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Purpose: Neoadjuvant anti-PD1 (aPD1) therapies are being
explored in surgically resectable head and neck squamous cell
carcinoma (HNSCC). Encouraging responses have been observed,
but further insights into the mechanisms underlying resistance and
approaches to improve responses are needed.

Experimental Design: We integrated data from syngeneic mouse
oral carcinoma (MOC) models and neoadjuvant pembrolizumab
HNSCC patient tumor RNA-sequencing data to explore the mech-
anism of aPD1 resistance. Tumors and tumor-draining lymph nodes
(DLN) from MOC models were analyzed for antigen-specific prim-
ing. CCL5 expression was enforced in an aPD1-resistant model.

Results: An aPD1-resistant mouse model showed poor priming
in the tumor DLN due to type 1 conventional dendritic cell (cDC1)
dysfunction, which correlated with exhausted and poorly respon-
sive antigen-specific T cells. Tumor microenvironment analysis also

Introduction

Head and neck squamous cell carcinomas (HNSCC) are the seventh
most common cancer worldwide with over 800,000 new cases per
year (1). For HPV-negative locally advanced HNSCC, primary sur-
gery- or radiotherapy-based regimens have been the main treatment
modalities for decades with modest improvement in 5-year survival
rates (2). FDA approvals of anti-PD1 (aPD1) mAb for recurrent/
metastatic HNSCC have changed the standard of care for these
patients. However, tumor response rates are limited to 15% to 20%
(3, 4-6), and further approaches to enhance efficacy are needed.

Diverse immune checkpoint blockade (ICB) resistance mechan-
isms, including tumor-intrinsic and extrinsic factors, have been
reported with responding tumors manifesting several common fea-
tures (7, 8). The baseline tumor microenvironment (TME), classified
as either hot, cold, immune excluded, or immune suppressed (9), is
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showed decreased ¢cDCI in aPD1-resistant tumors compared with
sensitive tumors. Following neoadjuvant aPD1 therapy, pathologic
responses in patients also positively correlated with baseline tran-
scriptomic ¢DCI signatures. In an aPD1-resistant model, intratu-
moral cDC1 vaccine was sufficient to restore aPD1 response by
enhancing T-cell infiltration and increasing antigen-specific
responses with improved tumor control. Mechanistically, CCL5
expression significantly correlated with neoadjuvant aPD1 response
and enforced expression of CCL5 in an aPDI-resistant model,
enhanced ¢DCl tumor infiltration, restored antigen-specific
responses, and recovered sensitivity to aPD1 treatment.

Conclusions: These data highlight the contribution of tumor-
infiltrating ¢cDC1 in HNSCC aPD1 response and approaches to
enhance cDCI infiltration and function that may circumvent aPD1
resistance in patients with HNSCC.

directly linked to ICB response and provides a conceptual framework
for enhancing therapeutic efficacy. “Hot” or “immune-inflamed”
tumors have been shown to respond favorably to ICB treatment
because of pre-existing infiltrating cytotoxic CD8" T cells and M1
macrophages. By contrast, increased regulatory CD4" T cells, mye-
loid-derived suppressor cells, and M2 macrophages in the TME are
associated with poor tumor response. Recent studies have shown that
dendritic cells (DC), especially conventional type 1 DC (cDC1)
positively correlate with survival (10) as well as ICB response in
melanoma (11). This is in line with the findings that cDCI are a key
cross-presenting cell for antitumor CD8" T cells and express T-cell-
attracting chemokines (12). Outcomes for patients with HNSCC
treated with standard-of-care therapies correlate with cDCI infiltra-
tion (13), and furthermore, preclinical HNSCC models show the
importance of cDC1 for aPD1 response (14). However, whether cDC1
infiltration correlates with ICB response in human patients with
HNSCC has not yet been defined. Furthermore, the underlying
mechanism(s) of how cDCI infiltration differs between distinct TME
immune types is not fully understood.

Here, we focus on defining the contribution of DC to neoadjuvant
aPD1 response in HNSCC. Analysis of pretreatment biopsies from a
neoadjuvant aPD1 clinical trial, where previously untreated patients
have an unperturbed immune system, allowed us to examine associa-
tions of tumor-infiltrating cDCI with the extent of tumor response.
Extending this work to a mouse oral carcinoma model with differential
response to aPD1 treatment, we further aimed to reveal the mechanism
behind ¢DCI recruitment into the tumor.

Materials and Methods

Cell lines/mouse studies

Mouse oral squamous cell carcinoma (MOC) cell lines, MOC22
(RRID:CVCL_ZD36), MOC2 (RRID:CVCL_ZD33), MOCI1P (= MOC1
parental, RRID:CVCL_ZD32), and MOClescl were generated as
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Translational Relevance

Understanding anti-PD1 (aPD1) resistance mechanisms and
means to bypass these are a key obstacle to broaden benefit to a
wider population of patients with cancer. Herein, using com-
plementary data from neoadjuvant aPD1-treated patients with
HNSCC and mouse models, we identified dendritic cell (DC)
paucity and their functional defects correlating with a lack of
response. A DC vaccine loaded with endogenous tumor antigens
was sufficient to restore aPDI1 sensitivity in a mouse model.
CCL5 expression correlated with aPD1 response in the neoad-
juvant HNSCC cohort. Enforced expression of this chemokine
remodeled the tumor microenvironment, restored aPD1 sensi-
tivity, and improved antigen-specific T-cell responses. These
results identify a cDC1 contribution to HNSCC aPD1 responses
and a mechanistic approach to enhancing DC/T-cell function to
circumvent resistance.

previously described (15, 16). All MOC cell lines were cultured in MOC
medium (IMDM (Gibco, No. 12440061), Ham’s F12 nutrient mixture
(Gibco, No. 11765047), 5% heat-inactivated FBS (Sigma, No. F2442),
100 U/mL penicillin-streptomycin (Thermo Fisher Scientific, No.
BW17603E), 5-ng/mL EGF (Thermo Fisher Scientific, No. 01107MI),
400 ng/mL hydrocortisone (Sigma, No. H0888), and 5 ug/mL insulin
(Sigma, No.10516) in a 37°C incubator. Cell lines were routinely tested
for Mycoplasma and underwent short tandem repeat cell line authen-
tication at the DFCI within 6 months of use. Cell lines were passaged no
more than 10 times after thawing from original stocks. Female wild-type
C57BL/6 mice (Taconic Biosciences, 6 to 9 weeks old) were housed in
a specific pathogen-free animal facility. All animal studies were con-
ducted in compliance with regulations of the institutional animal care
and use committee of Dana-Farber Cancer Institute.

Transduction of MOC1P, MOClescl, and MOC2 cell lines
Ovalbumin (OVA)-derived SIINFEKL-expressing MOC1P (MOC1P-
ova) was a gift from Dr. Clint Allen (NIH). SIINFEKL-expressing
MOClescl (MOClescl-ova) was generated using mKATE-2-SIINFEKL
retrovirus (from Dr. Clint Allen, NIH). mKATE-2-SIINFEKL retrovirus
was produced in 293T cells (RRID: CVCL_0063) by cotransfection of
gag/pol and VSV-G vectors (RRID:Addgene 138479) using Lipofecta-
mine 3000 (Thermo Fisher Scientific) and was used to transduce
MOClescl. Transduced MOCI1P-ova and MOClescl-ova were sorted
for mKate2-positive cells. To generate CCL5-expressing MOClescl and
MOC2,a CCL5 (NM_013653) gBlock (IDTDNA) was cloned into a pLV
vector-expressing mKate2 using HiFi DNA assembly (New England
BioLabs). Lentivirus was produced in 293T cells by co-transfection of
delta8.9 and VSV-G vectors. Virus was concentrated by Lenti-X Con-
centrator (Takara Bio), resuspended in MOC medium, and transduced
into MOClescl and MOC2. Cells were sorted for mKate2 positivity with
expression routinely monitored before each experiment. MOClescl-
expressing full-length OVA (MOClesc1-OVA) was generated by using
OVA-expressing pLX311 vector and selecting with blasticidin.

Cancer cell line inoculation, tumor models, and in vivo antibody
treatment

MOC cell lines were cultured and after harvest and washing (>90%
viability), were resuspended in PBS with 33% volume BME (Basement
Membrane Extract, Thermo Fisher Scientific, No. 353200502) and
kept on ice until inoculation. Tumor cell line inoculation (1-2x 10%)
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was performed either subcutaneously in the flank, or submucosally in
the buccal mucosa. Tumor sizes were measured two to three times per
week, and tumor volume was calculated as (length xwidth?)/2. ICB
treatment was performed by intraperitoneal injections of either aPD1
antibody (BioXcell, No. BE0146250, 250 LLg per mouse per injection) or
isotype control antibody (BioXcell, No. BE0089, 250 g per mouse per
injection) on days 3, 6, and 9 after tumor implantation.

ELISA assays

Quantikine ELISA Mouse IFNy Immunoassays (R&D Systems)
were performed for IFNy quantification, and mouse CCL5 ELISA
Kit (KE10017, Proteintech) was used for CCL5 quantification
according to the manufacturer’s instructions. For IFNY assays, cells
were treated with PMA (2 pg/mL) and ionomycin (0.1 pug/mL) for
positive control.

Mouse IFNy enzyme-linked immunospot assays

Enzyme-linked immunospot (ELISPOT) was performed using the
mouse IFNY single-color ELISPOT kit (ImmunoSpot by CTL).
MOClescl-draining lymph nodes (DLN) and spleens from mice
treated with isotype control, aPD1, DC vaccine, or combination were
assayed for reactivity to neoantigen peptides. Lymph nodes and
spleens were gently disaggregated with frosted glass slides and filtered
after RBC lysis. After washing once, cells were counted, and a total of
5.0x10° DLN cells/splenocytes were suspended in 100 uL of CTL
serum-free medium and stimulated with 1 pmol/L of peptides
(mYipfl; VALATFVTI, p15e; KSPWFTTL Peptide 2.0) in each well
of a murine IFNy Immunospot System (CTL) for 24 hours at 37°C.
PMA (2 pg/mL) and ionomycin (0.1 pg/mL) stimulation was used for
positive control. IFNY spots/well were then detected and quantified by
a plate reader.

Tumor dissociation and flow-cytometry staining

Tumors were harvested, mechanically dissociated, and digested
with DNase (100 U/mL, Roche No. 4536282001) and collagenase type
IV (Life Technologies No. 17104019) at 37°C for 45 to 60 minutes.
Tumors were further dissociated through an 18-g needle or with
vigorous pipetting. After filtering through a 40-um strainer, cells were
washed and resuspended for staining. The tumor DLN was defined as
the ipsilateral inguinal lymph node for flank tumors. For oral tumors, a
single dominant ipsilateral submandibular lymph node, adjacent to
the submandibular gland was harvested. Lymph nodes were gently
disaggregated with frosted glass slides in RPMI and filtered through a
40-um strainer to generate single cells and were washed and resus-
pended for staining.

After Zombie Aqua (BioLegend) viability dye staining and Fc-block,
fluorophore-labeled antibodies were directly added to each sample
and incubated at 4°C for 25 to 30 minutes. For ova-SIINFEKL
dextramer staining (Immudex, JD02163), samples were treated with
dasatinib (final concentration 50 nmol/L) and incubated at 37°C for
30 minutes before adding 5 UL of dextramer and incubating at room
temperature for 15 minutes.

Samples were run on a MACS-Quant 10 (Miltenyl) or LSR
Fortessa (BD Biosciences), and data were analyzed with FlowJo v10
(BD Biosciences, RRID:SCR_008520). The following fluorescence-
conjugated antibodies were used (all from BioLegend): mouse CD45.2
(104), mouse CD3¢ (145-2¢11), mouse CD4 (RM4-4), mouse CD8at
(53-6.7), mouse CD279 (PD-1, 29F.1A12m), mouse CD25 (PC61),
mouse NK1.1 (PK136), mouse CD19 (6D5), mouse F4/80 (BMS),
mouse I-A/I-E (M5/114.15.2), mouse CD11c (N418), mouse Xcrl
(ZET), mouse Sirpo. (p84), mouse Tim3 (RMT3-23), mouse Lag3
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(C9B7W), mouse Ly-6¢ (HK1.4), mouse/human KLRGI1 (2F1/KLRG1),
mouse CD40 (3/23), mouse CD80 (16-10A1), and mouse CD86 (GL-1).

Tumor-infiltrating lymphocyte culture

For functional analysis of tumor-infiltrating lymphocyte (TIL),
tumors were harvested in aseptic condition and cut into 1- to 2-mm
cube pieces. Individual tumor fragments were cultured in T-cell
medium (RPMI-1640; Gibco, No. 11875-093), 5% heat-inactivated
FBS (Sigma, No. F2442), 100 U/mL penicillin-streptomycin (Thermo
Fisher Scientific, No. BW17603E), 1 mmol/L sodium pyruvate (Sigma,
No. 8636), 50 mmol/L BME, 2 mmol/L r-glutamine (Gibco, No.
25030-081), 20 mmol/L HEPES (Gibco, No. 15630080) supplemented
with human IL2 (100 U/mL, Roche TECIN, No. Ro 23-6019) for
48 hours in a 24-well plate. Cells were collected and filtered through a
40-um strainer. After washing with PBS, dead cell removal was
performed using magnetic beads (Miltenyi Biotech, No. 130-090-
101) and then used for functional analysis.

Quantitative PCR

RNA was extracted from MOClescl tumors (day 14) and converted to
¢cDNA using the RNA to ¢cDNA high-capacity kit (Thermo Fisher
Scientific). Mouse Xcr1 gene-specific primers (IDT DNA) were validated
and used in SYBR green quantitative PCR (QPCR). Relative quantification
by the AAC, method was used with Gapdh expression as the endogenous
control. Primer sequences were as follows: Gapdh 5'-CCGGTGCTGAG-
TATGTCGTG-3, Gapdh 3'-GTGACGGTGGGTCITCTGAC-5, Xcrl
5'-AGAGACACCGAACAGTCAGGCT-3, Xcrl 3-TGTCCAGTTG-
CTGAAGGCTCTC-5'". qPCR was assayed on a QuantStudio 3 (Applied
Biosystems) and analyzed with Design and Analysis Software (v. 2.6).

Mouse in vivo tumor RNA-sequencing data analysis

RNA-sequencing (RNA-seq) of MOC tumors was previously
described (16). In vivo expression was evaluated in normalized bulk
RNA-seq data from MOC22 tumors harvested on day 17,and MOC1P
and MOClescl tumors harvested on day 14 after implantation.

Patient HNSCC tumor bulk RNA-seq

RNA-seq data from a neoadjuvant pembrolizumab HNSCC clinical
trial (NCT02296684; ref. 17) were interrogated, and response to
neoadjuvant aPD1 was classified on the basis of pathological tumor
response (pTR) in surgical specimens with pTR-0 (<10% pathologic
response); pTR-1 (10%-49% response); pTR-2 (250% response;
ref. 17). pTR-0 patients were classified as nonresponders and
pTR-1 and 2 as responders.

Patient HNSCC tumor single-cell RNA-seq

Single-cell RNA sequence (scRNA-seq) data were generated from a
neoadjuvant HNSCC pembrolizumab clinical trial (18). Pathological
response was categorized as described above. CD45™" cells were sorted
from pre- and posttreatment specimens from two responders and two
nonresponder patients. Sample cell count and viability were assessed
by trypan-blue dye exclusion (Sigma-Aldrich), and cell density was
adjusted to analyze approximately 10,000 cells per sample. Sample
processing for single-cell gene expression (scRNA-seq) was performed
(Chromium Single Cell 3’ Library and Gel Bead Kit, 10x Genomics)
following the manufacturer’s recommendations. After Gel Bead-in-
Emulsion reverse transcription (GEM-RT) reaction and clean-up,
PCR amplification was performed to obtain cDNA for RNA-seq
library generation according to the manufacturer’s instructions. Qual-
ity controls for cONA and sequencing libraries were performed using a
Bioanalyzer High Sensitivity DNA Kit (Agilent). All libraries were
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uniquely indexed for multiplexed sequencing using the Illumina
NextSeq 500 platform.

DC generation and vaccination

B16-FLT3 L cells (RRID: CVCL_IJ12, gift from G. Dranoff/U. von
Andrian) were used to generate cDC1 as described (19). Briefly, B16-
FLT3 L cells were cultured in DMEM supplemented with 10% FBS,
and 1% penicillin-streptomycin and cells (2.0x 10°) were implanted
subcutaneously into the flanks of wild-type C57BL/6 mice with
splenocyte harvest on day 12. Spleens were gently disaggregated
with frosted glass slides in 5 mL of DC medium [RPMI-1640 (Gibco,
No. 11875-093), 10% FBS, 1% Pen/Strep, 1 mmol/L sodium pyru-
vate, 50 mmol/L BME]. After RBC lysis, DC were purified with
Xcrl+ beads (Miltenyi Biotech No. 130-115-721) followed by
stimulation with Polyl:C (20 pug/mL) and tumor antigen peptides
[mYipfl; VALATEVTI, pl15e; KSPWFTTL (Peptide 2.0), 20 pg/mL
each)] for 4 hours. DC were collected and used for intratumoral
vaccine (1.0x10° cells in PBS; 100 uL).

In vitro DC migration assay

Activated Xcrl+ DC (3x10° in 100 uL of DC medium) were
placed in the upper well of Transwell plates (Costar, 5 umol/L pore
size, 6.5-mm insert) with 600 UL of MOC medium or culture super-
natant from MOClescl or MOClescl-CCL5 in the lower well and
allowed to migrate at 37°C for 4 hours. Migrated cells were harvested
and quantified by flow cytometry.

DC antigen presentation assay

Xcrl+ DC (3x10*) were cocultured with magnetically isolated
CD8" OT1 cells in the presence of ova short peptide (SIINFEKL), ova
synthetic long peptide (KISQAVHAAHAEINEAGRESIINFEKL-
TEWT), MOClescl cell lysate, or MOClesc1-OVA (MOClescl-
expressing full-length OVA) cell lysate for 48 hours and evaluated
for IFNYy production by ELISA.

Statistical analysis

One-way ANOVA followed by Tukey’s multiple comparison,
unpaired Mann-Whitney tests, and two-way ANOVA tests were used
for statistical comparisons as indicated in each figure using GraphPad
Prism version 9 (RRID:SCR_002798). Significant differences of
P < 0.05, 0.01, and 0.001 are shown as *, **, and ***, respectively.

Data availability

Mouse RNA-seq has been previously deposited (NCBI GEO;
GSE153383). Human scRNA-seq data are available through the dbGaP
accession phs 002864.v1.pl (https://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=phs002864.v1.p1). MOC cell lines are
available from Kerafast.

Results

aPD1-resistant model shows reduced priming due to ¢cDC1
dysfunction in tumor DLN

To investigate the mechanisms underlying aPD1 resistance, we used
an isogenic paired MOCIP and MOClescl model that showed
response or resistance to aPD1 therapy, respectively (16). To examine
antigen-specific responses, we used OVA-derived SIINFEKL model
antigen-expressing MOCI1P and MOClescl lines (MOC1P-ova and
MOClescl-ova). Of note, MOCI1P-ova remained aPD1-sensitive
(Fig. 1A), and MOClescl-ova remained aPD]1-resistant (data not
shown). To confirm that tumor DLN are critical for aPD1 response in
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Figure 1.

aPD1-resistant model shows reduced priming due to cDC1 dysfunction in tumor-draining lymph nodes (DLN). A, /n vivo tumor growth of MOC1P-ova after treatment
with aPD1(250 ug IP on days 3, 6,and 9) or FTY720 (10 ug IP daily from one day before inoculation). (n = 4 tumors for each group). B and C, Flow-cytometric analysis
of MOCI1P-ova/MOClescl-ova DLN on day 10 after inoculation (n = 4 for each group, representative data of two independent experiments). D, Representation of
experiment in E. E, Tumor DLN from orthotopically inoculated MOCIP-ova/escl-ova-bearing mice were harvested on day 10 and stimulated with SIINFEKL peptide for
48 hours to assess IFNy production by ELISA (n = 4 for each group, representative data of two independent experiments). F, Flow-cytometric analysis of
costimulatory markers on Xcr1* DC in DLN of MOC1P-ova/MOClescl-ova harvested 10 days after tumor inoculation (n = 4 for each group, representative data of two
independent experiments). G, Representation of experiment in H. H, Xcr1* DC magnetically isolated from DLN of MOC1P-ova/MOClescl-ova were cocultured with
CD8* OT1T cells to test priming ability evaluated by IFNy ELISA (n = 5-6, representative data of two independent experiments). Data are plotted as mean & SEMin A
and individual data with mean + SD in all other panels. Data were analyzed using two-way ANOVA with multiple comparison for A and Mann-Whitney U test to
generate two-tailed P values in B, C, E, F, and H. (D and G were generated by using BioRender under granted license.) *, P < 0.05; **, P < 0.01; ns, not significant.

MOCI1P, we treated orthotopic MOCI1P-ova-bearing mice with
FTY720, a sphingosine 1-phosphate (S1P) receptor agonist that
inhibits lymph nodes cell egress. aPD1 sensitivity was abrogated with
FTY720 treatment (Fig. 1A), confirming that tumor-reactive cells
induced in the lymph nodes were responsible for aPDI rejection.
Although the number of dextramer-positive cells in the DLN did not
differ (Fig. 1B), phenotypic analysis revealed that antigen-specific cells
from MOClescl-ova bearing mice had increased expression of PD-1,
TIM3, LAG3, and KLRG1 consistent with an exhausted state com-
pared with MOCI1P-ova (Fig. 1B and C). Also, consistent with this
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dysfunctional state, CD8" T cells isolated from MOClescl-ova DLN
showed reduced IFNY production upon peptide restimulation (Fig. 1D
and E). As impaired priming is known to be one of the reasons
exhausted T cells are induced (20), these data led us to hypothesize
that MOClescl had impaired priming in the lymph nodes, resulting in
dysfunctional CD8" tumor-reactive T cells. To test this, we assessed
MOClescl-ova and MOC1P-ova DLN for Xcrl" ¢cDCI. Although the
number of cDC1 did not differ (Supplementary Fig. S1A), costimula-
tion markers found modest reduction in CD86 and CD40 expression
in resistant tumor-bearing mice (Fig. 1F). Importantly, Xcrl1+ ¢DCl1
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Figure 2.

aPD1sensitivity is correlated with DC infiltration in mouse and human HNSCC. A, Bulk RNA-sequencing data from MOC22 tumors harvested on day 17,and MOC1P and
MOCI-escl tumors harvested on day 14 after implantation are shown for indicated genes as z-score (n = 3 for each model). “DC signature” represents the average
z-score of Batf3, Xcrl, CInk, and Clec9a (10). B, Flow-cytometric data of Xcr1+ ¢cDC1from MOC22, MOCI1P and MOClescl tumors harvested on day 12 after inoculation
(numbers are shown as cells per tumor mg, n = 19-20, pooled data from three independent experiments, gating strategies shown in Supplementary Fig. S2G).
C, Correlation of cDCland CD8™ T cells from flow-cytometric datain MOC22, MOCIP, and MOClescl tumors harvested on day 12 after inoculation (numbers are shown
as cells per tumor mg, n = 8, representative data from three independent experiments, gating strategies shown in Supplementary Fig. S2F and S2G). D and E, Bulk
RNA-seq data of indicated genes in pretreatment tumor samples from patients who received subsequent aPD1therapy shown as z-score (n = 8 respondersandn =15
nonresponders). “DC signature” represents the average z-score of BATF3, XCR1, CLNK, and CLEC9a (10). F and G, cDC and CD8 score calculated from a general cell
type enrichment analysis webtool (23) using the same dataset as in D. Individual data with mean & SD are plotted in A and B, and individual data with mean
are plotted in D-F. Data were analyzed using the Mann-Whitney U test to generate two-tailed P values in D-F and Pearson correlation coefficient in C and G and
one-way ANOVA followed by Tukey’s multiple comparison for B. *, P < 0.05; **, P < 0.01; ***, P < 0.0071; ****, P < 0.0001.

isolated from DLN of MOClescl-ova had significantly reduced
capacity to prime OT-1 T cells (Fig. 1G and H). These data are

any differences in DC populations. We compared bulk RNA-seq data
between three models that show differential response to aPD1-

consistent with reduced DLN functionality of Xcr1+ cDC1 leading to
insufficient T-cell priming in this aPD1-resistant HNSCC mouse
model.

aPD1resistance is correlated with DC infiltration in patients with
HNSCC and mouse models

As Xcrl+4 ¢DCI are known to capture antigens in the tumor and
migrate into the DLN, we next examined the tumors themselves for
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MOCI1P, MOClescl, and MOC22, which is a checkpoint inhibitor-
sensitive model with complete aPD1 response (21). Interestingly, we
saw a correlation of cDCl1-related gene expression, namely Batf3 and
Xcrland response to aPD1 (Fig. 2A). Furthermore, a published cDC1
signature (10) also correlated with aPD1 sensitivity, with MOC22
showing the highest and MOClescl the lowest expression (Fig. 2A;
Supplementary Fig. S2A). CXCL9/10, which are chemokines known to
be expressed by intratumoral DC (22), were also upregulated in
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sensitive models (Fig. 2A). These findings were confirmed by qPCR
from in vivo MOC cell line-generated tumors (Supplementary
Fig. S2B). Flow-cytometric analysis of in vivo established tumors
confirmed Xcrl+ cDC1 paucity in MOClescl tumors compared with
MOCI1P and MOC?22 (Fig. 2B), along with other immune populations
such as CD45" cells and CD3" T cells (Supplementary Fig. S2D and
S2E). Furthermore, ¢cDC1 infiltration and CDS8 infiltration showed
significant correlations (Fig. 2C).

To extend these findings to human HNSCC, we analyzed treatment-
naive biopsy specimens from patients who received subsequent neoad-
juvant pembrolizumab (NCT02296684). Transcriptomic analysis
showed that patients with a pathological response to aPD1 showed
higher DC-related gene expression compared with nonresponders at
baseline, with significantly increased expression of BATF3 and XCRI
in responders (P = 0.0337 and 0.0477, respectively, Fig. 2D). Fur-
thermore, a cDCI signature (10) was also significantly elevated in the
responder group (P = 0.0159, Fig. 2D; Supplementary Fig. S2C).
CXCL9/10 were also significantly upregulated in the responders
(P = 0.0003 and 0.0002, respectively, Fig. 2E). A general cell type
enrichment analysis webtool (23) showed similar results, with a
significantly higher cDC score in responders (P = 0.0080, Fig. 2F)
that was correlated with a CD8 score (Fig. 2G). Collectively, these data
indicate that intratumoral cDC1 positively correlate with neoadjuvant
aPD1 response in newly diagnosed human patients with HNSCC,
similar to our mouse model.

Intratumoral xcr1t DC vaccine induces antigen-reactive T cells
in the DLN and is sufficient to overcome aPD1 resistance in
HNSCC mouse model

Given the cDC1 paucity in the TME and poor T-cell priming in the
DLN of MOClescl, we investigated whether intratumoral delivery of
an Xcrl+ cDCI vaccine platform bearing endogenous tumor antigens
would be sufficient to overcome aPD1 resistance. Xcrl+ cDC1 were
isolated from B16-FLT3 L inoculated C57BL/6 mouse splenocytes
(Fig. 3A). Representative surface markers and antigen presentation
ability were confirmed by flow cytometry (Supplementary Fig. S3A and
S3B) and an in vivo presentation assay (Supplementary Fig. S3C and
S$3D), respectively. Using these Xcr1+ cDCl1, we first tested whether we
could induce tumor antigen-specific T cells in the DLN of MOClescl.
As a first step, we used an immunogenomic approach and identified
the p15E (24) endogenous retrovirus-derived peptide and a neoantigen
derived from a mutated Yipf1 allele (data not shown) as natural tumor
antigens in MOCIP. Mice bearing MOClescl tumors were treated
intratumorally with a peptide-loaded Xcr1+ ¢DC1 vaccine. After
three intratumoral cDC1 injections, we harvested DLN and spleen
cells and analyzed antigen-specific reactivity. Compared with intra-
tumoral PBS injection, antigen-reactive T cells increased in the
DLN, showing that T-cell activation was enhanced through
increased priming by intratumoral DC vaccination (Fig. 3B). Anti-
gen reactivity in the spleen was also enhanced, showing a systemic
effect of this treatment (Fig. 3B). Furthermore, given that Xcrl+
cDC1 are known to recruit CD8" T cells through expression of
chemokines such as CXCL9/10, we examined the TME and DLN
immune cell population after DC vaccine (Fig. 3C and D; Supple-
mentary Fig. S3E and S3F). Xcrl+ ¢DCIl vaccine increased the
numbers of total intratumoral CD45" immune cells and CD3"
T cells (Fig. 3C). Total CD8* and CD8*PD1* T cells also increased
in the tumor (Fig. 3C). The number of Xcr1* ¢DCI did not increase
in the tumor, but increased in the DLN, consistent with the ability of
Xcrl™ ¢DCI to migrate to the LN (Fig. 3C and D). These data show
that intratumoral Xcrl® ¢DCl1 vaccination can enhance T-cell
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priming in the DLN as well as increase immune infiltration in this
aPD1-resistant model.

On the basis of the findings that cDC1 vaccine can induce tumor
antigen-specific responses and alter the TME, we tested whether
intratumoral delivery of Xcr1* ¢DCI would be sufficient to control
tumor growth. We treated the aPD1-resistant MOClescl model
with aPD1 alone, Xcrl™ ¢cDC1 vaccine, or the combination. Tumor
growth was suppressed by the cDC1 vaccine alone, and further-
more, the combination of aPD1 and cDCl1 vaccine further atten-
uated tumor growth (Fig. 3E and F; Supplementary Fig. S3G and
S3H). Analysis of DLN and spleen cells after treatment showed
tumor antigen reactivity was enhanced by ¢cDC1 vaccine and aPD1
treatment in the DLN and by the combination in the spleen (Fig. 3F
and G). These findings show that increasing intratumoral cDC1 is
sufficient to reverse resistance to aPD1 treatment in an aPDI-
resistant model.

CCL5 expression correlates with aPD1 sensitivity

Having identified reduced c¢DCl1 infiltration and function in
aPDl1-resistant settings, we next interrogated neoadjuvant aPD1
clinical trial bulk RNA-seq data for chemokines that may influence
DC migration. Comparing aPD1 responders versus nonresponders,
we found that CCL5, a known DC-recruiting chemokine, was highly
expressed in responder patient tumors compared with resistant
tumors (P = 0.0092, Fig. 4A and B). Interestingly, in vivo CCL5
expression correlated with aPD1 resistance in the MOC models as
well (Fig. 4C). Furthermore, CCL5 expression and the ¢cDC score
significantly correlated in the clinical cohort (P = 0.0013), support-
ing the hypothesis that CCL5 may be key to attracting cDC1 into the
TME (Fig. 4D; Supplementary Fig. S4C). Purified Xcrl* ¢DC1
migrated in response to CCL5 containing media ex vivo (Supple-
mentary Fig. $4D). To further explore the cellular sources of CCL5
in human tumor samples, we analyzed scRNA-seq data from
patients treated with two doses of neoadjuvant pembrolizumab (18).
CD45" cells isolated from two responders and two nonresponders
were analyzed and unsupervised clustering identified 18 unique
clusters. CD8" T-cell clusters were abundant in responders com-
pared with nonresponders, whereas NK cells and regulatory CD4"
cells were abundant in nonresponders (Fig. 4E). CCL5 was widely
expressed across several immune populations in both responders
and nonresponders (Fig. 4F), with CD8" T cells being one of the
main sources of CCL5 expression in responders (Fig. 4G) along with
NK and NKT cells (Supplementary Fig. S4E). Consistent with bulk
RNA-seq data, the total CCL5 expression in pretreatment samples
was higher in responders (Fig. 4H, P = 3.03*e—56). Furthermore, to
assess dynamic changes of CCL5 expression following treatment, we
compared pre- and post-treatment bulk RNA-seq samples and
found that CCL5 expression did not change significantly in respon-
ders or nonresponders (Supplementary Fig. S4F and S4G). Inter-
estingly, however, pre- and posttreatment scRNA-seq data showed
a specific increase of CCL5 expression in the DC population in
responders (Supplementary Fig. S4H; P = 1.78 xe—43).

Next, to test whether CCL5 expression was sufficient to alter
immune responses in the aPD1-resistant setting, we enforced CCL5
expression in MOClescl (MOClescl-CCL5). Mice challenged with
control or CCL5 expressing MOClescl showed equivalent tumor
growth (Fig. 5A). Analysis of the TME showed a significant increase
in Xcrl™ ¢DC1 infiltration (P = 0.02) in the CCL5-overexpressing
tumor compared with control (Fig. 5B). Furthermore, CCL5 over-
expression in MOClescl increased CD8" and CD8"PD1" T-cell
infiltration (both P = 0.008, Fig. 5C). Sirpo.” ¢DC2 also increased
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Figure 3.

Xcr1+4 DC vaccine is sufficient to induce antigen-reactive T cells, alter the tumor microenvironment and attenuate tumor growth in aPD1-resistant mouse model. A, DC
generation, Xcr* DC isolation, and Xcr1™ DC intratumoral vaccine. Vaccination was performed with 1 million Xcr1* DC. B, CD8™ T cells were isolated from intratumoral
DC-vaccinated MOClescl mouse DLN or spleen on day 14 after inoculation, stimulated with peptides and evaluated for reactivity by IFNy ELISA. PC; positive control
(PMA + ionomycin), NC; negative control (no peptides), or p15e or mYipfl peptide (0.1 umol/L) stimulation. (n = 8, representative data of two independent
experiments). C and D, Flow-cytometric analysis of MOClescl tumors (C) and DLN (D) treated with intratumoral PBS or DC vaccine on days 1/4/7 after inoculation
and harvested on day 14 after tumor inoculation. (n = 8, representative data of two independent experiments, gating strategies shown in Supplementary Fig. S2F
and S2G). E, Tumor growth of aPD1-resistant MOClescl model treated with intratumoral PBS (on days 1/4/7), intraperitoneal aPD1 (250 pg on days 3/6/9),
intratumoral DC vaccine (1 million Xcr1+- DC on days 1/4/7), or the combination. n = 8 per group. F, DLN and spleens of MOClescl-bearing mice treated as in E
(separate experiment) were harvested on day 13 after inoculation and cocultured with indicated peptides to test reactivity evaluated by IFNy ELISPOT. PC; positive
control (PMA + ionomycin), NC; negative control (no peptides), or pl5e + mYipfl peptide (0.1 umol/L) stimulation. (n = 8 per group). G, Quantification of
spots analyzed in experiment F. (n = 2). Individual data with mean + SD are plotted in B-D. Data are plotted as mean + SEM in E. Data were analyzed using the
Mann-Whitney U test to generate two-tailed P values in B-D. Two-way ANOVA with multiple comparison was used for growth curve analysis in E. (A was generated
by using BioRender under granted license.) *, P < 0.05; **, P < 0.07; ****, P < 0.0001.
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Figure 4.

CCL5 is highly expressed in aPDI-sensitive tumors. A, Heat map of CC chemokine ligands (CCL) based on pretreatment bulk RNA-seq data between
responders (r) and nonresponders (nr). B, CCL5 mRNA expression comparison from bulk RNA-seq data of responders and nonresponders shown as z-score
[n = 8 responders (r), n =15 nonresponders (nr)]. C, CCL5 mRNA expression from bulk RNA-seq data of MOC22 tumors harvested on day 17, and MOCI1P and
MOCT-escl tumors harvested on day 14 after implantation shown as TPM (n = 3 each). D, Correlation of CCL5 mRNA expression (TPM) and cDC score
(calculated from Xcell) in pretreatment bulk RNAseq data of HNSCC patient samples (n = 8 responders, n = 15 nonresponders). E, UMAP from scRNA-seq of
pretreatment neoadjuvant pembrolizumab clinical trial patient tumors. (n = 2 each responder and nonresponder). F, Feature plots showing single-cell
expression levels of CCL5 in responders and nonresponders. G, Distribution plots showing expression level of CCL5 in CD8" T-cell subsets. Top, responders
and bottom, nonresponders. H, Violin plots showing relative expression levels of CCL5 in responders versus nonresponders in baseline tumors. Individual
data and mean are plotted in B, and individual data with mean + SD are plotted in C. Data were analyzed using the Mann-Whitney U test to generate
two-tailed P values in B, Pearson correlation coefficient in D. ***, P < 0.001.
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CCL5 recruits cDC1and restores aPD1responsiveness. A, Comparative tumor growth of MOClescl_Ctrland MOClescl_CCL5 cells in C57BL/6 WT mice. Tumor weight
measured on day 16 after tumor inoculation (n = 6 for E1_Ctrl, n = 8 for E1_CCLS5, representative data of two independent experiments). B and C, Flow-cytometric
analysis of MOClescl_Ctrl and MOClescl_CCL5 tumors harvested on day 16 after tumor inoculation (n = 6 for E1_Ctrl, n = 8 for E1_CCLS5, representative data of two
independent experiments, gating strategies shown in Supplementary Fig. S2F and S2G). D, Flow-cytometric analysis of MOClescl_Ctrl and MOClescl_CCL5 DLN
harvested on day 16 after tumor inoculation (n = 20 for Ctrl, n = 22 for CCL5, pooled data from three independent experiments, gating strategies shown in
Supplementary Fig. S2G). E, Tumor growth experiment of MOClescl, MOClescl_Ctrl, and MOClescl_CCL5 cells (1x10° cells/mouse) treated with aPD1
(250 pg/mouse) on days 3, 6, and 9 (black arrows). Left shows mean =+ SEM, and right shows individual tumor sizes (n = 4 for E1and E1_Ctrl, n = 6 for E1_CCLS5,
representative data of two independent experiments). F, CD8™ T cells isolated from aPD1-treated MOClescl_Ctrl or MOClescl_CCL5 DLN were stimulated with
indicated peptides for 48 hours and evaluated by IFNy ELISA. PC; positive control (PMA + ionomycin), NC; negative control (no peptides, n = 2) or p15e, mYipfl
peptide stimulation (0.1 umol/L). Data are plotted as mean + SEM in A and E and individual data with mean 4 SD are plotted in A-D and F. Two-way ANOVA
with multiple comparison was used for growth curve analysis in A and E. Data were analyzed using the Mann-Whitney U test to generate two-tailed P values in A-D.

*, P < 0.05; **, P < 0.07; ns, not significant.

(P = 0.04), but NK and CD4" T cells did not change significantly
(Supplementary Fig. S5A and S5B). We also analyzed the DLN
immune cell populations and found higher ¢DCl1 representation
(P = 0.004, Fig. 5D), whereas ¢cDC2 and NK cells did not differ
(Supplementary Fig. S5C). The CD8" to CD4" T-cell ratio increased,
and PD1 was upregulated in both CD4" and CD8" T cells (Supple-
mentary Fig. S5D and S5E). Interestingly, although tumor growth was
comparable between MOClescl-Ctrl and MOClescl-CCL5, reactiv-
ity to antigens were slightly but significantly enhanced in CCL5
expressing TILs and DLN (Supplementary Fig. S5F). Finally, we
treated mice bearing MOClescl control or CCL5-transduced tumors
with aPD1 and found a significant tumor size attenuation only in
tumors with enforced CCL5 expression (Fig. 5E). DLN CD8™" T cells
isolated from aPDl1-treated MOClescl-CCL5 tumors showed
enhanced reactivity to the p15E-derived tumor antigen and the mYipf1
neoantigen (Fig. 5F). Only mice bearing CCL5-expressing tumors
showed increased reactivity to tumor antigens consistent with a critical
role of CCL5 in T-cell priming leading to restore aPD1 sensitivity. To
further extend this finding, we enforced CCL5 expression in a different
aPD1-resistant model MOC2 (21). Although the number of cDC1 did
not increase, CD8 infiltration increased with higher expression of PD1
(Supplementary Fig. S5G). Given that this model is known to be
immune excluded and highly resistant to ICB (21), this finding
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supports the activity of CCL5 to alter TME in immune “cold” tumors
as well.

Discussion

Uncovering the mechanisms of aPD1 resistance is critical for
developing therapeutic strategies to widely benefit patients. In this
work, we show that cDC1 paucity is one of the significant correlates of
aPD1 resistance in HNSCC, and inducing ¢DC1 in the tumor by
intratumoral cDC1 vaccine is sufficient to recover aPD1 response and
is mechanistically associated with reduced CCL5 expression in the
tumor.

The current standard of care for most cases of locally advanced
HNSCC consists of multidisciplinary treatment, including primary
surgical resection followed by adjuvant radiotherapy with or with-
out chemotherapy, respectively. Separately, some advanced HNSCC
may be treated with radiotherapy-based regimens concurrent with
chemotherapy. Both these modalities dramatically alter immune
responses dampening the efficacy of immunotherapy for example
by ablating lymph node-specific responses (14, 25). Current FDA
approval of aPD1 inhibitors is restricted to patients with recur-
rent/metastatic HNSCC, which makes the biological study of ICB
resistance complex given underlying immune alterations caused by
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prior therapies. Here, we analyzed neoadjuvant aPD1-treated
patients with HNSCC focusing on treatment-naive patient samples
with defined pathologic tumor response to aPD1 monotherapy.
This approach allowed us to focus on mechanisms of ICB resistance
in the absence of antecedent immune system alteration.

Previous studies have identified tumor-infiltrating DC as
significantly correlated with prognosis in several cancer types
(10, 13, 26) and ICB response in human melanoma (11, 27). Our
analysis of neoadjuvant aPDl-treated patients with HNSCC
showed a similar association of DC infiltration with pathologic
response. By using syngeneic mouse HNSCC models, we found
aPD1 resistance mirrored human HNSCC c¢DCl1 paucity and
identified decreased DC activation in the mouse tumor DLN with
poor priming of CD8" T cells. These results extend the important
role of ¢cDC1 in both the tumor and DLN to elicit antitumor
response to aPD1 treatment.

Given the important role of cDC1, therapies to increase intra-
tumoral ¢DCI such as FLT3 L administration have been explored
and shown to be effective in preclinical models (28-30). Extending
data from a neoadjuvant aPD1 melanoma clinical trial, Hoefsmit
and colleagues (27) identified inhibitor of apoptosis antagonism as
an approach to enhance cross presentation. Intriguingly, combina-
tion of xevinapant, an antagonist of inhibitor of apoptosis proteins,
and chemoradiotherapy has shown compelling clinical data in
HNSCC (31), but it remains unclear whether enhanced cross
presentation contributes to these outcomes.

TME disruption of DC function has multiple etiologies, including
local immunosuppression and recruitment (32). We showed that
inducing intratumoral DC by ¢DC1 vaccination was sufficient to
recover aPD1 resistance, supported by increased antigen-specific
responses and enhanced T-cell infiltration. Although DC vaccines
have shown limited clinical effect in solid tumors (33), alternative
approaches such as delivering CCL5 to tumors may represent
approaches to enhance DC infiltration and function, including in the
aPD1-resistant setting.

Focusing on the mechanism of DC deficit, we found that CCL5
was one of the highest expressed chemokines in aPD1 responder
patients at baseline and that CCL5 expression positively correlated
with ¢cDC infiltration. Both pro- and antitumor effects of CCL5 have
been reported with some studies showing CCL5 as a correlate of
tumor progression (34), whereas others have shown it as a favorable
marker of T-cell infiltration (35). Bottcher showed that CCL5
expressed by NK cells can recruit cDC1 into the tumor, whereas
prostaglandin E2 production in the tumor can attenuate this
effect (10). We did not see any correlation between prostaglan-
din-related gene expression and a DC signature in HNSCC mouse
models or the neoadjuvant pembrolizumab cohort suggesting a
distinct mechanism for CCL5 deficiency in HNSCC such as epi-
genetic silencing (36). Importantly, the correlation of CCL5 and
aPD1 sensitivity has not been previously demonstrated. Kirchham-
mer and colleagues (37) compared aPD1-treated melanoma tumor
samples and reported that there was a significant increase of CCL5
expression in responder patients. Here, we show that at baseline,
CCL5 expression is higher in responders, indicating an important
role of this chemokine to “set” the tumors to be ICB responsive.
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Enforced CCL5 expression in our aPDI-resistant model did not
alter tumor growth but increased cDCI1 infiltration in tumors and
lymph nodes, increased CDS8" T-cell infiltration in the TME, and
sensitized the tumor to subsequent aPD1 treatment with enhanced
tumor reactive CD8' T cells in the DLN. Collectively, these data
reveal an important role of CCL5 in enhancing antigen-specific
responses likely via recruitment of ¢cDC1 and improving HNSCC
response to aPD1 therapy.

There are several limitations to this study. Because of lack of
sample availability, we were not able to validate DC paucity in our
clinical trial baseline patient tumors by flow cytometry or other
methods other than RNA expression. The human CD45% scRNA-
Seq was from a limited sample set, and definitive conclusions with
respect to specific CCL5-producing cells could not be made. Finally,
we do not know exactly what mechanisms contribute to reduced
CCL5 expression in nonresponders. Our future work is aimed at
approaches to enhance CCL5 expression in the TME with further
mechanistic dissection of its role in DC: T-cell interactions. In
conclusion, approaches to enhance DC recruitment and priming in
conjunction with aPD1 therapies may advance the care of patients
with HNSCC.
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