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Abstract

Purpose: The response rates of Head and Neck Squamous
Cell Carcinoma (HNSCC) to checkpoint blockade are below
20%. We aim to develop a mechanism-based vaccine to
prevent HNSCC immune escape.

Experimental Design: We performed RNA-Seq of sensi-
tive and resistant HNSCC cells to discover central pathways
promoting resistance to immune killing. Using biochemis-
try, animal models, HNSCC microarray, and immune cell
deconvolution, we assessed the role of SOX2 in inhibiting
STING-type I interferon (IFN-I) signaling-mediated antitu-
mor immunity. To bypass SOX2-potentiated STING sup-
pression, we engineered a novel tumor antigen-targeted
nanosatellite vehicle to enhance the efficacy of STING ago-
nist and sensitize SOX2-expressing HNSCC to checkpoint
blockade.

Results: The DNA-sensing defense response is the most sup-
pressed pathway in immune-resistant HNSCC cells. We identi-
fied SOX2 as a novel inhibitor of STING. SOX2 facilitates
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autophagy-dependent degradation of STING and inhibits IFN-
I signaling. SOX2 potentiates an immunosuppressive micro-
environment and promotes HNSCC growth in vivo in an IFN-
[-dependent fashion. Our unique nanosatellite vehicle
significantly enhances the efficacy of STING agonist. We
show that the E6/E7-targeted nanosatellite vaccine expands
the tumor-specific CD8' T cells by over 12-fold in the
tumor microenvironment and reduces tumor burden. A
combination of nanosatellite vaccine with anti-PD-L1 sig-
nificantly expands tumor-specific CTLs and limits the popu-
lations expressing markers for exhaustion, resulting in more
effective tumor control and improved survival.

Conclusions: SOX2 dampens the immunogenicity of
HNSCC by targeting the STING pathway for degradation. The
nanosatellite vaccine offers a novel and effective approach to
enhance the adjuvant potential of STING agonist and break
cancer tolerance to immunotherapy. Clin Cancer Res; 24(17);
4242-55. ©2018 AACR.

Introduction

The traditional treatment of patients with head and neck
squamous cell carcinoma (HNSCC) is often associated with
significant morbidity (1, 2). Monoclonal antibodies (mAbs)
blocking the immune checkpoint receptors (ICR) have shown
promises by restoring exhausted cytotoxic T lymphocyte (CTL)
function in the tumor microenvironment (TME; ref. 3). However,
less than 20% of HNSCC patients, regardless of the human
papillomavirus (HPV) status, could benefit from this regimen
(4). One major limitation of the current immunotherapies is the
lack of strategies for "cold" cancers, which are hypoimmunogenic
and exhibit low tumor-specific CTL among tumor-infiltrating
lymphocytes (TIL). Thus, there is a pressing need to identify the
mechanisms that dampen HNSCC immunogenicity and develop
novel strategies for cold tumors (5, 6).

The success of ICR depends on a collection of tumor-specific
CTL in the TME, but cold tumors demonstrate a poor infiltra-
tion of effectors. Thus, new approaches to expand the tumor-
specific CTLs are highly promising to break tumor immune
tolerance. Recent evidence suggests that type I interferon (IFN-
1) signaling in the TME promotes CD8" CTL production in
melanoma and fibrosarcoma models (7-9). The induction of
IFN-I is mediated by pattern recognition receptors (PRR),
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Translational Relevance

Despite the promise checkpoint blockade has brought to the
clinics, this treatment is ineffective in over 80% of HNSCC
patients. A major challenge is that HNSCC often develops
resistance to immunity and exhibits a poor infiltration of
T cells. This study characterizes the transcriptomic alterations
when HNSCC cells become resistant to immune effectors. We
delineate a novel SOX2-STING signaling axis that bridges
intrinsic oncogenic signaling with suppression of antitumor
immune response. SOX2 shows a previously unrecognized
role in potentiating tumor immune escape by eliciting
autophagy-dependent degradation of STING and thereafter
rendering an immunosuppressive tumor microenvironment.
Anticancer vaccine offers a promising solution to prevent
immune escape driven by STING suppression. Hence, we
engineered a nanosatellite vaccine delivery vehicle that signi-
ficantly enhances the adjuvant potential of STING agonist.
A combination of nanosatellite vaccine with checkpoint block-
ade effectively controls tumor growth by expanding tumor-
specific T-cell repertoire and reducing populations expressing
markers for functional exhaustion.

including DNA sensors such as cyclic GMP-AMP synthase
(cGAS). DNA-bound cGAS generates a second messenger cyclic
GMP-AMP (cGAMP) to activate the adaptor protein stimulator
of IFN genes (STING), which promotes IFN-I (10, 11). IFN-I
target genes include a number of Thl chemokines, such as
CXCL9 and CXCL10, which are critical for the tumor-homing
of antigen-presenting cells (APC) and effectors (12), but STING
is often inhibited in cancers, and the mechanisms are insuffi-
ciently characterized. Thus, identification of the inhibitory
pathways of STING in HNSCC will provide new mechanistic
insight into its resistance to immune killing.

Although restoration of IFN-I signaling in the TME is an
attractive strategy, the use of recombinant IFN-o or IFN-B is
hampered by their short half-lives (~5 hours). STING agonist
cGAMP has shown immune-priming potential (13), and it
needs to be delivered to the cytoplasm to be effective, but this
has been challenging due to its hydrophilic structure. Thus,
better delivery systems for this immune adjuvant will address a
major technical barrier to more effectively expand tumor-spe-
cific CTLs. Nanoparticles represent an ideal vehicle to deliver
antigens and vaccine adjuvant: (i) in comparison with a soluble
formulation, nanoparticles improve the pharmacodynamics
of vaccine components and increase their uptake by APC; and
(ii) as antigen density controls the efficiency of APC cross-
priming (14), nanoparticles can be engineered to present
enhanced surface area and deliver high-density antigens.

In this study, we discovered a novel function of an HNSCC
oncoprotein SOX2 in blocking STING-mediated IFN-I activation.
As a mechanism, SOX2 potentiates STING degradation in an
autophagy-dependent fashion. Using a syngeneic mouse model
and clinical specimens, we found that SOX2 dampens antitumor
immunity. To restore IFN-I signaling in the TME, we engineered
a nanosatellite vehicle to deliver cGAMP and HPV16 EG6/E7
peptides. The nanosatellite vaccine significantly expands the
tumor-specific CTL repertoire and sensitizes cold tumors to an
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ICR inhibitor. A combination of nanosatellite vaccine with
anti-PD-L1 not only promotes CD8* CTL but also reduces CTL
exhaustion, delivering superior protection.

Materials and Methods

Cell culture

HPV™ PCI-13 was obtained from the University of Pittsburgh
(Pittsburgh, PA). HPV~ UMSCC22b and HPV' UMSCC47 were
established at the University of Michigan (Ann Arbor, MI). HPV™
FaDu and HEK-293T were from ATCC. The HNSCC lines were
authenticated and tested for mycoplasma from their source (15).
The human HNSCC and HEK-293T cells were maintained in
DMEM containing 10% FBS, GlutaMAX (Gibco), 100 U/mL
penicillin, and 100 mg/mL streptomycin. MOC2-EG/E7 cells were
obtained from the Harvard University and maintained in Iscove's
modified Dulbecco's medium/F12 (2:1) with 5% FBS, penicillin/
streptomycin, 5 ng/mL EGF (Millipore), 40 ng/mL hydrocorti-
sone, 5 pug/mL insulin, and 4 pg/mL puromycin. The reporter
THP1-blue ISG cells were obtained from InvivoGen and cultured
in complete RPMI1640 medium supplemented with 10%
FBS, GlutaMAX (Gibco), 100 U/mL penicillin, and 100 mg/mL
streptomycin. Bone marrow-derived dendritic cells (BMDC)
were isolated from 8-week-old C57BL/6 mice and cultured in
complete RPMI1640 with nonessential amino acid, sodium pyru-
vate, 2-mercaptoethanol, and 10 ng/mL GM-CSF (PeproTech).

Coculture of HNSCC cells with effector cells

Peripheral blood monocytes were separated from buffy coats
of two healthy donors using Ficoll-Paque gradient. Primary
human NK and CD8" T cells were separated using NK-cell
CD8" T-cell enrichment kits, respectively (catalog nos. 19055
and 19053, StemCell Technologies), and cultured in complete
RPMI1640 medium. HNSCC cells were cocultured with
the primary NK cells in the presence of 5 ug/mL cetuximab
(Bristol-Myers Squibb). Dead tumor cells and old NK cells
were washed off each week before replenishing with fresh NK
cells for 12 times. HLA-A*0201-restricted EGFR-specific CD8*
CTLs were generated as reported previously (16). Wild-type
and resistant PCI-13 cells were labeled with CFSE prior to
coculture with NK cells or CTL, and flow cytometric analysis
of 7-AAD (catalog no. 559925, BD Biosciences) staining was
performed to assess percent tumor cell death.

RNA-Seq and pathway enrichment analysis

Next-generation sequencing of paired-end 50 nt reads was
performed using the poly A-based libraries at the U-M DNA
Sequencing Core. Result reads were mapped to the hg19 genome
assembly using MapSplice v2.1.6, and gene expression was quan-
tified using RSEM and normalized within sample. An R package,
edgeR, was used to identify the genes that are differentially
expressed among cell lines, and the top 2,000 most significant
genes were selected for gene set enrichment analysis. Raw data
files and processed data files are available through the NCBI
Gene Expression Omnibus (GEO) record GSE100828.

Quantitation of gene expression

Gene expression qPCR primers are: [FNB1 F 5-CATTACCT-
GAAGGCCAAGGA, R5'-CAATTGTCCAGTCCCAGAGG; CXCLIF
5'-GTGGTGTITCITITCCTCITGGG, R 5-ACAGCGACCCTTTCT-
CACTAC; CXCL10 F 5-CTCCAGTCTCAGCACCATGA, R 5'-
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GCTCCCCTCTGGTTITAAGG; ISG15 F 5'-CTGAGAGGCAGCGA-
ACTCAT, R 5'-AGCATCITCACCGTCAGGTC; ISG54 F 5'- ACGG-
TATGCITGGAACGATTG, R 5-AACCCAGAGTGTGGCIGATG;
IFNA4 F 5'-CCTAGAGGCCGAAGTTCAAG, R 5'-TTGTGCCAG-
GAGTATCAAGG; SOX2 F 5'-CCCACCTACAGCATGTCCTACTC,
R 5-TGGAGTGGGAGGAAGAGGTAAC; STAT3 F 5'-TGAGACT-
TGGGCITACCATTGGGT, R 5-TCTTTAATGGGCCACAACAG-
GGCT; STAT1 F 5'-GAGCAGGTTCACCAGCTTITATGAT, R 5'-
AACGGATGGTGGCAAATGA; NLRX1 F 5'-AGCTGCTATCATC-
GTCAAC, R 5'-ACCGCAGATCTCACCATAG; NLRC3 F 5'-GTG-
CCGACCGACTCATCTG', R 5'-GTCCTGCACTCATCCAAGC;
HPRT1 F5'- ATGCTGAGGATTTGGAAAGG, R5'-CAGAGGGCTA-
CAATGTGATGG; Ifnb1 F 5'-CCAGCTCCAAGAAAGGACGA, R 5'-
CGCCCTGTAGGTGAGGTTGAT; pan-Ifna F 5'-CCTGAGAGAGA-
AACACAGCC, R 5'-TCTGCTCTGACCACYTCCCAG; Cxcl9 F 5'-
GAGCAGTGTGGAGTTCGAGG, R 5'-TCCGGATCTAGGCAGGT-
TTG; Cxcl10 F 5'-AATGAGGGCCATAGGGAAGC, R AGCCATC-
CACTGGGTAAAGG; Mx1 F 5-TCTGAGGAGAGCCAGACGAT",
R 5’-ACTCTGGTCCCCAATGACAG; Ifng F 5'-CGGCACAGTCA-
TTGAAAGCCTA, R 5-GTTGCTGATGGCCTIGATTGTC; Trex1 F
5'-CGTCAACGCITCGATGACA, R 5-AGTCATAGCGGTCAC-
CGTT; Hprtl F 5-GATTAGCGATGATGAACCAGGIT, R 5'-
CCTCCCATCTCCTITCATCACA.

Plasmids, retroviruses, CRISPR-Cas9 lentiviruses, transfection,
and reporter assays

STING expression plasmid was from Dr. Glen N. Barber at
the University of Miami. ISRE luciferase reporter, retroviral, and
lentiviral packaging vectors were from Dr. Jenny P.-Y. Ting at
the University of North Carolina at Chapel Hill. pEGFP-LC3
(#24920), pLXSN1GEGE7 (#52394), pMXs-Sox2 (#13367) and
lentiCRISPRv2 (#98290) were from Addgene. The sgRNA tar-
geting SOX2 is 5'-ATTATAAATACCGGCCCCGG. Cells were
about 70% confluent prior to transfections with Lipofectamine
2000 (catalog no. 11668019, Thermo Fisher Scientific) as
reported previously (17). Luciferase assay was performed as
described (17). Supernatants from THP-1-blue ISG reporter cells
were incubated with Quanti-Blue (InvivoGen) to measure IFN
activation.

Immunoblots and IHC

The antibodies include phospho-TBK1 (Ser172; catalog no.
54838, Cell Signaling Technology), TBK1 (catalog no. 35048,
Cell Signaling Technology), phospho-p65 (Ser536; catalog
no. 3033S, Cell Signaling Technology), SOX2 (catalog no.
23064, Cell Signaling Technology), STING (catalog no.
13647, Cell Signaling Technology), LC3B (catalog no. 2775,
Cell Signaling Technology), p65 (catalog no. PA1-186, Thermo
Fisher Scientific), HPV16E7 (catalog no. sc-65711, Santa Cruz
Biotechnology), B-actin (catalog no. ab49900, Abcam), goat
anti-rabbit IgG H&L (HRP; catalog no. Ab97051, Abcam).
Densitometry was performed using ImageJ. The IHC antibodies
include Mx1 (1:300 dilution, catalog no. HPA030917-100UL,
Sigma-Aldrich), and Sox2 (1:300, catalog no. 23064, Cell
Signaling Technology).

TIL separation and flow cytometry

Excised tumors were minced into pieces, and then dissociated
by passing through a 70-um cell strainer to obtain single-cell
suspension. Spleens were processed by mechanical dissociation,
followed by lysis of red blood cells (catalog no. A10492-01,
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Gibco). Ficoll-Paque PLUS (catalog no. 17-1440-03, GE Health-
care Life Sciences) was added to the bottom of the conical tubes
containing single-cell suspension in RPMI1640. Density-gradient
centrifugation was performed to purify immune cells. Rare
sample with inadequate number of TILs was excluded from
further processing. Flow cytometry antibodies include: CD3
(17A2, BD Biosciences), CD4 (RM4-5, BiolLegend), CD8
(53-6.7, BioLegend), CD366 (RMT3-23, BioLegend), CD279
(29F.1A12, BioLegend), CD16/32 (93, eBioscience), MHC-
class I1 (M5/114.15.2, eBioscience), CD86 (GL1, eBioscience),
tetramer recognizing HLA-A*0201-restricted EGFR 854L.
ILDFGLAKL (NIH tetramer core), tetramer recognizing
H-2DP-restricted HPV16 E7 epitope RAHYNIVTF (NIH tetra-
mer core), and viability dye (catalog no. 65-0865-14,
eBioscience). All data were analyzed using FlowJo software.

Formulation of SatVax and peptide vaccine in montanide

The iron oxide (IONP) core particles of the nanosatellites
were synthesized by thermal decomposition as described
previously (19). The core particles were coated by a diblock
copolymer (PEO-b-yMPS), and added into Au,SNP (2 nm)
solution. Nanoparticles were characterized by transmission
electron microscope. The peptides are E6**~>7 Q15L (CSKKK-
QLLRREVYDFAFRDL), E7*°"*7 ROF (CSKKK-RAHYNIVTE),
and E7**7% Q19D (CSKKK-QAEPDRAHYNIVIFCCKCD; Elim
Biopharmaceuticals). The nanosatellites conjugated with
peptides were purified by magnet separator, and incubated
with 2’3’ ¢cGAMP. Hydrodynamic diameters were measured
by Zeta Sizer (Malvern Instruments). To produce a peptide
vaccine, EG/E7 peptides were emulsified in clinical-grade
montanide-ISA51 (SEPPIC Inc).

Animals

Syngeneic HNSCC cells were implanted subcutaneously
at the neck of 6- to 8-week-old C57BL/6 or Ifnarl ™/~ mice
(Jackson Laboratory). Tumor volume was calculated as
!/>(length x width?). In the irradiation experiments, mice were
irradiated with a single 20-Gy dose or three fractionated doses
of 8-Gy when tumors reached approximately 200 mm?>. For
MRI, nanosatellite conjugated with E7 peptides were admin-
istered subcutaneously at tail base at the 50 ug iron/mouse
prior to imaging. To test the vaccines, mock (PBS, 100 uL),
2'3'-cGAMP (50 ug/100 pL; catalog no. tlrl-nacga23-1,
InvivoGen), peptides (18.5 nmol/100 pL), or 3 weekly doses
of SatVax [2'3’ ¢cGAMP (50 pg) and peptide (18.5 nmol/L)
conjugated with the nanosatellite/100 uL] was administered
subcutaneously at tail base. Intraperitoneal injections of anti-
PD-L1 (100 ug/100 pL; clone B7H1, BioXCell) were performed
on day 1 and 4 after each vaccination with a total of 6 doses.
For vaccination in hosts with established tumors, montanide-
E6/E7 peptide emulsion (100 pL/mouse), SatVax, or PBS-mock
was administered at tail base when tumors reached approxi-
mately 200 mm?>. All animal work was done in accordance
with and approved by the Institutional Animal Care and Use
Committee (PRO00006591).

Clinical samples

Institutional review boards were approved by the University
of Michigan (HUMO00042189 and HUMO00113038). Pri-
mary HNSCC specimens were procured from 195 patients
through the University of Michigan Head and Neck Cancer
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Program, with demographic information summarized in
Supplementary Table S2. Three representative cores were
extracted from each tumor and built into tissue microarrays
(TMA). Tumor parenchyma was defined by a pathologist, and
IHC staining was quantitated using Aperio ImageScope as
reported previously (18). Scores for each patient were averaged
from three cores. Occasional cores with inadequate tumor
tissue were excluded.

Statistical analysis

Differences among groups were examined by ANOVA followed
by multiple comparison tests. Comparisons between two inde-
pendent groups were made by unpaired ¢ test, two-sided. Differ-
ences in tumor growths among treatment groups were assessed by
the Generalized Estimating Equations model. Differences in
survival were assessed by Kaplan-Meier curves and a log-rank
test. We performed power analysis based on our pilot experiments
to decide the number of animals. Immune subsets deconvolution
using RNA-Seq data was performed using CIBERSORT as reported
previously (20). All experiments were repeated 2 to 3 times.
All values shown represent mean + SEM.

Results

The DNA-sensing defense response promotes HNSCC
sensitivity to effector immune cells

Recent high-throughput screen suggests that tumor-immune
cell coculture can be utilized to discover central pathways
driving cancer resistance to effectors (21). To reveal mechan-
isms underpinning HNSCC resistance to immune killing, we
incubated HNSCC cells with primary human natural killer
(NK) cells. As primary NK cells do not efficiently kill target
HNSCC cells without antibody opsonization, we added a low
dose of EGFR-targeted cetuximab, which alone does not show
any cytotoxic effects (18). After HNSCC-NK coculture was
repeated 12 times, we noticed that these HNSCC cells become
resistant when challenged with NK cells at different target:
effector (T:E) ratios (Fig. 1A). Although effectors such as NK
and CD8" CTLs utilize different mechanisms to recognize
cancer cells, they can sense the same Th1 chemokines to gain
proximity to tumor cells and deliver the same cytotoxic gran-
zymes into targets (22). Hence, we tested whether NK-resistant
HNSCC cells can develop broad resistance to the two major
immune effectors. We separated CD8" T cells from an HLA-
matched donor, and generated HLA-A*0201-restricted EGFR-
specific CTL (Supplementary Fig. S1A and S1B). We incubated
the CTLs with HNSCC cells, and found that the NK-resistant
tumor cells are also resistant to CTL (Fig. 1B).

To identify central pathways that drive broad cancer resistance
to effectors, we performed RNA-Seq of the wild-type and immune-
resistant HNSCC cells (GSE100828). A gene set enrichment
analysis (GESA) identified the most significantly altered path-
ways, which include defense response, cancer cell inflammatory
signaling, and cell proliferation and death pathway (q < 0.01;
Fig. 1C). The defense response is mainly constituted of the IFN-I
signatures. We cross referenced the significantly altered genes
with genes in the Interferome database (23), and found that the
expression profiles of 358 IFN-I-regulated genes are contrasted
between wild-type and resistant cells. The IFN-stimulated genes
(ISG) are significantly inhibited in immune-resistant cancer
cells (Fig. 1D). ISGs include Th1 chemokines, such as CXCL10,
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which recruit APC and effectors to the tumor bed (7, 12). Multiple
proteins that dampen STING-mediated IFN-I signaling, such as
NLRX1 and NLRC3 (17, 24), are increased in resistant cells
(Fig. 1E; Supplementary Table S1). Utilizing qPCR, we verified
the altered expression levels of representative regulators of
IFN signaling between immune-sensitive and -resistant HNSCC
cells (Fig. 1F-K).

SOX2 inhibits STING-mediated activation of the
DNA-sensing pathway

To better understand how oncogenic signaling potentiates
immune escape by targeting the IFN-I pathway, we next sought
to explore the regulatory mechanism of STING-mediated IFN-I
induction in HNSCC. SOX2 promotes the development of
squamous cell carcinomas including HNSCC (25-29). Inter-
estingly, SOX2 is also significantly upregulated when cancer
cells become resistant to effector cells (Fig. 1E and F). To
investigate whether SOX2 has a previously unknown function
in regulating inflammation, we first assessed whether SOX2
regulates STING signaling in HEK-293T cells, which is a well-
characterized model for IFN signaling. HEK-293T cells are
free of somatic mutations, whereas HNSCC cell lines harbor
mutations that may potentially affect the regulatory network of
IFN-I signaling. In addition, STING and its regulators, such
as NLRX1 and NLRC3, were initially discovered in HEK-293T
cells (10, 24, 30). We first transfected SOX2 expression
plasmid in HEK-293T cells and assessed whether it modulates
PRR-induced IFN-sensitive response element (ISRE) promoter
activation. We found that SOX2 expression inhibits STING-
and B-DNA poly(dA:dT)-induced ISRE activation in a dose-
dependent fashion (Fig. 2A and B). SOX2 also inhibits
MAVS-induced ISRE activation (Fig. 2C), suggesting that
SOX2 has a broad inhibitory effect on the intracellular PRR-
mediated IFN-I signaling. In agreement, SOX2 potently sup-
presses STING- and poly(dA:dT)-induced transcription of
IFNBI1 and an IFN-I-target gene CXCL10 in HEK-293T cells
(Supplementary Fig. S2A). To validate our findings in HNSCC
cells, we screened a panel of HNSCC cell lines, and found that
UMSCC47 and UMSCC22b cells exhibit low endogenous
levels of SOX2 expression. Hence, we expressed SOX2 in these
two cell lines, and recapitulated the findings we observed in
HEK-293T cells (Fig. 2D and E). PCI-13 cells have a higher level
of SOX2 expression. Thus, we generated a CRISPR-Cas9 lenti-
virus to produce SOX2~/~ PCI-13 as a loss-of-function approach
(Supplementary Fig. S2B). Consistently, SOX2 deficiency
enhances the transcript of IFNB1 in response to STING agonist
cGAMP and intracellular DNA challenge (Fig. 2F and G).

To confirm the findings with mRNA, we examined the activ-
ation markers of IFN-I using immunoblots. STING promotes
the phosphorylation of TBK1 (S172) and p65 (S536), and
SOX2 potently suppresses STING-induced phosphorylation
of TBK1, and to a lesser extent for p65 in HEK-293T, UMSCC47
and UMSCC22b cells (Fig. 2H; Supplementary Fig. S2C and
S2D). Interestingly, we noticed that SOX2 decreases the protein
levels of STING (Fig. 2H; Supplementary Fig. S2D). STING is a
known cargo for autophagosomes (31). Thus, we examined
whether SOX2 has an unrecognized role in autophagy induc-
tion as a mechanism of inhibiting STING. We found that
SOX2 promotes autophagosome formation (Supplementary
Fig. S2E) and autophagic flux (Fig. 2I; Supplementary
Fig. S2F), increasing the turnover of LC3-II and STING.
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Figure 1.

Type | IFN signaling regulates tumor resistance to effector immune cells. A, PCI-13 cells were cocultured with NK cells isolated from 2 healthy donors
in the presence of 5 pg/mL cetuximab. NK cells were replaced weekly for a total of 12 cycles of coincubation. Wild-type tumor cells and resistant
cells were incubated with NK cells at two different T:E ratios for 16 hours. Flow cytometric analysis of 7-AAD staining was performed to assess
percent tumor cell death. Each group contains three independent biologic replicates, mean 4+ SEM. Comparisons were made using two-way ANOVA
followed by Bonferroni posttest. B, HLA-matched EGFR-specific CD8" T cells were incubated with wild-type or NK-resistant tumor cells at two different
T:E ratios for 16 hours. Flow cytometric analysis of 7-AAD staining was performed to assess percent tumor cell death. Each group contains three
independent biologic replicates, mean + SEM. Comparisons were made using two-way ANOVA followed by Bonferroni posttest. C, Gene set enrichment
analysis (GSEA) of the significantly differentially expressed genes between the wild-type and resistant HNSCC cells (g value < 0.01). Ten of the most
significantly altered pathways were shown. D, Significantly altered genes between sensitive and resistant HNSCC cells were cross-referenced in the
Interferome database. A total of 358 IFN-regulated genes were significantly changed (P < 0.05). E, Heatmap of representative genes expression
between wild-type and resistant cells. Plotted Z-score = (expression value of each mRNA—mean value for the same mRNA across all samples)/SD. List of
additional differentially expressed genes can be found in Supplementary Table S1. F-K, gPCR was performed to validate candidate genes that were
potentially altered when cancer became resistant to effector immune cells. Results represent mean £ SEM in technical triplicates, and comparisons

were made using unpaired two-tailed t test.

Inhibition of autophagy by bafilomycin A1l partially restores
LC3-II and STING levels, suggesting that SOX2-mediated deg-
radation of STING is autophagy-dependent (Fig. 2I; Supple-
mentary Fig. S2F).
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Sox2 potentiates an immunosuppressive TME by inhibiting
IFN-I signaling

To better understand the role of Sox2 in modulating TME
in vivo, we developed a unique HPV16 E6/E7-expressing HNSCC
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Figure 2.

SOX2 inhibits intracellular pattern recognition receptor-mediated IFN-I signaling. A-C, HEK-293T cells were transfected with an ISRE luciferase reporter
construct and titrating doses of SOX2, in the presence of STING (A), poly(dA:dT) (B), or MAVS (C). ISRE promoter activity was quantitated by luciferase assay.
Values are expressed as mean + SEM of three biological repeats. One-way ANOVA with Tukey multiple comparisons test was performed for statistical
analysis. *, P< 0.05; ****, P< 0.0001. D, UMSCCA47 cells were challenged with STING or poly(dA:dT) for 16 hours in the absence or presence of SOX2. /IFNBT mRNA
levels were examined via gPCR. Values are expressed as mean + SEM of three biologic replicates, and comparisons were made using unpaired t test.

E, UMSCC22b cells were challenged with STING or poly(dA:dT) in the absence or presence of SOX2 expression, and assessed for /FNBT transcript via
gPCR. Values are expressed as mean & SEM of three biologic replicates, and comparisons were made using unpaired t test. F, Empty vector (EV) control and
SOX2-targeted CRISPR-Cas9 lentiviruses were used to generate stable EV and SOX2-deficient PCI-13 cells, which were then transfected with the STING
agonist cGAMP for 16 hours. IFNBT and CXCL10 expression levels were examined via gPCR. Values are expressed as mean + SEM of three biologic replicates, and
comparisons were made using unpaired t test. G, EV and SOX2-deficient PCI-13 cells were challenged with poly(dA:dT) for 16 hours, and assessed for /FNBT
and CXCL10 mRNA via qPCR. Values are expressed as mean 4 SEM of three biologic replicates, and comparisons were made using unpaired t test. H,
Representative immunoblots of HEK-293T and UMSCC47 cells transfected with the indicated plasmids are shown. Protein lysates were harvested 16 hours
posttransfection and immunoblotted against the indicated IFN-I activation markers. Densitometry of STING/B-actin shown in the lower panel is quantitated
using ImageJ. Additional densitometry analysis can be found in Supplementary Fig. S2C. n = 2 biological replicates, and results represent mean + SEM. One-way
ANOVA with Tukey multiple comparisons test was performed, *, P < 0.05. I, HEK-293T and UMSCC47 cells were transfected with STING in the absence or
presence of SOX2 for 48 hours, and half of the group received 200 nmol/L bafilomycin Al for 8 hours. The cell lysates were immunoblotted with the indicated
antibodies, and quantitative densitometry of STING/B-actin is shown below. Immunoblots represent 2-3 biological repeats. Comparison of densitometric
quantitation is made using unpaired t test and shown in the lower panels and Supplementary Fig. S2F. Results represent mean + SEM (*, P < 0.05; **, P< 0.01).
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model in immunocompetent hosts. The MOC2 cell line exhibits
similar mutations as human HNSCC (32). We produced the
MOC2-E6/E7 cell line by transducing the MOC2 cells with a
retrovirus expressing HPV16 EG/E7 proteins (Supplementary
Fig. S3A). MOC2-E6/E7 cells exhibit a low endogenous level of
Sox2. We produced empty vector control and Sox2-expressing
MOC2-E6/E7 cells using retroviruses (Supplementary Fig. S3B).
Although the empty vector control and Sox2-expressing tumor
cells show similar proliferation rates in vitro, Sox2-expressing
tumors grow significantly more aggressively in C57BL/6 hosts
(Supplementary Fig. S3C; Fig. 3A). IHC examination of Sox2-
expressing tumors (Fig. 3B, top) reveals histologic similarity to
SOX2" human HNSCC with a diffuse strong nuclear staining
pattern (Fig. 3B, bottom; ref. 33).

Ionizing radiation (IR) has been characterized as an immunity-
inducing strategy, which depends on STING-mediated IFN-I
signaling (34). Hence, we similarly treated MOC2-E6/E7 tumors
with 20-Gy IR to assess whether Sox2 dampens IR-induced
immune activation. Sox2-expressing tumors exhibit larger tumor
volumes with or without IR (Fig. 3A), and we did not see IR-
induced upregulation of IFN signature gene transcripts in the TME
(Fig. 3C-F). High levels of Sox2 significantly dampen intrinsic
host immune activation (Fig. 3C-F). IHC assessment of the
tumors shows that the expression levels of an IFN-I-inducible
protein Mx1 are reduced in Sox2-expressing tumors (Supplemen-
tary Fig. S4A). Using tumor tissue homogenates, we found that the
phosphorylation of Tbk1 and p65 in Sox2-positive tumors are
lower than those in the control tumors (Fig. 3G; Supplementary
Fig. S4B and S4C). Consistent with its role in promoting Sting
degradation, Sox2-expressing tumors also exhibit lower levels of
Sting (Fig. 3G; Supplementary Fig. S4D). Recent evidence suggests
that high doses of IR upregulate Trex1 to break down cytoplasmic
DNA and smother STING induction (35). Thus, we sought to
determine whether Trex1 is induced by 20-Gy IR so that we did
not observe IFN-I upregulation. We treated MOC2-EG/E7 cells
with 5-Gy, 10-Gy, and 20-Gy IR, and found that mRNA levels of
Trex1 and Ifnb1 remain stable (Supplementary Fig. S4E and S4F).
Then, we treated tumor-bearing mice with 3 fractionated doses
of 8-Gy or a single dose of 20-Gy IR, and consistently found that
neither treatment upregulates TrexI (Supplementary Fig. S4G).
Collectively, although IR does not induce immune activation
in this tumor model, Sox2 significantly reduces intrinsic IFN-I
signaling in the TME.

Next, we explored whether Sox2-mediated IFN-I suppression
negatively affects tumor-homing of the effectors and found that
the infiltration of CD3"CD8™ T cells is significantly inhibited
in Sox2-positive tumors (Fig. 3H). Notably, similar to human
HNSCC (36), the CD8™" T cells in the mouse TILs contain a
significantly higher PD-1"¢" population than the peripheral,
suggesting a state of exhaustion (Supplementary Fig. S4H;
ref. 37). To validate whether Sox2-mediated growth advantage
is indeed dependent on its suppression of IFN-I signaling in the
TME, we implanted control and Sox2-expressing tumors into
IFN-I receptor Ifnarl-deficient hosts. No difference in tumor
growth is detected between the two groups (Fig. 3I). In agree-
ment, the expression levels of IFN-I downstream target genes,
such as Cxcl9, Cxcl10, and Mx1, are comparable between the
groups (Fig. 3J-L).

To characterize the pathologic correlation of SOX2 expression
in human disease, we first generated tissue microarrays (TMA)
that contain 195 primary HNSCC patients with 3 cores for each

4248 Clin Cancer Res; 24(17) September 1, 2018

patient. We found that SOX2 expression levels are significantly
higher in patients with advanced stage HNSCC and lymph node
metastasis (Fig. 3M and N; Supplementary Table S2). Given that
nodal metastasis is associated with HPV status, we further ana-
lyzed gene expression data from 519 HNSCC specimens in the
TCGA and found that SOX2 expression levels are higher in HPV"
patients (Supplementary Fig. S5A). Because nodal status and
clinical stage may not entirely depend on immune cell infiltration
in the clinical specimens, we took a more direct approach to
characterize the impact of SOX2 on TILs. We resolved the immune
landscape of 519 HNSCC specimens by calculating the percen-
tages of each immune cell subset using a machine learning tool
CIBERSORT (20), and found that tumors expressing high levels
of Sox2 harbor increased regulatory T cells and decreased M1-like
macrophages (Supplementary Fig. S5B), both of which dampen
tumor-specific effector responses.

Nanosatellites enhance the potency of STING agonist

Decreased IFN-I signaling in the TME hampers the recruitment
and M1-like polarization of APC, which in turn limits its antigen
processing, maturation, and cross-priming functions. To restore
APC function and deliver high-density tumor-specific antigens for
the expansion of tumor-specific CD8* CTLs, we developed a novel
nanosatellite vaccine SatVax, which is engineered to promote the
intracellular delivery of the STING agonist cGAMP as an adjuvant
and enhance tumor antigen 3D density. Nanosatellites feature a
biodegradable polysiloxane-containing polymer-coated iron
oxide core (IONP) with inert gold (Au) satellites (Fig. 4A). The
core-satellite structure further increases surface area for vaccine
delivery. The hydrodynamic size of nanosatellite measures 80 nm,
and conjugation with peptides and cGAMP increases its size to
about 100 nm (Fig. 4B). Nanosatellite promotes cGAMP-induced
ISRE activity in a monocytic cell line THP-1 cells (Fig. 4C).
Nanosatellite significantly improves the intracellular delivery
of cGAMP and IFN-I signaling, as evidenced by higher mRNA
levels of IFNA4, IFNB1, ISG15, ISG54, CXCL9, and CXCL10 in the
presence of nanosatellites (Fig. 4D-I). To measure the intracel-
lular uptake of antigens, we labeled the E7 peptides with a FAM
fluorophore and incubated the peptides with primary bone
marrow-derived macrophages. We found that nanosatellites
significantly promote the intracellular uptake of the vaccine
components (Fig. 4]). In agreement, when we challenged primary
BMDCs with cGAMP in the absence or presence of nanosatellites,
we found that nanosatellites enhance the expression levels of
MHC Class II molecule and CD86, suggesting improved APC
maturation (Fig. 4K and L).

The nanosatellite vaccine SatVax (R9F, Q15L) improves tumor-
specific immunity

To examine whether SatVax is able to travel to the lymph nodes
where the APCs can present the antigens and activate CD8" Tcells,
we performed MRI to trace SatVax by T2* relaxation. We found
that SatVax rapidly accumulates in the inguinal and popliteal
lymph nodes after subcutaneous injections (Fig. 5A). In our initial
formulation, we included two antigenic peptides—a 9 amino-
acid core epitope of E7 (R9F) and E6 Q15L. By administering
subcutaneous injections of SatVax (R9F, Q15L) at a distant site
once per week for 3 weeks, we significantly reduced tumor
burden in C57BL/6 hosts (Fig. 5B). After the tumors were har-
vested 25 days postimplantation, RNA was extracted to examine
IFN-I transcripts. SatVax (R9F, Q15L) potently promotes the
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Figure 3.

Sox2 promotes tumor growth in vivo and potentiates an immunosuppressive microenvironment. A, One million EV control or Sox2-expressing MOC2-E6/E7
cells were implanted subcutaneously in C57BL/6 mice. A 20-Gy IR was administered on day 14 posttumor implantation. Results represent mean + SEM,
n = 8 for each group from two independent repeats. Comparisons were made using two-way ANOVA, followed by multiple comparisons test. B, IHC
staining of SOX2 expression in grafted MOC2-E6/E7 tumors (top) and primary human HNSCC specimens (bottom). M.m. Mus musculus; H.s. Homo sapiens.
Scale bar, 50 um. C-F, Tumors were harvested and homogenized for RNA extraction. Tc1/Th1 activation marker genes, Cxcl9, Cxcl10, Mx1, and Ifng,
were quantitated by qPCR (n = 4 with for each group with technical triplicates for each sample). Comparisons between two groups were made using two-way
ANOVA followed by multiple comparisons test. Results represent mean + SEM. G, Representative immunoblots of tumor homogenates are shown to
assess the activation of IFN-I signaling. Densitometric analysis is shown in Supplementary Fig. S4B-S4D. H, TILs were separated using Ficoll-paque gradient,
and the frequency of CD3" CD8" population was quantitated by flow cytometry. Comparisons between two groups were made using unpaired two-tailed
t test. Results represent mean + SEM. Each open circle represents TILs from one mouse. n = 13 for EV, n = 15 for Sox2. I, A total of 1 x 108 EV control
or Sox2-expressing MOC2-E6/E7 cells implanted subcutaneously in IfnarT™’~ mice (n = 4 in each group with 2 repeats). A Generalized Estimating
Equations (GEE) model was employed to compare the growth curves (P = 0.5). ns, nonsignificant. J=L, Tumors from | were harvested and homogenized
for RNA extraction. gPCR was performed for Cxc/9, Cxc/l10 and MxI. n = 4 for each group. Results represent mean + SEM, gPCR was performed in
triplicates; ns, nonsignificant. M and N, Primary HNSCC specimens from 195 patients were procured and made into the TMAs, which were stained with
anti-SOX2 antibody. The expression levels of SOX2 within the tumor cells were assessed by Aperio ImageScope, and compared among different patient
groups using the Wilcoxon rank-sum test. The IHC score for any given specimen was determined by averaging the scores of 3 cores, and the cores

that do not contain sufficient tumor material were omitted from the analysis. Each dot represents a patient sample, mean 4+ SEM, n = 195. Demographic
information for HNSCC samples is reported in Supplementary Table S2.
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Figure 4.

Nanosatellite enhances the potency of STING agonist. A, Transmission electron microscopy of the core-satellite structure was performed. Scale bar, 20 nm.
B, Normal distribution of the nanosatellite hydrodynamic diameters prior to and after peptides/cGAMP conjugation is shown. C, THP1-Blue ISG cells,
which express a secreted embryonic alkaline phosphatase (SEAP) reporter, were challenged with cGAMP in the absence or presence of the
nanosatellite delivery vehicle for 16 hours. IFN-regulatory factor activity was quantitated by measuring SEAP activity. Results represent mean + SEM

of three biological replicates. D=I, THP1 cells were treated with different doses of cGAMP, with or without the nanosatellite delivery vehicle for 16 hours.
The mRNA abundance of the indicated IFN-I signaling genes were quantitated by gPCR. Results represent mean + SEM of three biological replicates. Two-
way ANOVA with Bonferroni posttest was performed for statistical analysis. J, Primary bone marrow-derived macrophages were incubated with FAM-
labeled peptides with or without NS for 2 or 6 hours. Intracellular uptake was measured by FAM fluorescence intensity. Results represent mean + SEM of
three biologic replicates. K and L, Primary bone marrow-derived dendritic cells were treated with peptides, cGAMP, or SatVax for 48 hours. Dendritic

cells maturation markers, such as MHC class Il and CD86 were analyzed by flow cytometry. Median fluorescence intensity (MFI) was plotted for each marker.
Results represent mean + SEM of three biologic replicates. Data were analyzed by one-way ANOVA, followed by multi-comparisons posttest.

production of pan-Ifna and Ifnb1 (Fig. 5C). In contrast, cGAMP
alone shows modest effect at this late time point, probably due
to insufficient intracellular delivery and rapid degradation
in vivo (Fig. 5C). To validate whether SatVax (R9F, Q15L) stimu-

4250 Clin Cancer Res; 24(17) September 1, 2018

lates the production of tumor-specific CTL, we stained TILs
with a tetramer recognizing H-2DP-restricted HPV16 E7 epitope
RAHYNIVTF. Vaccine-treated group shows an over 10-fold
increase of E7-specific CD8" CTLs (Fig. 5D).
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Figure 5.

SatVax (R9F; Q15L) accumulates in the lymph nodes and promotes tumor-specific immunity. A, Magnetic resonance imaging of inguinal lymph node
and popliteal lymph node regions (circled) of C57BL/6 mouse at 4 hours and 24 hours postinjection of SatVax (R9F; Q15L) was performed using TE = 30 ms
and TR = 4,000 ms. The mice were imaged before the subcutaneous administration of SatVax at tail base as self-control. B, Tumor growth was
monitored in C57BL/6 mice treated with SatVax formulation containing a core E7 epitope (R9F) and an E6 peptide (Q15L; injected subcutaneously

at tail base once per week for three weeks), or cGAMP. Results represent mean + SEM, n = 4 in each group. Two-way ANOVA with posttest was
performed. C, Total RNA was extracted from tumor homogenates and assessed for the transcripts of pan-I/fna and I/fnbl. Results represent mean 4 SEM,
n = 4 per group, qPCR was performed in triplicates. Comparisons were made using one-way ANOVA followed by multiple comparisons test. D, TILs were
separated using Ficoll-Paque gradient, and a representative contour plot of viable TILs is shown (left). The E7-specific CTL were quantitated by flow
cytometric analysis of H-2D°-restricted RAHYNIVTF-specific tetramer staining (right). One sample was excluded in the cGAMP group due to inadequate
number of TILs. Results represent mean £ SEM (n = 4 per group).
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SatVax (Q19D, Q15L) improves survival and the efficacy
of ICR blockade

As longer peptides may increase the electrostatic interaction-
based cGAMP condensation and protect the core epitope from
rapid degradation, we next manufactured a SatVax formulation
that contains E6 Q15L and a longer E7 peptide Q19D, which
was used in HPV peptide vaccines (38). Three weekly subcu-
taneous injections of SatVax (Q19D, Q15L) were administered
at tail base with the first dose given on day 3. The same amount
of peptides, cGAMP, and six intraperitoneal injections of 100
ug anti-PD-L1 were given as controls. SatVax (Q19D, Q15L)
significantly reduces tumor burden with superior therapeutic
efficacy to that of cGAMP alone (P < 0.001; Fig. 6A). SatVax
(Q19D, Q15L) significantly extends host survival (P =
0.00025; Fig. 6B). In agreement, SatVax (Q19D, Q15L)-treated
mice demonstrate the best IFN-I induction, as shown by the
highest transcript levels of pan-Ifna and Ifnb1 (Fig. 6C and D).
Flow cytometric analysis of TILs shows that SatVax (Q19D,
Q15L) expands E7-specific CD8" CTL for over 12-fold, con-
tributing to its therapeutic efficacy (Fig. 6E). To further evalu-
ate the efficacy SatVax, we delayed our vaccine administration
until the tumors reached about 200 mm?>, and compared it
with a peptide vaccine emulsified in one of the strongest clinical
vaccine adjuvants montanide (39). We found that SatVax
more effectively controls tumor growth and improves host
survival (Supplementary Fig. S6A and S6B).

The CD8" CTL in the TME exhibits significantly higher expres-
sion levels of PD-1 (Supplementary Fig. S4H), suggesting a state
of exhaustion (37). To prevent vaccine-induced CTL rapidly
entering into exhaustion, we combined SatVax (Q19D, Q15L)
with anti-PD-L1 to treat the more aggressive Sox2-positive tumors
(Fig. 6F; Supplementary Fig. S7A). Because of the aggressive tumor
growth, we reduced the cell number that we used in Fig. 3A to
prevent mouse lethality in the mock control group prior to the
completion of the treatment schedule. We found that a combi-
nation of SatVax with anti-PD-L1 demonstrates superior efficacy
to either single treatment in suppressing tumor growth and
extending host survival (Fig. 6F and G). In fact, 4 of 5 mice that
were treated with SatVax and anti-PD-L1 achieved a completely
tumor-free state for 18 days posttumor implantation (Supple-
mentary Fig. S7B). Both SatVax and SatVax with anti-PD-L1
treatments significantly expand the E7-specific CD8" CTL reper-
toire (Fig. 6H). Notably, the combination of SatVax and anti-PD-
L1 leads to over 86% reduction in the CD8" PD-1"&" CTL and
50% reduction in CD8" Tim3™ populations (Fig. 61 and J), both
of which show functional exhaustion (37, 40).

Discussion

Squamous cell carcinomas are in general less immunogenic
than melanomas. Only 13.3% of the HNSCC patients responded
to anti-PD-1 (4), while 33% of the melanoma patients showed
response to anti-PD-1 (41). But our understanding of the mech-
anism underpinning the hypoimmunogenicity of HNSCC
remains very limited. Effector immune cell-mediated IFN-y sig-
naling is preceded by proper tumor-homing and maturation of
APC, which requires the expression of IFN-I signatures. In this
study, we identified the DNA-sensing signaling as a pivotal
pathway modulating HNSCC sensitivity to immune killing
(Fig. 1). We characterized how a frequently amplified HNSCC
oncogene, SOX2 (25, 29, 42), potentiates tumor immune sup-
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pression by inhibiting the STING-mediated IFN-I activation
(Figs. 2 and 3). SOX2 has a known function in promoting cancer
"stemness". Cancer stem cells are more resistant to chemora-
diotherapy, and exhibit immunosuppressive effect (43). This
study reveals a previously unknown mechanistic link between
SOX2 and an immunosuppressive TME. Previous studies
including ours suggest that autophagy serves as a critical check-
point for IFN-I activation (17). The cGAS-STING DNA-sensing
pathway is a known cargo for autophagosomes (31, 44). We
found that SOX2 promotes autophagic flux, inhibition of
which restores STING expression (Fig. 2I). These results reveal
a critical oncogenic pathway that inhibits the immunogenicity of
HNSCC by targeting STING signaling.

Although IR has proven an immune-priming strategy in
several tumor models, we found that IR does not activate
STING-mediated anti-tumor immunity in our model. It is less
likely due to IR-induced Trexl-mediated cytoplasmic DNA
degradation, as we found that neither single dose nor fraction-
ated low-dose IR upregulates TrexI. HPV E7 can specifically
inhibit STING (45), which may explain why we did not observe
IR-induced immunity in this model. Whether IR can efficiently
expand intratumoral effectors and break resistance to ICR
blockade in patients with HPV" HNSCC remains to be exam-
ined. However, Sox2 reduces intratumoral CD8" T-cell infiltra-
tion and encourages tumor growth in vivo regardless of IR
(Fig. 3A). Sox2 has other functions including promoting cancer
stemness. To ensure this phenotype we saw depends on the
IFN-1 pathway, we demonstrated that Sox2-mediated tumor
growth advantage was diminished when we implanted tumors
in Ifnar1 '~ hosts, further supporting the role of Sox2—-IFN-I axis
in HNSCC immune escape (Fig. 3I-L). IFN-I drives the produc-
tion of Th1 chemokines, which promotes M1-like polarization
of APCs and eventually a favorable "T-cell-inflamed" TME. We
deconvolved the immune landscape of HNSCC and found that
SOX2 is associated with increased Tregs and decreased M1-like
polarized macrophages (Supplementary Fig. S5B), a phenotype
consistent with an IFN-deprived TME. This SOX2-IFN-I axis is
not the only pathway which drives tumor immune escape; other
pathways such as the Hippo pathway which inhibits IFN-I and
antitumor immunity has been discovered recently (46). Thus,
further exploration of mechanisms targeting the STING pathway
will better delineate the HNSCC immune escape strategies.

To bypass HNSCC hypoimmunogenicity and expand the
tumor-specific CTL repertoire, we engineered a novel nanosa-
tellite vaccine delivery system that significantly enhances the
potency of STING agonist and delivers high-density tumor
antigens. We show that the nanosatellite vaccine SatVax signif-
icantly increases antigen intracellular uptake and improves APC
maturation (Fig. 4). The vaccine rapidly accumulates in the
lymph node and shows robust protection of the hosts (Figs. 5
and 6). It potently improves IFN-I signaling in the TME in vivo
and expands the tumor-specific CD8" CTL in the tumors over
12-fold (Figs. 5 and 6). Although cancer vaccines are particularly
attractive in a "minimal disease" setting after definitive surgical
debulking to prevent recurrence and deescalate treatment, they
are not meant to be used as a standalone approach. We found
that SatVax improves tumor-specific T-cell infiltration, which
further benefits from an ICR blockade regimen to prevent them
from rapidly entering into an exhaustion state. In fact, a com-
bination of SatVax with anti-PD-L1 not only expands the effec-
tors, but also significantly reduces the percentages of PD-18h
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Figure 6.

SatVax (Q19D; Q15L) delivers significant protection against control and Sox2-expressing squamous cell carcinomas. A, The SatVax formulation with an extended
antigenic peptide Q19D was subcutaneously administered once per week for three weeks after implantation of MOC2-E6/E7 tumor. The same amounts of
peptides and cGAMP as in the vaccine formulation were injected as controls. Six doses of 100 pg anti-PD-L1intraperitoneal injections were administered as a control.
Tumor volumes were recorded on the indicated time points. Results represent mean 4+ SEM, n = 5 per group. A GEE model was employed to compare the
growth curves among different treatment groups. The overall difference among groups is significant with a P <0.001. The P values for multicomparisons between
any two groups are shown in Supplementary Table S3. B, Kaplan-Meier survival curves were plotted for all groups, n = 5 for each group. Log-rank (Mantel-Cox)
test was performed for comparisons of survival curves. C and D, mRNA of pan-I/fna and I/fnb7 from each tumor were quantitated by gPCR. Results represent
mean + SEM, n = 5 in triplicates. Comparisons were made using one-way ANOVA followed by Tukey multiple comparisons test. E, TILs were analyzed by flow
cytometry, and gated on CD3 and CD8, then analyzed for the frequency of H-2DP-restricted RAHYNIVTF-specific T cells using E7-specific tetramer staining.
Comparisons were made using one-way ANOVA followed by Tukey multiple comparisons test. ***, P < 0.001; ****, P < 0.0001. Each symbol represents TILs from
one mouse. Results represent mean 4+ SEM, n = 5 per group. F, Growth of Sox2-expressing MOC2-E6/E7 tumors in the back of the neck were monitored.
SatVax or cGAMP were administered subcutaneously at tail base once per week for 3 weeks. Intraperitoneal injections of 100 ug anti-PD-L1 were given twice per
week for 3 weeks. The treatment schedule is shown in Supplementary Fig. S7A. Results represent mean + SEM, n = 5 mice for each group. GEE was employed
to compare the growth curves among different treatment groups. The overall difference among groups is significant with a P <0.001. The P values for
multicomparisons between any two groups are shown in Supplementary Table S4. G, Kaplan-Meier survival curves of mice in F were plotted for all groups,n =5
for each group. Log-rank (Mantel-Cox) test was performed for comparisons of survival curves. H, TILs from F were separated using Ficoll-paque gradient, and
analyzed by flow cytometry. Viable TILs were gated on CD3 and CD8, and then analyzed for the frequency of E7-specific T cells using an H-2D°-restricted
RAHYNIVTF-specific tetramer staining. Each symbol represents TILs from one mouse. n = 4 in each group, mean 4 SEM. | and J, Viable CD3™" TILs were further
analyzed for frequencies of CD8* PD-1"9" and CD8* TIM3* cells. Comparisons were made using unpaired two-tailed ¢ tests. Each symbol represents TILs

from one mouse, n = 4 in each group, mean 4+ SEM (*, P < 0.05; **, P < 0.0T; ***, P < 0.001).
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CD8* CTL and Tim3"CD8" CTL (Fig. 61 and J), both of which
are functionally exhausted in HNSCC (40).

An ideal therapeutic vaccine is highly immunogenic, safe,
consistent in quality, and off-the-shelf (5). The strengths of the
nanosatellite delivery system include its efficacy, high-density
tumor antigens, enhanced intracellular delivery of STING ago-
nist, consistent quality control, and biocompatibility. Although
SatVax in this report targets two antigenic peptides (bivalent),
this system is amenable to incorporating any neoantigen
peptides for further expansion of CD8" CIL repertoire.
MOC2-E6/E7 C57BL/6-syngeneic tumors prove a unique mod-
el to test therapeutic HPV* cancer vaccines. Future work includ-
ing the development of new immunocompetent HNSCC mod-
els, such as HPV-driven cancer model (47), and testing for-
mulations in multiple models would help advance HNSCC
vaccines. Overall, our work bridges a main knowledge gap by
illuminating a novel HNSCC immune escape mechanism and
developing a robust nanovaccine technology for cold cancers.
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