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ABSTRACT

Head and neck squamous cell carcinomas (HNSCCs) frequently harbor genomic mutations in cell death
pathways. Nearly 30% of HNSCCs overexpress Fas-Associated Death Domain (FADD), with or without
BIRC2/3 genes encoding cellular Inhibitor of Apoptosis Proteins 1/2 (clAP1/2), critical components of the
Tumor Necrosis Factor (TNF) Receptor signaling pathways. ASTX660 is a novel non-peptidomimetic
antagonist of clAP1/2 and XIAP under evaluation in a clinical trial for advanced solid tumors and
lymphomas. Herein, we show that ASTX660, at nanomolar concentrations, sensitized Murine Oral
Cancer (MOC1) cells to TNFa. Using syngeneic mouse models, ASTX660 showed additive anti-tumor
activity with radiation therapy (XRT), cisplatin chemotherapy, and PD-1 blockade to significantly delay or
eradicate MOC1 tumors. These combinations significantly increased CD8 + T cells and dendritic cells, as
well as T cell activity. ASTX660 stimulated cytotoxic T lymphocyte (CTL) killing of MOC1 cells expressing
ovalbumin. Early stages of CTL killing were predominantly mediated by perforin/granzyme B, whereas
later stages were mediated by death ligands TNFa, TRAIL, and FasL. Correspondingly, depletion of
CD8 + T cells and NK cells in vivo revealed both types of immune cells to be important components of
the complete anti-tumor response enhanced by ASTX660+XRT. These findings serve to inform future
studies of IAP inhibitors and support the potential for future clinical trials investigating ASTX660 with
XRT and immunotherapies like PD-1/PD-L1 blockade in HNSCC.
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Introduction increased expression of the IAPs converts this signaling to pro-
mote survival by inhibiting both caspase-mediated apoptosis and
RIP-mediated necroptosis.'' Mimetics of SMAC (second mito-
chondria-derived activator of caspases) have been developed as
potential therapies to inhibit IAPs and reinstate the pro-apopto-
tic signaling pathways.'™'* We recently reported that TAP inhi-
bition sensitizes human HNSCC to death ligands TNFa and
TRAIL, and that IAP inhibition in combination with radiation
is a potent inducer of TNFa and can delay or eradicate HNSCC
xenografts in vivo.”’

Development of effective anti-tumor immunity involves the
activity of cytotoxic T lymphocyte (CTL) and natural killer (NK)
cells, both of which induce apoptosis in target cells via granzyme
B (early) and/or TNFR superfamily ligation (late) through effec-
tor cell release of death ligands TNFa, TRAIL, and FasL. The role
of IAP inhibitors in sensitizing tumor cells to induction of
apoptosis downstream of TNFR superfamily ligation suggests
that IAP inhibitors could potentiate anti-tumor immunity.
Many HNSCCs display a T-cell inflamed response and corre-
sponding increases in programmed death ligand 1 (PD-L1),
which is an immune checkpoint regulatory molecule that limits

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most common cancer in the world, accounting for approximately
3% of all new cancer diagnoses in the United States, more than
600,000 new cases every year worldwide, and a five-year survival
rate nearing 50%."” HNSCCs comprise more than 90% of all
head and neck cancers and arise from the epithelium of the oral
cavity, oropharynx, nasopharynx, hypopharynx, and larynx.’
Recently, The Cancer Genome Atlas (TCGA) analysis of 279
HNSCCs uncovered genomic mutations in cell death pathways
affecting nearly half of all HNSCC.* Approximately 30% of these
carry chromosome 11q13/22 amplifications and overexpression
of Fas-associated death domain (FADD), with or without ampli-
fication of Baculovirus Inhibitor of Apoptosis repeat containing
(BIRC2/3) genes encoding cellular Inhibitor of Apoptosis
Proteins 1/2 (cIAP1/2). FADD and cIAP1/2 are critical compo-
nents of the Tumor Necrosis Factor (TNF) Receptor family
signaling pathways that determine cell death or survival.””’
Binding of TNFa, TNF-related apoptosis-inducing ligand
(TRAIL), Fas ligand (FasL), or other death agonists to their
receptors typically leads to cell death via FADD®'% however,
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CTL-mediated anti-tumor immunity. Since PD-based check-
point inhibition demonstrates clinical activity in only a subset
of HNSCCs,*"** identifying additional approaches to further
strengthen a targeted anti-tumor immune response is critical.
ASTX660, a novel orally bioavailable, non-peptidomimetic
antagonist of cIAP1/2 and XIAP,” is currently under evaluation
in a Phase I/IT clinical trial in patients with advanced solid
tumors and lymphomas.** In the present study, we sought to
ascertain the direct cytotoxic effects of ASTX660 and the additive
anti-tumor activity of the drug when combined with TNFR
superfamily ligands in vitro. Using a syngeneic murine oral
cancer (MOC) model, we also assessed ASTX660 with TNFa-
producing stimuli including cisplatin chemotherapy (CDDP)
and radiation therapy (XRT), as well as the effects of this agent
on anti-tumor immune responses. Herein we show in preclinical
models of HNSCC that ASTX660 sensitized MOCI1 cells to
antigen-specific T cell killing mediated by perforin and TNFR
superfamily ligands TNFa, TRAIL, and FasL, and that ASTX660
enhanced anti-tumor activity of XRT and PD-1 blockade in vivo
to induce CD8 + T cell, NK cell, and TNFa-dependent rejection
or significant growth delay of established tumors.

Results

ASTX660 sensitizes tumor cells to death by TNFa, TRAIL,
and FasL

Prior studies from our group suggest that IAP inhibition
induces robust cell death in human HNSCC cell lines that
overexpress FADD, BIRC2/3 and related pathways.'* To
assess the effects of ASTX660 in tumor cells not overexpres-
sing these pathways™, we screened MOCI, MOC2, and
MOC22 cells for sensitivity to ASTX660 by XTT assay across
a range of concentrations (1 nM-10 uM) with and without
TNFa, TRAIL, or FasL at concentrations previously shown to
be active in combination with IAP inhibitors (Figure 1A-B).2°
While all cell lines were resistant to ASTX660 alone up to
10 pM, both MOC1 and MOC22 demonstrated enhanced
sensitivity to ASTX660 in the presence of TNFa, while
MOCI1 also demonstrated enhanced sensitivity to ASTX660
in combination with TRAIL or FasL. MOC2 cells, which are
generally more resistant to most forms of treatment, showed
less robust responses. Similarly, when combined with a sub-
lethal dose of cisplatin, an active cytotoxic chemotherapy drug
and inducer of TNFa, ASTX660 also enhanced MOCI1 sensi-
tivity to the chemotherapeutic agent (Figure 1B). When
repeating these experiments using impedance over time to
measure cell density, MOC1 was again most sensitive to
ASTX660 with TNFa, TRAIL, or FasL (Supplemental
Figure S1). These results indirectly confirm prior studies in
human cell lines showing that ASTX660 degrades cIAP1 and
functionally inhibits cIAP2 and XIAP.** To verify that the
direct effects of ASTX660 on IAPs in MOCI cells are similar
to that seen in human cells, we also assessed levels of cIAP1/2
and XIAP by Western blot and flow cytometry. As expected,
cells treated with ASTX660 showed dose-dependent reduction
of cIAP1 levels but no change in XIAP or cIAP2 levels
(Supplemental Figure S2).

ASTX660 combined with cisplatin and PD-1 blockade
caused slight additive delay in tumor growth

Given our observations that ASTX660 sensitizes MOCI to death
ligands and cisplatin we sought to assess the efficacy of ASTX660
using the syngeneic MOCI model in vivo as a monotherapy and
in combination with immune checkpoint blockade and che-
motherapy (Supplemental Figure S3A). Since MOC1 tumors
typically induce a weak but present immune response to multiple
an‘tigens,26"29 we chose to combine ASTX660 with PD-1 blockade
and/or cisplatin chemotherapy. In MOCI-bearing mice,
ASTX660 alone provided a minor increase in the median survival
from 41 to 44 days, which did not reach statistical significance
(p = 0.06; Figure 2). This was quite similar to results that we have
seen in multiple prior experiments with MOCI-bearing mice
treated with cisplatin or anti-PD-1 alone, which usually results
in a modest tumor growth delay that approaches or just reaches
statistical significance.”® ' Each of the combination therapies
(ASTX660+CDDP, ASTX660+anti-PD-1, and the triple combina-
tion) significantly decreased tumor growth and improved overall
survival, though no significant differences among those groups
were observed. Compared to controls (median survival 41 days),
ASTX660+CDDP (68 days, p = 0.002), ASTX660+Anti-PD-1
(50 days, p = 0.03), and ASTX660+CDDP+Anti-PD-1 (65 days,
p =0.002) each provided significant survival benefit. The degree of
tumor growth delay seen in these combination-treatment groups
was quite similar to that seen in multiple prior experiments with
cisplatin and anti-PD-1/PD-L1.” This suggests that ASTX660
does not add much to this combination of cisplatin and PD-1
blockade but may be an adequate replacement for cisplatin or
anti-PD-1, potentially with less toxicity. No toxicity was observed
among ASTX660-treated mice, and weight remained stable
throughout treatment (Supplemental Figure S4). Flow cytometry
analysis of tumors for immune correlates revealed that ASTX660
combined with both CDDP and PD-1 blockade significantly
increased tumor cell PD-L1 expression (p = 0.05, Figure 3). In
prior studies with the MOC1 model we have noted that treatment
with anti-PD-1/PD-L1 alone tends to increase intratumoral
CD8 + T cells and dendritic cells, an effect that is often lost
when cisplatin is added.”””**° In contrast, in the present study
the combination of anti-PD-1 and ASTX660 significantly
increased intratumoral CD8 + T cells, and this effect was not
lost when cisplatin was added (Figure 3B). The number and
CD80 expression of CDI11B+CD11C+ dendritic cells were
increased in a subset of tumors from mice treated with the triple
combination, though this did not reach statistical significance
(Figure 3C-D). No significant changes in tumor cell MHC class
I expression, overall CD45+ cells, or myeloid-derived suppressor
cells (MDSCs) were observed (Supplemental Figure S5).

ASTX660 combined with radiation and PD-1 blockade
induces tumor regression

After observing modest combined activity between ASTX660
and CDDP in vivo, we sought to combine ASTX660 with
radiation, which potently stimulates production of death
ligands like TNFa in the tumor microenvironment
(Supplemental Figure S$3B).*>*> Although a prior study
showed synergy between daily, fractionated XRT (2 Gy) and
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Figure 1. ASTX660 enhances MOC cell death with death ligands. (A) MOC1, MOC2, and MOC22 cells were treated with ASTX660 (1uM), TNFa (20 ng/mL), or the
combination, then assessed following 72 hours by XTT assay. (B) MOC1 cells were treated with ASTX660 (1 pM), death ligands TNFa, TRAIL, or FasL (20 ng/mL each),
or CDDP (200 ng/mL) alone or in combination. Data are mean + SEM, * p < 0.05.
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Figure 2. ASTX660 with cisplatin (CDDP) and PD-1 blockade provides moderately delayed tumor growth and extended survival. (A) 5 x 10° MOC1 cells were implanted into
the right flank of wildtype female C57BL/6 mice. Mice were randomized into 5 groups (vehicle control, daily ASTX660, ASTX660 with weekly cisplatin, ASTX660 with anti-PD-
1 antibody twice weekly, or the triple combination) of 9 mice each starting 12 days after tumor. ASTX660 treatment began on day 12 with daily treatments via oral gavage
for two full weeks with one week off in between (orange arrows). Cisplatin was given once weekly and followed with two days of saline supplementation (brown arrows).
Anti-PD-1 antibody was given twice weekly (green arrows). A more detailed treatment schema is available in Supplementary Figure S3A. Error bars represent standard error
of the mean. *p < 0.05 versus control. (B) Kaplan-Meier survival curves representing each treatment group. Median survival: 41 days (control), 44 days (ASTX660, p = 0.06),
68 days (ASTX660+CDDP, p = 0.002), 50 (ASTX660+Anti-PD-1, p = 0.03), 65 (ASTX660+CDDP+Anti-PD-1, p = 0.002).



e1471440-4 R. XIAO ET AL.

A Tumor Cell PD-L1
800+
.
° [ 1]
®
400
= .
a ®
. . L °® e
- L ]
s e ¢ o
200 * *s pe
°® . L hd
Control ASTXBB0  ASTI®S0  ASTXAE0 ASTXB60
+CDDP +Anti-PD-1 +CDDP
+Anti-PD-1
C CD11B+CD11C+ Dendritic Cells
1000
L
»
8 800 [ ] 3 o®
8 .
S ° ® )
o [ ]
2 600 . o
5 °
a . . .
)
3 400 hd =
9 *
5
£ 2004 ® ° .
Q L ]
0 T T T T T
Contrel ASTYE80 AST)280 ASTXB60 ASTXB60
+CDDP +ANt-PD-1 +CODP
+Ant-PDA1

CD8+ T Lymphocytes
500
2 .
3 400
o L ]
o
=4 .
S 3004
~
2
» L]
S 200
S o L — . °
— .
& L i
2 100 PR
o . I %
. oo — .
c T , ? T T
Control ASTXB60 ASTX360 ASTXB60 ASTX360
+CDDP +ANti-PD-1 +CODP
+Anti-PD-1
D DC CD80 Expression
150-
L
© 100 ° . 4
= —_—— .
S —ow— —yt—
o °® L4 rod . ®
o L
o
= 50
C T T T T T
Control ASTXB60 ASTXB60 ASTXB60 ASTXB60
+CODP +Anti-PD-1 +CODP
+Anti-PD-1

Figure 3. ASTX660 with cisplatin (CDDP) and PD-1 blockade stimulate increased PD-L1 expression and CD8 + T cell tumor infiltration. Tumors were harvested 7 days
after starting treatment and analyzed by flow cytometry. MFI, mean fluorescence intensity. *p < 0.05.

another TAP inhibitor (birinapant) in a xenograft mode of
HNSCC ', XRT in this study was delivered in two doses of
8 Gy based upon data suggesting that 8 Gy provides superior
induction of antigen-specific immune responses compared to
daily, fractionated XRT in the MOC1 model.>** While both
ASTX660 alone (median survival 72 days, p = 0.03) and XRT
alone (82 days, p < 0.001) significantly delayed tumor growth
and improved survival compared to controls (65 days), the
combination of ASTX660+XRT significantly delayed tumor
growth and exceeded the survival of the individual treatments
(undefined median survival, p < 0.0001), with 2 of 11 mice
rejecting their established tumors (Figure 4). The triple com-
bination of ASTX660+XRT+PD-1 blockade achieved the
greatest delay of tumor growth, and the majority (6 of 11)
mice rejected their established tumors, suggesting this combi-
nation is most effective in promoting an anti-tumor immune
response. This combination resulted in no deaths up to
90 days, significantly better survival than controls
(p < 0.0001), ASTX660 alone (p < 0.0001), and XRT alone
(p = 0.005), while trending towards improved survival over
ASTX660+XRT (p = 0.07). In this set of experiments we did
not include a comparison group treated with XRT+PD-1
blockade, which we have previously found to be quite effective
at curing MOC1 tumors when treatment is started early.’’

However, in the present study the addition of PD-1 blockade
to ASTX660+XRT resulted in a clear enhancement of anti-
tumor activity, with statistically significant improvement in
tumor growth delay.

While we were unable to perform flow cytometry on
tumors due to rejected or undetectable tumors at the date of
harvesting, we were able to collect and analyze mouse spleens
by flow cytometry and draining lymph nodes (DLNs) by T
cell interferon gamma (IFNy) production. Splenic CD45+
cells, CD8 + T cells, and CD107 expression on CD8+ cells
were increased only in a small subset of tumors from treated
animals, which failed to reach statistical significance for most
comparisons (Figure 5A-C). The effects on dendritic cells
were more robust: the number and CD80 expression of
CD11b+CD11c+ cells increased significantly with XRT versus
untreated animals and to a greater degree as ASTX660 and
PD-1 blockade were added to the treatment regimen
(Figure 5D-E). No significant changes in MDSCs were
observed (data not shown). When sorted T cells collected
from DLNs were stimulated with CD3/CD28 Dynabeads, T
cells from mice treated with ASTX660+XRT produced more
than double the amount of IFNy (Figure 5F). The triple
combination group was not assessable, as those lymph nodes
yielded insufficient T cells for subsequent analysis.
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Figure 4. ASTX660 combined with XRT and PD-1 blockade significantly delays or prevents tumor growth. (A) 5 x 10® MOC1 cells were implanted into the right hind
leg of wildtype female C57BL/6 mice. Mice were randomized into 5 groups (vehicle control, daily ASTX660, 2 doses of XRT, ASTX660+XRT, or ASTX660+XRT with anti-
PD-1 antibody twice weekly) of 11 mice each starting 12 days after tumor inoculation. ASTX660 treatment began on day 12 with daily treatments via oral gavage for
two full weeks with one week off in between (orange arrows). XRT was given in two doses of 8 Gy each on days 2 and 4 of treatment (brown arrows). Anti-PD-1
antibody was given twice weekly (blue arrows). A more detailed treatment schema is available in Supplementary Figure S3B. Error bars represent standard error of
the mean. **p < 0.01 versus control, #p < 0.01 versus ASTX660 or XRT only, * p < 0.05 versus ASTX660+XRT without anti-PD-1. (B) Kaplan-Meier survival curves

representing each treatment group.

ASTX660 stimulates perforin and TNFR superfamily
ligand mediated T cell killing of tumor cells

We next performed additional in vitro experiments to eluci-
date possible mechanisms by which ATSX660 enhances anti-
tumor immunity. Using the xCELLigence RTCA platform to
record impedance over time in MOCI cells expressing oval-
bumin, we confirmed minimal effects of ASTX660 alone on
MOClova up to 500nM (Supplemental Figure S6). Without
ASTX660, SIINFEKL-specific cytotoxic T lymphocytes (CTLs)
generated from OT-1 mice were mildly effective at delaying
MOClova proliferation at low E:T ratios (1:1) or temporarily
suppressing tumor cell proliferation at higher ratios (10:1).
However, pre-treatment of MOClova cells with ASTX660
sensitized tumors cells to antigen-specific tumor cell killing
by CTLs at both 1:1 and 10:1 E:T ratios (Figure 6A) in a dose-
dependent fashion (Supplemental Figure S7). Furthermore,
while ASTX660 stimulated tumor cell killing by T cells, it
did not have any effects on T cell viability or proliferation
up to 10 uM (Supplemental Figure S8).

We subsequently investigated the mechanisms through
which ASTX660 sensitizes MOClova to killing by CTLs. In
the presence of the perforin inhibitor Concanamycin A, early
control of MOClova cell index was significantly inhibited at
both 1:1 and 10:1 E:T ratios (Figure 6B-C). After a period of
12-15 hours, CTLs ultimately induced total loss of MOClova
cell index. The addition of antibodies specific for TNFa,
TRAIL, and FasL each modestly reduced MOClova killing
when CTLs were added at a 1:1 E:T ratio. The degree to which
each death ligand blockade reduced MOClova killing was
consistent with our prior data indicating contribution of
TNFa, TRAIL and FasL to tumor cell death (Supplemental
Figure S1). At a 10:1 E:T ratio, the effects of antibodies to
death ligands was not maintained (Figure 6C). These results
suggest that ASTX660 sensitized tumor cells to killing by both
perforin/granzyme B and TNFR superfamily ligands, with
perforin/granzyme B as the most significant mediator of
early stage killing, while TNFR superfamily ligands may be
key to sustained CTL killing (Supplemental Figure S9).

ASTX660 combined with radiation induces tumor
regression via TNFa, CD8 + t cells, and NK cells

Finally, we sought to further clarify the mechanisms whereby
combined ASTX660 and XRT enhance anti-tumor immunity in
vivo. We investigated this by treating mice with ASTX660+XRT
in the setting of TNFa blockade, CD8 + T cell depletion, or NK
cell depletion (Figure S3C). When CD8 + T cells were depleted,
the anti-tumor effects of ASTX660+XRT were essentially
negated, as those tumors grew similar to untreated tumors
(Figure 7, median survival 57 days), and no significant survival
benefit was observed versus control animals (64 days, p = 0.13).
Similarly, when NK cells were depleted, the anti-tumor efficacy
of ASTX660+XRT was largely negated but to a lesser degree
than when CD8 + T cells were depleted; however, there was a
significant survival benefit from ASTX660+XRT over control
mice even in the absence of NK cells (69 days, p = 0.04). When
TNFa was blocked, ASTX660+XRT remained effective in
delaying tumor growth, though to a lesser degree than the
combination treatment itself. Significant differences in survival
were observed between the untreated controls and treated mice
with TNFa blockade (78 days, p < 0.001). In fact, TNFa block-
ade (p < 0.001), CD8 + T cell depletion (64 days, p < 0.0001),
and NK cell depletion (69 days, p < 0.0001) all significantly
negated the delay of tumor growth and improvement in survi-
val provided by ASTX660+XRT. These results suggest that both
CD8 + T cells and NK cells are essential components of the
anti-tumor response generated by ASTX660+XRT, but even in
the absence of TNFa, remaining mechanisms of lymphocyte-
mediated killing stimulated by ASTX660+XRT can still achieve
significant delay in tumor growth and improved survival.

Discussion

In recent years, an increasing number of IAP antagonists have
been developed and are currently in Phase I/II clinical trials.”>~>”
While it has become well-established that such agents directly
cause cytotoxicity through increased sensitivity to death ligands
like TNFa and can produce additive or synergistic anti-tumor
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Figure 5. ASTX660 combined with XRT increases CD8 + T cells and dendritic cells within the spleen and activity of T cells from DLNs. (A-E) Immune cells were
collected from mouse spleens 4 days after starting treatment and analyzed by flow cytometry. MFI, mean fluorescence intensity. (F) T cells sorted from harvested
DLNs were plated (1 x 10° cells per well) with CD3/CD28 Dynabeads for 48 hours before supernatants were collected and analyzed by ELISA for IFNy production.

*p < 0.05.

effects in vivo with TNFa-producing agents like chemotherapy
or XRT,>*17-20 4 dditional mechanisms of anti-tumor efficacy
have not yet been described. Given that TNFa and TRAIL
production provide a means through which T cells and NK
cells kill target cells,”®* we sought to understand the effects of
ASTX660 on anti-tumor immunity.

In the present study, we employed murine preclinical
models of HNSCC to demonstrate that ASTX660 enhances
direct cytotoxic effects on tumor cells treated with TNFR
superfamily ligands. TNFa appeared to be the most potent

TNER superfamily ligand, evidenced by the degree of direct
cytotoxicity of the ligand with ASTX660, though ASTX660
enhanced MOCI sensitivity to TRAIL and FasL, as well as
cisplatin chemotherapy. However, the enhancement of anti-
tumor activity seen when ASTX660 was combined with cis-
platin was limited. The greatest combined activity that we
observed was between ASTX660 and XRT, as well as when
PD-1 blockade was subsequently added, which resulted in
significantly delayed growth or tumor rejection. Although
we did not try combining cisplatin, radiation and ASTX660
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Figure 6. ASTX660 stimulates cytotoxic T lymphocyte killing. (A) MOC1ova cells were plated with ASTX660 (250 nM) and allowed to grow for 20 hours before
addition of effector cells at indicated effector:target (E:T) ratios. (B-C) At both 1:1 and 10:1 E:T ratios, Concanamycin A (ConA, 100 nM), anti-TNFa (20 ng/mL), anti-
TRAIL (20 ng/mL), and anti-FasL (20 ng/mL) were also added in addition to CTLs after 20 hours of cell growth. Impedance lines are graphed as averages of 3
replicates that have been normalized to a cell index of 1.0 at 20 hours when drugs or CTLs were added.



e1471440-8 R. XIAO ET AL.

in these experiments, ASTX660 was well tolerated and could
potentially be used in future preclinical or clinical studies with
lower doses of cisplatin and/or radiation.

The striking difference seen when combining ASTX660
with radiation versus cisplatin may be due to a greater degree
of immunosuppressive effects of cisplatin; we purposely chose
to use two doses of 8 Gy rather than a more fractionated
radiation schedule, which we have found to be more immu-
nosuppressive in the MOC1 model.”* We have previously
shown that while cisplatin can enhance anti-tumor activity
at sublethal doses, higher doses can be immunosuppressive in
the tumor microenvironment.”® It should also be noted that
while TNFa can induce direct tumor cell death via FADD and
downstream pathways, it can also have immunosuppressive
effects via induction of activation-induced cell death (AICD)
of T cells and enhanced function of regulatory T cells or
MDSCs.**™** Thus, differential effects downstream of TNFa
may be an additional explanation for the differences seen
when ASTX660 was combined with radiation versus cisplatin.
However, the results of our in vitro experiments and in vivo
experiment with TNFa depletion suggest that TNFa is pri-
marily promoting tumor cell death in these preclinical
models.

Flow cytometry analysis of cells collected from spleens of
animals treated with ASTX660+XRT revealed corresponding
increases in CD45+ cells, CD8 + T cells, and both number of
dendritic cells and CD80 expression for mice treated with
ASTX660+XRT+Anti-PD-1, suggestive of a significant anti-
tumor immune response. Furthermore, T cells harvested from
DLNs of mice treated with ASTX660+XRT were found to
produce significantly more IFNy, suggesting that in addition
to the increase in the number of CD8 + T cells, the relative
activity of those lymphocytes was also significantly amplified.
Given our flow cytometry results and ex vivo analysis of T
cells, we subsequently demonstrated that ASTX660 also sen-
sitizes tumor cells to CTL killing. Of note, MOCI cells have
only modestly increased expression of FADD and no
increased expression of the BIRC2/3 genes coding for
cIAP1/2 compared with mouse oral keratinocytes,” suggest-
ing that IAP overexpression is not critical for enhancement of
anti-tumor immunity by ASTX660. Given the conversion of
downstream signaling towards apoptosis via activation of
caspases that results from IAP antagonism by ASTX660, it
follows that CTL Kkilling is dependent upon TNFa, TRAIL,
and FasL. Furthermore, it is important to recognize the cri-
tical role of perforin/granzyme B as an essential early-stage
mediator of antigen-specific CTL killing enhanced by
ASTX660.

The critical importance of CD8 + T cells was further
clarified following our in vivo depletion experiment, as mice
depleted of CD8 + T cells and treated with ASTX660+XRT
experienced only slight tumor growth delay and no significant
differences in survival compared with untreated mice.
Furthermore, NK cells also appear to play a significant role
in the anti-tumor response stimulated by ASTX660+XRT, as
NK-depleted mice experienced a similar delay in tumor
growth. The mechanism of NK cell contributions to anti-
tumor immunity here is unclear, as we did not perform
mechanistic studies. Perhaps most surprising were the

significant differences in both tumor growth and survival
between mice depleted of CD8 + T cells and those receiving
TNFa blockade. Such a difference further supports our under-
standing that ASTX660 enhances T cell killing through several
mechanisms, including signaling downstream of the TNFR
superfamily ligands TNFa, TRAIL, and FasL, as well as per-
forin/granzyme B.

Our findings are timely and pertinent as numerous SMAC
mimetics and other IAP inhibitors continue to be developed
and studied®’; however, our understanding of these agents
is still in its earliest stages. While the downstream pro-apop-
totic signaling pathways that allow these IAP inhibitors to
sensitize tumor cells to TNFR superfamily ligands like TNFa
have been clarified in recent years,'>'*'""*° alternative
mechanisms through which ASTX660 contributes to a
tumor response have yet to be described. Our finding that
ASTX660 stimulates CTL killing in vitro and enhances anti-
tumor activity when combined with XRT in vivo via a
CD8 + T cell-mediated response further increase the potential
for TAP inhibitors to become established as a novel and well-
tolerated class of anti-neoplastic agents. Though HNSCCs
with overexpression of FADD and BIRC2/3 may show the
most robust responses to IAP inhibitors, our data showing
activity in the MOC cells, which do not overexpress these
pathways, suggest that a large proportion of patients with
HNSCC and other cancers may benefit from treatment with
this class of drugs. As immune based therapies like PD-1/PD-
L1 blockade demonstrate clinical activity”** and che-
motherapies like cisplatin and paclitaxel are increasingly com-
bined with numerous immunotherapies,” *® a paradigm shift
away from these more toxic and immunosuppressive che-
motherapy drugs and towards targeted therapies should be
explored. ASTX660 presents a particularly compelling candi-
date given its direct cytotoxic effects towards tumor cells,
enhancement of T cell killing of tumor cells, and lack of T
cell and systemic toxicity, a rare combination in stark contrast
with chemotherapies that can nonspecifically harm not only
the tumor, but also the host immune system.

During preparation of this manuscript for publication,
another study was published showing that the cIAP1 inhibitor
birinapant enhances cytotoxic lymphocyte killing of tumor
cells in vitro through lymphocyte-derived TNFa secretion.*’
Furthermore, the authors observed that PD-L1 blockade with
birinapant further enhanced lymphocytic killing by TNFa
secretion. We believe that the present study significantly
builds upon their findings by establishing TNFR superfamily
ligands TRAIL and FasL as significant mediators of CTL kill-
ing enhanced by IAP inhibition, while also demonstrating
additive activity with XRT and PD-1 blockade in vivo to
enhance the anti-tumor response for rejection or significant
growth delay of established syngeneic tumors.

The present study includes several limitations. The exact
specificity of IAP inhibition with ASTX660 used in different
situations and doses is unknown, and this is always a concern
when using targeted therapies. While our impedance-based
assays allow for real-time quantitative analysis of cellular
density of tumor cells affected by ASTX660 and CTLs, it is
unclear how well our experimental in vitro E:T ratios reflect
the numbers and kinetics of CTL Kkilling in vivo. Further, the
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Figure 7. The anti-tumor response to ASTX660+XRT is predominantly driven by CD8 + T cells and, to a lesser degree, NK cells. (A) 5 x 10® MOC1 cells were implanted
into the right hind leg of wildtype female C57BL/6 mice. Mice were randomized into 5 groups (vehicle control, daily ASTX660 with 2 doses of XRT, ASTX660+XRT with
anti-TNFa twice weekly, ASTX660+XRT with anti-CD8 twice weekly, or ASTX660+XRT with anti-NK1.1 twice weekly) of 10 mice each starting 12 days after tumor
inoculation. ASTX660 treatment began on day 12 with daily treatments via oral gavage for two full weeks with one week off in between (orange arrows). XRT was
given in two doses of 8 Gy each on days 2 and 4 of treatment (brown arrows). Blocking antibodies were given twice weekly (blue arrows). A more detailed treatment
schema is available in Supplementary Figure S3C. Error bars represent standard error of the mean. *p < 0.05, **p < 0.01 versus control, #p < 0.05, ##p < 0.01 versus
ASTX660+XRT, ++p < 0.01 vs. ASTX660+XRT+Anti-CD8. (B) Kaplan-Meier survival curves representing each treatment group.

CTL experiments were based on a model antigen. Thus, we
have corroborated our findings through depletion experi-
ments in a syngeneic murine model, which demonstrate a
role for CD8 + T cells and TNFa. Results obtained with the
MOCI1 model can be somewhat heterogeneous and variable,
but we have been able to detect reproducible and significant
CTL-, TNF- and drug-induced responses in multiple indepen-
dent experiments. This variability is representative of the
heterogeneity seen in oral and other cancers. Logistical con-
straints precluded the use of large numbers of animals across
numerous treatment groups for sufficiently powered analyses
to detect subtle changes in numbers and phenotypes of
immune cells by flow cytometry, though some significant
results were observed. Furthermore, we were unable to per-
form flow cytometry of tumor samples from our ASTX660
+XRT mouse experiment due to complete rejection or limited
remaining tumor at the time of harvesting; however, we were
able to collect and analyze spleens and DLNs from these mice.
Lastly, our mice treated with triple ASTX660+XRT+Anti-PD-
1 combination yielded insufficient T cells from DLNSs to assess
and compare levels of IFNy produced. Nevertheless, these
anti-tumor responses with the addition of immune check-
point inhibition, and their abrogation by depletion of
CD8 + T cells, NK cells, and TNFa, strongly support a critical
role of enhanced anti-tumor immune activity with this ther-
apeutic combination.

In summary, ASTX660 sensitizes murine models of HNSCC
to TNFa and sensitizes tumor cells to antigen-specific T cell
killing mediated by perforin/granzyme B, TNFa, TRAIL, and
FasL. When combined with XRT and PD-1 blockade in vivo,
ASTX660 significantly enhanced delay of tumor growth and
rejection rates of established syngeneic MOCI tumors. Both
CD8 + T cells and NK cells are critical components of the
complete anti-tumor immune response stimulated by ASTX660
+XRT. These findings serve to inform future studies of IAP
inhibitors and support the potential for future clinical trials
combining IAP inhibitors such as ASTX660 with XRT and PD-
1/PD-L1 immune checkpoint blockade.

Materials and methods
Cell lines

Murine oral cancer (MOC) 1, 2, and 22 cell lines were
obtained from Dr. R. Uppaluri (Washington University
School of Medicine) in 2014, authenticated, and maintained
as previously described.>*®* MOCI cells were previously engi-
neered to express full-length ovalbumin (MOClova) as a
model antigen using a pBABE vector backbone containing
ovalbumin and antibiotic resistance genes for selection.”* All
cell lines were stored in liquid nitrogen and cultured for no
longer than 3 months or 15 passages before experimental use.
For in vitro experiments, cells were harvested with TrypLE
Select (ThermoFisher) and viability was determined using
propidium iodide exclusion.

Reagents and antibodies

ASTX660 was obtained from Astex Pharmaceuticals
through a cooperative research and development agreement
with the National Institute on Deafness and Other
Communication Disorders (NIDCD). The chemical struc-
ture of ASTX660 has been publicly disclosed by Astex
Pharmaceuticals.”>** Pharmaceutical grade cisplatin was
obtained from the veterinary pharmacy at NIH.
Recombinant mouse death ligands were obtained from
BioLegend (TNFa) and R&D Systems (TRAIL, FasL). XTT
kits to assess cell density were obtained from Sigma-
Aldrich. In vivo antibodies administered to mice specific
for PD-1 (clone RMP1-14), mouse TNFa (clone XT3.11),
CD8 (clone YTS 169.4), and NK1.1 (clone PK136) were
obtained from BioXCell. Fluorescent-conjugated antibodies
for flow cytometry were obtained from eBioscience
(CD137/41BB) and BiolLegend (CD8, CD45, CD80,
CD11b, CDl1lc, CD107a, Ly6G, Ly6C, H-2Kb/H-2Db).
Antibodies for XIAP and cIAP2 were from Abcam, and
cIAP1 antibody was from Enzo Biosciences.
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In vitro assays

For cell proliferation assays, MOC cells were plated at
2.0 x 10° cells per well in 96-well plates and allowed to adhere
overnight prior to drug treatments. Cells were then treated
with 0.01% DMSO control or ASTX660 at indicated concen-
trations + recombinant mouse TNFa (20 ng/mL), TRAIL
(20 ng/mL), or FasL (20 ng/mL). ASTX660 was also combined
with a sublethal dose of cisplatin (200 ng/mL). Cell density
was measured by XTT kits to determine 50% inhibitory con-
centration (ICsp) at 72 hours. These experiments were repli-
cated under identical conditions using 96-well E-Plates
(ACEA Biosciences) to assess changes in cell density over
time by recording impedance using the xCELLigence Real-
Time Cell Analysis (RTCA) platform according to manufac-
turer instructions. To assess the effects of ASTX660 on T cell
proliferative capacity, naive T cells were harvested from OT-1
mice (Charles River), sorted using the autoMACS Pro
Separator, stimulated using CD3/CD28 Dynabeads
(ThermoFisher), treated with indicated concentrations of
ASTX660, and assessed for viability by CFSE flow cytometry
(ThermoFisher). Proliferation was quantified by CFSE spread
as described.”

For immune cell killing assays, SIINFEKL-specific CTLs
were generated by culturing splenocytes harvested from
OT-1 mice (Charles River) in the presence of SIINFEKL
(2 pg/mL) with daily 2:1 splitting as previously described.-
** For each antigen-specific impedance-based experiment,
1.0 x 10* MOClova target cells were plated in 96-well
E-Plates and cultured with or without ASTX660 overnight
prior to adding OT-1 CTL effector cells at 1:1, 10:1, or
25:1 effector-to-target cell (E:T) ratios. For mechanistic
evaluations, Concanamycin A [Sigma-Aldrich, 100nM]
and antibodies (20 ng/mL) specific for TNFa (BioXCell),
TRAIL (ThermoFisher) and FasL (ThermoFisher) were
added with effector cells. Changes in impedance were
recorded using the xCELLigence RTCA platform. Triton
X-100 (0.2%) was added to select wells as a positive con-
trol to confirm complete loss of cell index via total cell
lysis; CTLs were also plated up to 1 x 10° per well to
verify no detectable contributions to impedance (data not
shown). Percent loss of cell index at specified time points
was calculated as 1 - [experimental cell index]/[control
cell index].

For assessment of IAP levels, MOC1 cells were cultured
in 6-well plates in complete media with or without
ASTX660 for 24 hours. For flow cytometry, cells were
then harvested, fixed in 2% PFA, and permeabilized over-
night with methanol at —20°C. Cells were then rinsed and
stained with an Alexa-647 conjugated antibody for XIAP
or a primary antibody for cIAP2 followed by Alexa-488-
conjugated secondary antibody, then analyzed by flow
cytometry. For western blot, whole-cell lysates were
obtained with NP40 lysis buffer. Protein concentrations
were determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific). Samples were then mixed with
NuPAGE LDS sample buffer and NuPAGE sample redu-
cing agent (Life Technologies), heated at 95°C for

5 minutes and subjected to electrophoresis using 4%-
12% Bis-Tris precast gels (Life Technologies) at 150 V
for 75 minutes. Proteins were then transferred by wet
electroblotting onto a  nitrocellulose = membrane.
Membranes were blocked for one hour in Odyssey block-
ing buffer (LI-COR Biosciences) and incubated with the
primary antibody overnight at 4°C, then rinsed and incu-
bated with species-appropriate horseradish peroxidase
(HRP)-conjugated antibody for one hour. Blots were incu-
bated with Chemiluminescent HRP Antibody Detection
Reagent (Denville Scientific Inc.) and imaged using
Image Studio software (LI-COR Biosciences).

In vivo mouse experiments

All animal experiments were conducted under protocol
1387-16 approved by the NIDCD Animal Care and Use
Committee, in compliance with the Guide for the Care
and Use of Laboratory Animal Resource (1996) National
Research Council. Wildtype female C57BL/6 mice aged
6-8 weeks were obtained from Charles River and housed
in a pathogen-free animal facility. Each mouse was
injected in the right flank or hind leg (for XRT) with
5 x 10° MOCI cells in matrigel which were allowed to
grow for 12 days before randomization into treatment
groups. Tumors were measured three times weekly, and
survival was defined as time to endpoint criteria (tumor
>2 cm in any dimension). Mice were treated according to
the provided schema (Supplemental Figure S3).
Treatments included ASTX660 (16 mg/kg/day for two
nonconsecutive weeks, OG), cisplatin (5 mg/kg/week for
five weeks, IP) with saline supplementation, XRT (two
treatments of 8 Gy each), and antibodies against TNFa,
CD8, NKI1.1, and PD-1 (all 200 pg, twice weekly IP).
CD8 + T cell and NK cell depletions were performed as
previously described and validated.”” In a subset of mice,
identifiable tumors and spleens were harvested following
the first week of treatment (treatment day 8 of cisplatin
experiment) or the second dose of radiation (treatment
day 5), digested into single cell suspensions as previously
described,”” and analyzed by flow cytometry. In the same
subset of mice for our second experiment, we also sorted
T cells using the autoMACS Pro Separator from tumor
draining lymph nodes (DLNs), plated 1.0 x 10° sorted
cells per well in 96-well plates, stimulated the cells using
CD3/CD28 Dynabeads (ThermoFisher), and collected
supernatants after 48 hours to measure IFNy production
using ELISA kits (eBioscience).

Statistical analysis

All data were analyzed using GraphPad Prism 7. Descriptive
statistics are presented as means with standard deviations or
counts with percentages. Continuous variables were compared
using one-way ANOVA and post hoc Tukey’s multiple compar-
isons tests. Tumor growth curves were compared using repeated-
measures two-way ANOVA with posthoc Tukey’s multiple



comparison tests. Kaplan-Meier analysis was used to estimate
survival following tumor inoculation and Gehan-Breslow-
Wilcoxon tests were used to compare survival distributions. All
values of p < 0.05 were considered statistically significant.
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