tumors independent of MHC expression, would
also be effective against IFN-deficient tumors.

In the absence of IFN signaling, alternative means to induce
MHCI expression are needed. BO-112 is a nanoplexed formulation
of poly I:C that activates dsRNA sensors such as TLR3, MDAS5,
RIG-I, and PKR. When administered intratumorally in phase 1
studies in combination with anti-PD-1 ICB, BO-112 can induce
clinical responses in patients refractory to anti-PD-1 therapy alone
(13). We found that BO-112 can induce MHC I expression in IFN
signaling—deficient melanoma and thus restore the antitumor activity
of pmel ACT. However, BO-112 restored MHC I expression through
an NF-kB-mediated mechanism and independent of NLRC5. NF-
kB is a known regulator of MHC I expression, especially at the hu-
man leukocyte antigen A (HLA-A) locus (37-39), and is directly
activated by dsRNA sensors TLR3 (21) and PKR (19, 20). Among
canonical dsRNA sensors, Pkr and TIr3 mediated the effect of BO-
112 on MHC I in B16 melanoma. These findings are consistent with
the capacity of the West Nile virus, a single-stranded RNA virus, to
induce MHC I in mouse embryonic fibroblasts in an NF-xB-
dependent and IFN-independent manner (40).

There is also emerging literature on the role for tumor cell-
intrinsic dsRNA sensing in response and resistance to immunotherapy.
Tumor cell-intrinsic dsSRNA sensing via RIG-I was shown to be criti-
cal for response to ICB, though in IFN-replete models (41). As another
example, loss of ADARI in B16 tumor cells, for example, amplified
dsRNA sensing and sensitized B16 tumors to anti—-PD-1 and GVAX
immunotherapy (42). Our findings illustrate a mechanism by which
dsRNA sensing can restore sensitivity to T cell-based ACT.

Our study has limitations. First, our modeling does not account
for the resistance of patients harboring tumors with sufficient basal
expression of MHC I despite tumor-intrinsic IFN defects. Although
we demonstrated that BO-112 can also augment the efficacy of ACT
against tumors with low MHC I expression that retain IFN sensitivity,
the contribution of IFN-independent MHC I induction is less likely
a major factor in this context. Second, the direct effects of BO-112
on tumor cells are limited to injected lesions. Systemic delivery of a
tumor-specific dsRNA agonist may maximize the therapeutic
potential of this approach. Third, although we used Janus kinase 1
(JAK1) and JAK2 knockout models to model IFN insensitivity,
these kinases are also involved in pathways other than IFN signal-
ing. To address this, we conducted studies using IFN-a, IFN-p, and/
or IFN-y as stimuli to highlight the specific role of IFN signaling in
each knockout model.

In conclusion, we propose that T cell-based ACT can still be an
effective immunotherapy approach in tumors with JAK2 loss that are
resistant to ICB, so long as there is sufficient antigen presentation.
In the absence of IFN-inducible antigen presentation, such as in tumors
with JAKI1 loss, activation of dsSRNA PRR sensors by BO-112 provides
an IFN-independent approach to restore MHC I expression via NF-kB
and sensitize tumors to the direct antitumor effect of CD8" T cell-
based ACT.

Kalbasi et al., Sci. Transl. Med. 12, eabb0152 (2020) 14 October 2020

MATERIALS AND METHODS

Study design

We examined the effect of tumor-intrinsic defects in IFN signaling
on the antitumor efficacy of tumor-specific T cells. We used synge-
neic mouse melanoma cell lines (B16-F10) with CRISPR-generated
deficits in either type I, type 11, or both type I and II IFN signaling.
Treatments included tumor-specific pmel T cells (or tumor-
nonspecific C57BL/6 T cells as a control) and BO-112, a nanoplexed
formulation of poly I:C delivered intratumorally (or its vehicle as a
control). We performed in vivo adoptive cell transfer studies and
in vitro coculture experiments and measured tumor growth, activa-
tion of T cells, and gene and protein expression. Mice were random-
ized to treatment groups after tumors were established to ensure
consistent tumor sizes. Numbers of mice per group and statistical
analysis are described in more detail in the figure legends and statis-
tical methods. Infrequently (less than 10% of all cases), an outlier
tumor was identified by size before initiation of treatment (as deter-
mined by Grubbs’ test) and excluded from analysis. Tumors were
measured by an individual blinded to treatment groups. In vivo ex-
periments are representative of at least two replicates. For in vitro
experiments, biological duplicates or triplicates were tested, and
experiments are representative of at least two replicates.

Celllines

The B16-F10 mouse melanoma cell line and RAW264.7 were pur-
chased from the American Type Culture Collection (ATCC). B16-F10,
RAW264.7, and patient-derived human melanoma cell lines were
cultured with complete medium (RPMI 1640 with r-glutamine,
Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS)
(Omega Scientific), penicillin (100 U/ml; Omega Scientific), streptomycin
(100 pg/ml; Omega Scientific), and amphotericin B (0.25 pg/ml;
Omega Scientific). Mouse T cells were cultured in complete medium
supplemented with 10% FBS (HyClone Characterized Fetal Bovine
Serum), antibiotics, and 50 uM 2-mercaptoethanol (Gibco). Cell
lines were confirmed to be mycoplasma negative using a mycoplasma
detection kit (Biotool #B3903) and periodically tested for authenti-
cation. For in vivo experiments, early-passage cell lines were used
(less than 10 passages).

Animals

Pmel-1 TCR/Thyl.1 transgenic mice on a C57BL/6 background were
obtained from The Jackson Laboratory. C57BL/6 mice were obtained
from a defined-flora, pathogen-free colony at the Association for
the Assessment and Accreditation of Laboratory Care-approved
animal facility of the Department of Radiation Oncology, University
of California, Los Angeles (UCLA). All mice were bred, kept, and
used in this colony under a UCLA Animal Research Committee—
approved protocol.

CRISPR-Cas9 knockout

For human melanoma cell lines M407 and M202, CRISPR-Cas9
mediated knockouts of JAKI were generated as previously described
(3). For mouse cell lines, CRISPR-Cas9 gene targeting was accom-
plished by first cloning the guide sequence selected using the CRISPOR
program into the pSpCas9(BB)-2A-GFP vector (Addgene) contain-
ing an ampicillin resistance gene (43, 44). The sequences for each
guide used are listed in table S1. DNA was isolated from Trans-
formed One Shot Stbl3 Chemically Competent E. coli (Invitrogen)
colonies selected by ampicillin resistance and verified using the U6
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promoter primer forward 5-GCCTATTTCCCATGATTCCTTC-3.
Mouse tumor cell lines were transfected using Lipofectamine 3000 reagent
(Thermo Fisher Scientific) and single cell-sorted from the bulk population
by green fluorescent protein (GFP) expression (Aria II, BD Biosciences).
Expanding clones were screened for successful CRISPR modifica-
tion using targeted polymerase chain reaction (PCR) amplification
of the single guide RNA (sgRNA) target region (HotStarTaq Master
Mix, Qiagen), followed by Sanger sequencing. Successful targeting
of genes of interest was determined by tracking of indels by decom-
position analysis (Netherlands Cancer Institute; https://tide.nki.ni).
CRISPR knockouts of genes responsible for IFN signaling (Jakl,
Jak2, and Ifnarl) were further confirmed by functional assessment
of surface MHC I and PD-L1 expression in response to IFNs
(Fig. 1A). CRISPR knockout of B2m was confirmed by surface MHC
I expression after IFN treatment. As a control cell line for the CRISPR
process, we used a WT B16 clone (B16-WT) in which targeting of
the genes of interest was unsuccessful (B16-WTCC).

Evaluation of surface MHC | and PD-L1 expression

Cell lines were seeded in complete medium containing IFN-y
(100 ng/ml) (PeproTech, catalog no. 315-05), IFN-B (500 IU/ml)
(Merck Millipore, catalog no. IF011), IFN-a (500 IU/ml) (Merck
Millipore, catalog no. IF009), BO-112 (0.5 to 1.0 pg/ml; Highlight
Therapeutics), BMS-345541 (Sigma-Aldrich), or phosphate-buffered
saline (PBS) for 18 hours. In other experiments, cells were treated
with LPS (100 ng/ml; InvivoGen, #tlrl-b5lps), CpG oligodeoxynu-
cleotides (10 pg/ml; InvivoGen, #tlrl-1826), or poly I:C (100 pg/ml;
InvivoGen, #tlrl-pic). After 18 hours, cells were harvested with
10 mM EDTA (Sigma-Aldrich) and surface-stained in PBS, 5% FBS,
and 2 mM EDTA with allophycocyanin (APC) anti-mouse H-2K°
(BioLegend #116518, clone AF6-88.5) and phycoerythrin (PE)
anti-mouse PD-L1 (BioLegend #155404, clone MIH7) for murine
tumor cells, and with PE-Cy7 anti-human HLA-A,B,C (BioLegend
#311430, clone W6/32) and APC anti-human PD-L1 (BioLegend
#374514, clone MIH3) for human tumor cells. Cells were analyzed
by flow cytometry using LSR II (BD Biosciences). Data were ana-
lyzed using the FlowJo software (version 10.6.1).

Generation of tumor-specific murine T cells

Splenocytes from pmel transgenic mice were cultured in complete
medium (as described above) plus murine IL-2 (50 U/ml; PeproTech)
and pulsed with murine gp100 peptide (1 ug/ml; Thermo Fisher
Scientific). C57BL/6 mice were used as a control, and splenocytes were
cultured in T cell medium and murine IL-2 (50 U/ml; PeproTech)
and pulsed with anti-CD3 and anti-CD28 antibodies (1 pug/ml).
Expanded T cells were then washed and cultured in murine IL-2
(50 U/ml) and used for in vivo adoptive cell transfer or in vitro
coculture experiments between days 3 and 9.

Tumor cell proliferation assay

Cell lines were transduced with a nuclear localizing RFP (NucLight
Red Lentivirus EF1a Reagent, Essen Biosciences) to facilitate cell
counts. B16-WT and knockout cell lines (RFP") were pulsed with
IFN-y (100 ng/ml) and IFN-f (500 IU/ml) 18 hours before coculture
and BO-112 (0.5 pg/ml) (Highlight Therapeutics) 6 hours before
coculture. After 18 hours, RFP" murine melanoma cells were har-
vested using 10 mM EDTA and plated in a flat-bottom 96-well plate
in triplicate for each condition at 5000 cells per well for IncuCyte
Live-Cell Analysis (Essen Bioscience). Pmel-1 T cells and C57BL/6
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splenocytes were added at 2:1 effector-to-target ratio. At least two
phase-contrast and fluorescent images were obtained of each well
every 2 hours using the IncuCyte live imaging system for at least
72 hours. Images were quantified by percentage confluence of the
fluorescent signal.

Enzyme-linked immunosorbent assay

B16-WT and knockout cell lines (RFP™) were pulsed with IFN-y
(100 ng/ml) and IFN-B (500 IU/ml) 18 hours before coculture and
BO-112 (0.5 ug/ml) 6 hours before coculture. Target tumor cells
were harvested using 10 mM EDTA and plated in a round-bottom
96-well plate in triplicate for each condition at 100,000 cells per
well. Pmel-1 T cells and C57BL/6 splenocytes were added at 1:1
effector-to-target ratio. The cocultured cells were incubated at 37°C
for 24 hours. Supernatant was then harvested and frozen at —20°C.
Coculture supernatants were thawed and analyzed by enzyme-
linked immunosorbent assay for mouse IFN-y (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

Gene expression assays

Total RNAs were extracted using the PureLink RNA Mini Kit
(Invitrogen) or RNeasy Mini Kit (Qiagen). Gene expression was
then measured using the Power SYBR Green RNA-to-CT 1-Step Kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Reverse transcription PCR (RT-PCR) was performed with the
ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). Data
were normalized to 18S expression.

Immunohistochemistry

Tumor samples were obtained and slides were stained as previously
described (3). Briefly, staining was performed at the UCLA Transla-
tional Pathology Core Laboratory using Leica Bond ancillary re-
agents and REFINE Polymer DAB detection system. Briefly, slides
were stained with S100 (Dako), CD8 (Dako), PD-L1 (clone SP142,
Spring Bio), and MHC I (clone HC 10, Sapphire NA) and scanned
at 40x on an Aperio ScanScope AT (Leica Biosystems).

Murine NLRC5 plasmid design

Total RNA was obtained from murine splenocytes using the PureLink
RNA Mini Kit (Invitrogen) according to the manufacturer’s in-
structions. Total RNA was then reverse-transcribed to complemen-
tary DNA (cDNA) using the Superscript IV Reverse Transcriptase
Kit (Thermo Fisher Scientific) with an Oligo(dT)20 primer (Thermo
Fisher Scientific). The cDNA was then amplified using the Phusion
High-Fidelity PCR Kit (New England BioLabs) and primers specific
for the NLRC5 coding sequence. A Gibson Assembly kit (New
England BioLabs) was used to incorporate the NLRC5 PCR product
into the pRRL-MSCYV viral plasmid and confirmed by Sanger
sequencing.

Lentiviral vector production and gene transfer

Lentivirus was achieved by cotransfection of 293T cells (ATCC).
Poly-1-lysine (Sigma-Aldrich)-coated tissue culture plates were
seeded with 5 x 10° 293T cells and allowed to adhere. Medium was
then replaced with complete medium without FBS. Cells were
transfected with pRRL-MSCV-mNLRCS5 (5 pg) or pRRL-MSCV-
mGFP (5 pg), along with pCMV8.9 (5 ug) and pCAGGS-VSV-G
(1 ug) using TransIT-293 Transfection Reagent (Mirus Bio). After
17 hours, the medium was replaced with Dulbecco’s modified
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Eagle’s medium (DMEM) with 10% FBS containing 20 mM Hepes
(Invitrogen) and 10 mM sodium butyrate (Sigma-Aldrich). After
8 hours, cells were washed and replenished with complete DMEM
with 20 mM Hepes. After 24 hours, the supernatants were collected,
filtered through 0.45-um filters, and stored at —80°C. For transduc-
tion, B16-WT and B16-Jak1¥® tumor cells at 40 to 60% confluence
were incubated with viral supernatant along with polybrene (8 pg/ml)
(Sigma-Aldrich). After 12 to 16 hours, medium was replaced and
cells were expanded and sorted (Aria I, BD Biosciences) on the ba-
sis of augmented basal expression of MHC 1.

In vivo ACT studies

B16-WT or CRISPR-modified cells (5 x 10°) were injected subcuta-
neously in the right flank of C57BL/6 mice (6 to 10 weeks of age).
Female mice were used to match the sex of the pmel mice from
which adoptively transferred T cells were derived. Seven days after
tumor inoculation, mice were treated with lymphodepleting (500 cGy)
total body irradiation. On day 9, 4.0 x 10° to 5.0 x 10° gp100-activated
pmel-1 T cells (or control BL/6 T cells) were adoptively transferred
(intravenously) to mice bearing palpable tumors (~50 mm®). Mice
were also treated with recombinant human IL-2 (50,000 IU per day,
intraperitoneally) for three consecutive days starting on the day of
adoptive transfer. Beginning the day after adoptive transfer, BO-112
was administered via intratumoral injection at 2.5 mg/kg, twice a week
for a total of three doses. Tumor size (length x width) was monitored
every 2 to 3 days, and volume was calculated as (length x width?)/2.

In vivo ICB studies

B16-WT or CRISPR-modified cells (5 x 10°) were injected subcuta-
neously in bilateral flanks of C57BL/6 mice (6 to 10 weeks of age) on
day 0. When tumors reached a volume of at least 50 mm”, mice were
randomized into different treatment groups according to the experi-
mental plan. InVivoMab anti-mouse PD-1 (reference no. BE0146)
and anti-mouse CTLA-4 (reference no. BE0131) or their corresponding
isotypes, anti-trinitrophenol [rat immunoglobulin G2a (IgG2a), refer-
ence no. BE0089] and polyclonal Syrian hamster IgG (reference no.
BE0087) from Bio X Cell, were administered by intraperitoneal injec-
tion (200 pg per antibody per dose). Focal tumor-directed computed
tomography—guided radiation was delivered using the Small Animal
Radiation Therapy platform (Precision X-Ray) with mice anesthe-
tized using isoflurane. Tumors were measured daily until the ani-
mals died or the tumor volume reached 2000 mm”.

siRNA experiments

Cells were plated in triplicate for each siRNA condition. After 8 hours,
cells were transfected with scrambled or on-target siRNAs (see table
S2) using Lipofectamine RNAIMAX (Thermo Fisher Scientific, catalog
no. 13778150) according to the manufacturer’s guidelines. Alterna-
tively, cells were transfected with ON-TARGETPlus siRNA Pools
for PKR or Non-targeting Control (siNTC) (Dharmacon). After
48 to 72 hours of transfection, medium was replaced with fresh me-
dium containing either BO-112 (0.5 pg/ml; Highlight Therapeutics)
or vehicle (5% glucose in PBS). After 6 or 18 hours, cells were har-
vested with 10 mM EDTA in PBS and analyzed by flow cytometry
or harvested for downstream protein analysis by Western blot.

Western blot
Nuclear and cytoplasmic protein fractions were obtained by
using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce)
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according to the manufacturer’s instructions. Antibodies are listed
in table S2.

Mass and flow cytometry of in vivo tumor specimens
Single-cell suspensions of tumors harvested from mice were stained
as previously described (45). Briefly, tumors were minced and dis-
sociated using a murine tumor dissociation kit (Miltenyi Biotec,
catalog no. 130-096-730) and the gentleMACS Octo Dissociator
(Miltenyi Biotec, catalog no. 130-095-937). Cells were then resus-
pended in PBS and filtered through a 70-um cell strainer to obtain
single-cell suspensions. For mass cytometry, the single cells were
first stained with Cell-ID Cisplatin (1:2500 dilution; Fluidigm, cata-
log no. 201064) for 5 min at 37°C. Cells were then washed with PBS
and stained with the surface antibody cocktail for 30 min at room
temperature. Cells were again washed and fixed with 1.6% formal-
dehyde for 20 min at room temperature. After fixation, cells were
then washed with Maxpar Perm-S Buffer (Fluidigm, catalog no.
201066) and stained with the intracellular antibody cocktail for
30 min at room temperature. Last, cells were stained with the inter-
calating solution (Cell-ID Intercalator-Ir, catalog no. 201192B) at a
1:6000 dilution in Maxpar Fix and Perm Buffer (Fluidigm, catalog
no. 201067) overnight at 4°C. For flow cytometry experiments, cells
were first stained in PBS with viability dye (Zombie UV Fixable
Viability Kit, BioLegend, catalog no. 423107) and then washed and
stained with surface antibodies in PBS, 5% FBS, and 2 mM EDTA.
Antibodies are listed in table S2. Data were acquired using a Fluidigm
Helios mass cytometer or an LSR II (BD Biosciences) flow cytom-
eter. For mass cytometry data, manually gated CD45" populations
(FlowJo software version 10.4.2) were analyzed using cytofkit package
(R version 3.5.1). Dimensionality reduction using #-SNE (¢-distributed
stochastic neighbor embedding) algorithm was performed on each
dataset, and plots were generated by PhenoGraph clustering through
cytofkitShinyAPP from cytofkit (46). Flow cytometry data were
analyzed in Flow]o software (version 10.6.1).

RNA-seq and analysis

Murine subcutaneous tumors were harvested and stored in RN Alater
overnight at 4°C before transferring to —80°C. Total RNA was ex-
tracted from tumors or cell lines using the AllPrep DNA/RNA
Micro Kit (Qiagen). RNA-seq libraries were prepared usinga KAPA
mRNA stranded library preparation kit, according to the manufac-
turer’s recommendations. Libraries were pooled and sequenced on
the Illumina HiSeq3000 platform [50-base pair (bp) reads]. Reads
were aligned to the mouse reference genome (mm9/GRCm38)
using HISAT?2 (v2.0.4) (47). Gene expression was quantified using
HTSeq-Counts (v0.6.1) (48). Differential expression analysis was
performed using DESeq2 (49), and subsequent gene set enrichment
analysis was performed using the fgsea (50) and msigdbr (51)
R packages, specifically on the Hallmark, KEGG (Kyoto Encyclopedia
of Genes and Genomes), and Reactome annotated gene sets. Differ-
entially expressed genes and gene sets were filtered to those with
a P value of less than 0.05 and a Benjamini-Hochberg corrected
FDR value less than 0.25. Gene expression was visualized using the
z score of normalized gene expression (calculated using the variance-
stabilizing transform from DESeq2) using the ggplot2 R package
(52). Gene expression was correlated with the mass cytometry data
by calculating the Pearson correlation coefficient between the nor-
malized gene expression (calculated using the variance-stabilizing
transform from DESeq2) and the relative percentages of each cell
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type (of total CD45" cells) as determined by cytofkit (described
above). Genes most highly correlated with cell types were filtered by
those with a Pearson correlation of at least 0.5.

Statistical analysis and reproducibility

Prism (versions 7 and 8) software (GraphPad) was used to analyze
differences between groups and determine statistical significance;
P < 0.05 was considered statistically significant. Normality assump-
tion was evaluated for outcomes before statistical testing. For in vitro
studies, including tumor growth, surface protein expression, gene
expression, and cytokine production, as well as in vivo tumor growth
studies, differences between groups were evaluated using two-sided
unpaired t tests. For in vivo studies, tumor growth is shown as mean +
SEM. Differences in mouse survival between treatment groups
were evaluated using the log-rank test. Statistical analysis of RNA-
seq data is described above. Original data are in data file S1.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/565/eabb0152/DC1

Fig. S1. Defects in Jak1 or Jak2 do not alter sensitivity of irradiated B16 tumors to irradiation
and dual ICB.

Fig. S2 CRISPR modifications of B16 tumor cell lines do not alter gp100 expression.

Fig. S3. MHC | expression of human melanoma exhibits IFN-o dependence.

Fig. S4. MHC | expression of human melanoma exhibits IFN-B dependence.

Fig. S5. Gating strategy to assess in vivo MHC | expression of B16-F10.

Fig. S6. Nirc5 overexpression does not augment the antitumor efficacy of adoptively
transferred pmel T cells against B16-WT tumors.

Fig. S7.BO-112 augments the efficacy of pmel T cells against B16-WT tumors in vivo.

Fig. S8.BO-112 and pmel ACT alter the immune composition of B16-Jak1*®
Fig. 59. B16-B2m"® tumor cells are resistant to killing by pmel T cells.

Fig. $10. BO-112-induced MHC | up-regulation in B16-Jak1*° cell lines is Nirc5 independent.
Fig. S11.BO-112 induces cytoplasmic phosphorylation and nuclear translocation of NF-xB
(p65) in B16-Jak1*® cells.

Fig. S12. Protein-level effects of siRNA targeting Ifih1, Ddx58, or Tlr3.

Table S1. CRISPR guides and RT-PCR primer sequences.

Table S2. Reagents.

Data file S1. Original data.
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Interfering with cancer

Many immunotherapies for cancer have emerged in recent years, but none are universally effective. One
potential problem is the loss of interferon signaling in tumors, which impairs the effectiveness of both immune
checkpoint blockade and cell-based therapies. Kalbasi et al. determined that both JAK1 and JAK2 signaling were
essential for the success of immune checkpoint blockade, whereas cell-based therapy only required JAK1
function, which maintained sufficient interferon signaling. The authors showed that defective interferon signaling in
tumors could be bypassed with the immunostimulatory compound BO-112. In a companion clinical trial,
Marquez-Rodas et al. tested BO-112 in human patients with cancer, with or without immune checkpoint blockade.
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