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ABSTRACT

Objectives To explore lymphocyte infiltration as a
potential mechanism behind CXCL14-mediated tumor
growth suppression in oral cavity squamous cell
carcinoma (0SCC).

Methods We analyzed single cell RNA-sequencing
(scRNA-seq) data from OSCC to identify expression
changes among malignant cells in lymph nodes (LN) versus
primary tumors. CXCL14 expression in murine 0SCC cell
lines was quantified using qRT-PCR. Short hairpin RNA
knockdown of CXCL14 was performed in mouse oral cavity
(MOC)1 cells, and CXCL14 overexpression was performed
in MOC2 cells. Cells in each condition were injected into
C57BL/6 mice with and without T cell depletion, and

tumor volume was measured. At 30 days, tumors were
dissociated and analyzed by flow cytometry for CD45*CD3*
T cells. CXCL14 expression was correlated with gene
expression signatures of tumor infiltrating lymphocytes (TIL)
in scRNA-seq data, as well as TCGA tumors.

Results scRNA-seq revealed CXCL14 as the most
significantly downregulated gene among malignant cells in
LNs relative to primary tumor, supporting a role in preventing
invasion and/or metastasis. In a murine immunocompetent
model, CXCL14 expression was higher in indolent MOC1 cells
than in more aggressive MOC2 cells. Tumor growth in vivo
was significantly increased by CXCL14 knockdown in MOC1
cells relative to control, with a corresponding decrease in
TIL. In MOC2 cells, tumor growth was significantly reduced
by CXCL14 overexpression relative to control and TIL were
increased. Both effects were lost with T cell depletion. In

a human tumor scRNA-seq cohort, we found that only
malignant cell CXCL14, but not non-malignant cell or
fibroblast CXCL14, was associated with TIL. Bulk CXCL14
from the TCGA cohort had no association with TIL.
Conclusions Higher CXCL14 expression by tumor cells

is associated with reduced tumor growth and increased
TIL, supporting immune-mediated suppression of tumor
growth in OSCC. Given that CXCL14 is downregulated

in LN metastases compared with primary tumors, our
data raise the possibility that CXCL14-mediated immune
infiltration may discourage invasion and metastasis. In
human scRNA-seq data, only malignant cell-specific
CXCL14 was associated with TIL, suggesting a critical
context-dependent effect of CXCL14 expression.

INTRODUCTION
CXCLI14 is a cytokine with pleiotropic func-
tions' and varying effects on tumor growth

," JuneHo Shin,? William Faquin,® Derrick T Lin," Itay Tirosh,*

across tumor types.” In head and neck squa-
mous cell carcinoma (HNSCC), CXCL14
expression has been demonstrated to be
reduced in tumor tissues relative to adjacent
normal or oral dysplasia tissues.” CXCL14 has
also previously been associated with decreased
growth in HNSCC xenograft models,*""
supporting its role as a tumor suppressor
in HNSCC. This decreased expression has
been attributed to epigenetic silencing of
CXCLI14 by promoter hypermethylation in
tumor tissues,7 1 and CXCL14 expression
was shown to be restored by treatment with
5-azacytidine,” '? a demethylating agent.

Multiple studies have assessed the impact
of CXCL14 on growth. Ozawa et al’ demon-
strated that in wvitro growth of CXCLI14-
overexpressing cells is not suppressed,
suggesting that tumor suppression is not
related to intrinsic cellular growth retarda-
tion. Tessema ef al'> demonstrated increased
cell death in vitro and reduced tumor growth
via increased necrosis in vivo of lung tumor
xenografts after forced expression of CXCL14
supporting the hypothesis that CXCLI14-
mediated tumor suppression may be related
to anti-angiogenic activity."”

Other studies have investigated the role of
this chemokine on immune cell infiltration.
Shurin et al* demonstrated that CXCL14
may be chemotactic for immature dendritic
cells (DC) and proposed that this may be
one mechanism for its effects. Cicchini et al”®
demonstrated that CXCL14 expression is
downregulated during human papillomavirus
(HPV)-associated head and neck and cervical
cancer progression, and re-expression of
CXCL14 induces infiltration of natural killer
cells and T cells into tumor draining lymph
nodes. The group subsequently demon-
strated that CXCLI4 expression induces T
cell activation and restores major histocom-
patibility complex (MHC) class I expression
in HPV-associated head and neck cancer
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models, leading to tumor cell death.'® Unfortunately,
a detailed understanding of CXCLI4 and its secretory
origin in HPV-negative oral cavity squamous cell carci-
noma (OSCC), the most common form of HNSCC, has
remained unknown.

Here, we examined the relationship between CXCLI14
and tumor infiltrating lymphocytes (TIL) in human
HNSCC, and using murine immunocompetent models
of HPV-negative OSCC, validated the ability of CXCL14
to induce TIL accumulation in the tumor microenviron-
ment and inhibit tumor growth in vivo.

METHODS

Analysis of single cell RNA-seq data

Single cell RNA-sequencing (scRNA-seq) data were
obtained from and re-analyzed as described in Puram et
al."” For five samples with matched primary OSCC tumors
and metastatic lymph node samples (MEEI5, MEEI20,
MEEI25, MEEI26 and MEEI28), differential expression
between primary tumor and lymph node niches was
analyzed. Equal numbers of cells were sampled from each
patient to ensure no bias towards a particular patient’s
data, and sampling was done 100 times to calculate a p
value. For nine primary tumor samples (MEEI5, MEEI16,
MEEI17, MEEI18, MEEI20, MEEI22, MEEI25, MEEI26
and MEEI28), average CXCL14 and MHC class I expres-
sion in malignant cells were determined.

Mice and cell lines

C57BL/6 mice were obtained from Jackson Laboratory
(Bar Harbor, Maine, USA). Mice were kept under specific
pathogen-free conditions, and mice aged 6-8 weeks were
used for all experiments. Mouse oral cavity (MOC)1
and MOC2 murine oral squamous cell carcinoma cell
lines, developed from murine oral squamous cell carci-
nomas induced by topical 7,12-dimethylbenz(a)anthra-
cene administration, were generously provided by Dr
Ravindra Uppaluri at Washington University (St. Louis,
Missouri, USA). Cells were cultured in complete DMEM/
F-12 medium (Mediatech) containing 10% fetal bovine
serum (FBS) and 1% penicillin and streptomycin. Cells
were maintained at 37°C in a humidified atmosphere
containing 5% CO,,.

Organoid culture

For mouse-derived organoids, tongue tissue was obtained
from CH7BL/6 mice. Excess fat and muscle tissue were
removed to enrich for epithelial cells. The tissue was then
finely minced into 2-3mm pieces on ice, washed twice
in DMEM/F-12 (Invitrogen) containing 1X Primocin
(InvivoGen), followed by ACK solution (Thermo Fisher
Scientific) to remove red blood cell contamination.
Minced tissues were washed with DMEM /F-12 media and
resuspended with Matrigel (cold Cultrex growth factor
reduced Basement Membrane Extract (BME) type 2,
Trevigen). Droplets of approximately 40 pL. were plated
on the bottom of preheated 24-well culture plates (E&K

Scientific). Plates were incubated at 37°C for 30min
to allow BME to solidify. Organoid culture media (EN
media) containing DMEM/F-12 supplemented with
10% Noggin-conditioned media, nicotinamide (10 mM,
Sigma), N-acetylcysteine (1 mM, Sigma), B-27 without
vitamin A (1X, Invitrogen), Pen-Strep (1X, Invitrogen)
and EGF (50 ng/mL, R&D Systems) was added. The
medium was changed every 2-3 days and organoids were
split once every 2—4 weeks.

qRT-PCR of CXCL14 in cell lines

RNA was extracted with the RNeasy mini kit (QIAGEN)
and complementary DNA (cDNA) libraries were prepared
with the Maxima First Strand cDNA Kit (Thermo Fisher
Scientific). Gene expression probes for mouse CXCL14
(MmO00444699_m1, Thermo Fisher Scientific) and
mouse HPRT1 (Mm03024075_m1, Thermo Fisher Scien-
tific) were purchased. Quantitative gene expression was
performed using the Tagman Gene Expression Assay with
recommended primers (Life Technologies). Gene expres-
sion was normalized to control for HPRTI expression and
then shown relative to an appropriate control (2ACtx100,
where ACt represents the difference in threshold cycle
between the control and target genes).

Lentiviral plasmids

RNAi Consortium (TRC) Lentiviral short hairpin RNA
(shRNA) (pLKO.I1-based vector) was purchased from
GE Healthcare Dharmacon. A ¢cDNA encoding CXCL14
from ATG codon to the stop codon was PCR cloned
(Forward primer: 5-GAATTC ATGAGGCTCCTGGC-
GGCCG-3'; reverse primer: 5-GGATCC CTATTCTTC-
GTAGACCCT-3") from pCMV6-cxcll4 (Origene) and
subcloned EcoRI/BamHI fragments into the pHIV-
Zsgreen lentiviral expression construct (Addgene).

Lentiviral production and transduction

For the production of the lentiviral particles, the 293
T cell line was transfected with the packaging plasmid
pCMVRS8.74, the envelope plasmid pCMV-VSVG and
the lentiviral construct containing the shRNA or the
transgene, using Lipofectamine 2000 according to the
manufacturer’s instructions. The medium was changed
16 hours after the transfection. Virus-containing culture
supernatant was collected after 24 hours and centri-
fuged for concentration. Virus was used immediately to
infect cells, which were seeded at 3x10° cells per well in
a 6-well plate 24 hours prior. Polybrene (8pg/mL) was
also added to enhance the lentiviral transduction effi-
ciency. The medium was changed after 24 hours. In the
case of the MOCI cells transduced with the pLKO.1 puro
vectors, the cell cultures were treated with 1pg/mL puro-
mycin for 1week after media change. For pHIV-Zsgreen
transduced MOC2 cells were sorted (GFP-positive) with
FACSAria machine (BD Biosciences).

Cell proliferation assay
Proliferation experiments were conducted using xCEL-
Ligence RTCA DP device (ACEA Biosciences, San Diego,
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California, USA), which was placed in a humidified incu-
bator at 37°C in 5% CO,,. Cell proliferation experiments
were carried out using 96-well plates. Microelectrodes for
impedance detection during cell attachment, spreading,
and proliferation were attached at the bottom of each
well and had electronic connection with the computer
software. At the beginning, 100 pL complete growth
medium was added to each well, and water was added to
the space around the wells to avoid evaporation. Plates
were incubated for 30 minutes at room temperature in
a laminar chamber. Afterwards, incubation plates were
inserted into the device and the background impedance
was measured. Next, the MOC1 and MOC2 cells were
seeded 1x10* cells/well in 100 pL growth medium per
well. Plates were left for 30 minutes at room temperature
in a laminar chamber to allow for cell attachment. Finally,
the plates were inserted into the device and impedance
was automatically monitored and expressed as the Cell
Index (CI) value by the software. Cell proliferation exper-
iments were run for 60 hours. CI was monitored every
15 min for the whole experiment duration.

Transwell invasiveness assay

To assess the invasive capacity of the tumor cells, 1x10*
cells in 500 pL of serum-free DMEM/F-12 were added
into the upper chamber and 500 pL of complete medium
was placed into the lower chamber (Corning BioCoatTM
Matrigel Invasion Chamber, Corning, New York, USA).
Cells were incubated at 37°C for 48 hours, before the
non-invading cells were removed from the upper surface
of the membrane. After fixation in 95% ethanol for
5 minutes, the cells still on the opposite surface of the
filter membrane were stained with 1% crystal violet for 10
minutes. The migratory cells were counted in five micro-
scope fields and averaged.

Analysis of MHC class | expression

To assess the expression of MHC class I genes, samples
were stained with PE-conjugated antimouse H-2K” anti-
body (clone AF6-88.5, Biolegend) and Alexa Fluor 647
antimouse H-2D" antibody (clone KH95, Biolegend) and
analyzed by flow cytometry.

In vivo mouse tumor growth assays

10° cells in each condition were injected into immuno-
competent C57BL/6 mice (n=16; control and experi-
mental group cells were injected into the left and right
flank, respectively), and tumor volume was measured at
the time points shown.

Tumor digestion and flow cytometry analysis

For fluorescent activated cell sorting (FACS) analysis,
tumors were harvested, minced and digested in 300 U/
mL collagenase and 100 U/mL hyaluronidase (StemCell
Technologies) in culture media: DMEM/F-12 medium
(Mediatech) with 10% FBS, 2 mmol/L L-glutamine
and 1% penicillin-streptomycin-amphotericin B (MP
Biomedicals). The tumor digest was pipetted every 15 min
and incubated at 37°C for 3 hours, until a single-cell

suspension was obtained. The dissociated cells were
resuspended in Trypsin-EDTA (StemCell Technologies)
for 5min, then further dissociated with 5 U/mL dispase
(StemCell Technologies) and 0.1 mg/mL DNase I (Stem-
Cell Technologies) for 1 min. Cells were filtered through a
40 mm cell strainer and erythrocytes were lysed with ACK
lysing buffer (Lonza). Suspensions were then pretreated
with IgG from mouse serum to block non-specific staining
and incubated with anti-CD45 and CD3 antibodies
(Biolegend). 4’,6-diamidino-2-phenylindole (DAPI) was
used to allow exclusion of non-viable cells. FACS analysis
was performed with FACSAria (BD Biosciences).

T cell depletion

T cells were depleted using a CD3 antibody. The following
antibodies were used: hamster IgG f(ab’) two fragment
control antibody (clone BEO091-FAB f(ab’), Bio X Cell)
and CD3-depleting antibody (clone 125-2Cl11 f(ab’)
two fragments). Mice were treated on days -2 and 1 via
intraperitoneal inoculation with 200 pg of CD3-depleting
antibody diluted in phosphate-buffered saline to a final
volume of 200 pL.

Histological assessment of lymphocytes in scRNA-seq cohort

H&E slides of nine primary tumors analyzed by
scRNA-seq'” were obtained and analyzed in a blinded
manner by a dedicated head and neck pathologist (WF).
Whole slides were analyzed for stromal lymphocytes
adjacent to tumor nests. Stromal lymphocytic infiltrate
was qualitatively scored as 1+ (absent or minimal), 2+
(moderate) or 3+ (dense). For each sample, TIL were also
assessed as follows: whole slides were analyzed to identify
the regions of highest TIL density. In these regions, TIL
were calculated on five high power fields (HPFs) with
a 40x objective. Slides were visualized on an Olympus
BX40CY microscope at 400x. Images were taken at 40x
on an Olympus DP27 camera.

Analysis of TCGA data for CXCL14 and TIL

Bulk transcriptomic data for 498 OSCC tumors (rnaseqv2-
RSEM_genes_normalized) was downloaded from the
Broad Firehose website (https://gdac.broadinstitute.
org/), along with additional tumor and clinical anno-
tations. Expression data were log, transformed and
centered for each gene. The relative abundance of TIL
in each tumor was estimated as the average normalized
expression of CD2, CD3D, CD3E and CD3G. These esti-
mates were evaluated by the Pearson’s correlation with
the normalized expression of CXCL14.

RESULTS

CXCL14 is downregulated in lymph nodes

Malignant cells in primary tumor and lymph node niches
were analyzed for five matched samples previously profiled
by scRNA-seq.'” A number of genes were differentially
expressed in one or more patients (figure 1). Focusing
on genes that demonstrated concordant differential

Parikh A, et al. J Immunother Cancer 2020;8:6001048. doi:10.1136/jitc-2020-001048

3

1ybuAdoo Ag paroaiold % Areiqi
BUIDIPSN 0 |00YdS AlsIaAlun uolBulyseAn Te 220z ‘8 aung uo jwod fwg onl//:dny wol) papeojumoq "0Z0z Jaquia1das Tz uo 8¥0T00-0202-0U/9ETT 0T Sk paysiignd 1sJ1) 19oue) Jayjounwiw| ¢


https://gdac.broadinstitute.org/
https://gdac.broadinstitute.org/
http://jitc.bmj.com/

MMP7 KRT19

8 50 [
(0]
5 401
S . RT15
&7 DUSP1
o =
L 30 F
5] E_ ignificant in:
§—! # patients)
€22 0
25 !
E e 2
a 10 e 3
k]
0 1 1 1
-2 2

— S SEE—
higher in primary higher in lymph

Expression difference from five patients combined
logy(Lymph node/Primary)

Figure 1 Differential gene expression between primary
tumors and lymph nodes shows CXCL14 as the top
downregulated gene in metastases. Volcano plot shows
differentially expressed genes in five primary tumor samples
relative to matched metastatic cervical lymph nodes, in
malignant cells profiled by single cell RNA-sequencing.
Genes are plotted based on differential expression (x-axis)
and significance of this difference (y-axis). They are also
colored based on the number of individual patient samples
in which differential expression was significant. CXCL14 was
the most significantly downregulated gene across lymph
node samples and demonstrated significant downregulation
in three individual patients.

expression in the majority of samples, we found that
CXCL14, DUSP1, NFKBIA, FOS and HSPA1B were
significantly downregulated and KRT19 and KRT15 were
significantly upregulated in the lymph nodes of three out
of five samples (figure 1). Of these, CXCL14 was the most
highly downregulated gene (2.9-fold change, p=10_43) in
lymph nodes relative to primary tumors, suggesting it may
play a role in suppressing metastasis in HNSCC. Given
the previously described associations of CXCL14 with
reduced tumor growth in HNSCC,S_IO we focused further
investigations on the role of this chemokine as a tumor
suppressor and, in particular, on its ability to induce the
host immune response.

CXCL14 expression is lower in aggressive cell lines

CXCL14 is expressed constitutively in normal squamous
epithelial cells but heterogeneously in most HNSCC
and cervical SCC tumors."® To understand the function
of CXCL14 in OSCC, CXCL14 expression was analyzed
in MOCI and MOC2 cell lines relative to housekeeping
gene HPRT. MOCI and MOC2 cell lines were used
because of previously demonstrated differences in MOC
tumor aggressiveness and immune infiltration. Analysis
of transcripts showed that CXCL14 is expressed in both
cell lines but at a significantly higher level in indolent
MOCI cells (0.12+0.011), relative to aggressive MOC2
cells (0.03+0.004), with approximately a fourfold change
between the cell lines (p<0.05, n=3 biological replicates)
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Figure 2 Modulation of CXCL14 is associated with in
inverse changes in tumor size. (A) Bar plot shows expression
of CXCL14 relative to housekeeping gene HPRT in multiple
replicates (n=3 biological replicates, 2 independent
experiments) in murine immunocompetent models. CXCL14
was significantly higher in indolent mouse oral cavity (MOC)1
cells than in more aggressive MOC2 cells. (B) Line plot
shows significant increase in MOC1 derived tumor growth
after CXCL14 shRNA knockdown (n=5 biological replicates,
2 independent experiments, *p<0.05; error bars represent
SEM). (C) Line plot shows significant decrease in MOC2-
derived tumor growth after CXCL14 overexpression (n=5
biological replicates, 2 independent experiments, *p<0.05;
error bars represent SEM).

(figure 2A). These findings indicate that CXCL14 expres-
sion may be correlated with indolent, rather than aggres-
sive, HNSCC tumors.

In vivo tumor growth is inversely correlated with CXCL14

To determine whether CXCL14 expression is associated
with n vivo tumor growth, we performed subcutaneous
tumor growth assays with MOC1 and MOC2 cell lines
in immunocompetent C57BL/6 mice. To examine the
specific function of CXCL14 in growth of MOC tumors,
CXCLI14 expression was inhibited in MOCI cells by
stably transducing an shRNA targeting CXCLI14 (MOCI1-
CXCL14-shRNA) and overexpressed in MOC2 cells
by stably transducing a CXCL14 expression construct
(MOC2-CXCL14-over) (online supplemental figure S1).
The degree to which CXCLI14 was expressed in these cell
lines was found to correlate with tumor growth kinetics
in vivo. Tumor growth from these cells when injected
into immunocompetent syngeneic mice was significantly
higher with MOC2 cells than with MOCI cells, at baseline
(figure 2B,C, p<0.05). Relative to control, injection of
MOCI cells after CXCL14 shRNA knockdown resulted in
significantly larger tumors (figure 2B, 5.80-fold, p<0.05,
n=5), and conversely, injection of MOC2 cells after
CXCL14 overexpression resulted in significantly smaller
tumors (figure 2C, 5.88-fold, p<0.05, n=5). These results
suggest a potential tumor suppressive effect of CXCL14
in vivo.
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Figure 3 Modulation of CXCL14 is not associated with

in vitro changes in proliferation or invasiveness. (A) and (B)
Line plots show growth curves of mouse oral cavity (MOC)1
and MOC2 cells in control and experimental conditions
using the xCELLigence system. There were no significant
changes in growth with modulation of CXCL14. (C) Photos
show representative images of crystal violet stained cells
from transwell assay. (D) Bar plots show numbers of invaded
cells (error bars represent SEM). MOC1 cells were more
invasive than MOC2 cells, but CXCL14 modulation was not
associated with changes in invasiveness of either cell line.

In vitro proliferation and invasiveness are not correlated with
CXCL14

To determine whether changes in in vivo tumor growth
in response to CXCL14 modulation were attributable
to tumor cell-intrinsic changes, proliferation and inva-
siveness were assessed in vitro. CXCL14-modulated
MOC cells showed no significant difference in n wvitro
cell proliferation capacity (figure 3A,B) or invasiveness
(figure 3C,D), suggesting that in wvivo tumor growth
differences are related to CXCL14 effects on the tumor
microenvironment.

CXCL14 expression is associated with increased TIL

We next sought to determine whether modulation of
tumor CXCLI4-dependent growth may be associated
with immune cell infiltration. To this end, we quanti-
fied tumor infiltrating T cells after injection of MOC
cells into immunocompetent syngeneic mice. Tumors
were harvested and analyzed by flow cytometry for
CD45°CD3" T cells. Tumors generated following CXCL14
shRNA knockdown in MOCI cells demonstrated an 82%
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Figure 4 Modulation of CXCL14 is associated with direct
changes in tumor infiltrating lymphocytes (TIL). (A) Bar
plot shows significant decrease in absolute number of
CD45*CD3"* cells (cells/1x10°) in mouse oral cavity (MOC)1-
derived tumor after CXCL14 shRNA knockdown (n=3
biological replicates, 2 independent experiments, p=0.02,
error bars represent SEM). (B) Bar plot shows significant
increase in absolute number of CD45"CD3* cells (cells/1x10°)
in MOC2-derived tumor after CXCL14 overexpression (n=3
biological replicates, 2 independent experiments, p=0.006,
error bars represent SEM). (C) Fluorescent activated
cell sorting (FACS) plots show decrease in proportion of
intratumoral CD45*CD3* T cells from 22% in control MOC1-
derived tumor (left panel) to 9% after CXCL14 shRNA
knockdown (right panel). (D) FACS plots show increase in
proportion of intratumoral CD45"CD3* T cells from 13%
in control MOC2-derived tumor (left panel) to 21% after
CXCL14 overexpression (right panel).

reduction of CD45°CD3" T cells within the tumor relative
to control (figure 4A,C, p=0.02, n=3 biological replicates).
Conversely, tumors generated following CXCL14 over-
expression in MOC2 cells demonstrated a 42% increase
in CD45°CD3" T cells relative to control (figure 4B,D,
p=0.006, n=5 biological replicates). Taken together, these
results strongly suggest that the expression of CXCL14 in
OSCC cells is associated with infiltration of T cells in vivo.

CXCL14-related tumor growth changes are T cell dependent

To assess whether the observed changes in tumor growth
with CXCL14 modulation are dependent on the pres-
ence of TIL, we depleted T cells using a CD3 antibody
and examined tumor growth. Strikingly, this resulted
in a significantly diminished effect of CXCL14 modula-
tion on MOCI-derived and MOC2-derived tumor growth
(figure 5A,B), further supporting the conclusion that T
cell infiltration underlies the tumor suppressive effect of

CXCL14.

CXCL14 expression is associated with MHC class | expression

It was previously shown that CXCL14 expression could
restore MHC class I expression that was reduced by HPV
in tumor cells."® To determine the effect of CXCL14 on
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Figure 5 CXCL14-related changes in tumor growth are T
cell dependent. (A) Line plot shows growth of mouse oral
cavity (MOC)1-derived tumors with and without CXCL14
knockdown after depletion of T cells. (B) Line plot shows
growth of MOC2-derived tumors with and without CXCL14
overexpression after depletion of T cells. The effect of
CXCL14 modulation is significantly diminished and no longer
reaches statistical significance. (C) Plots show fluorescence
corresponding to cell surface expression of H-2Db. CXCL14
knockdown in MOC1 cells resulted in a significant decrease
in H-2Db (left panel), while CXCL14 overexpression in MOC2
cells did not result in a significant change (right panel).

(D) Plots show fluorescence corresponding to cell surface
expression of H-2Kb. CXCL14 knockdown in MOC1 cells
resulted in a significant decrease in H-2Kb (left panel), while
CXCL14 overexpression in MOC2 cells did not result in a
significant change (right panel).

MHC class I expression in our HPV-negative model, we
assessed the impact of CXCL14 modulation on expres-
sion of H-2D" and H-2K” on MOCI1 and MOC2 cells.
CXCL14 knockdown in MOCI cells, which had high
baseline expression of CXCLI14, reduced the expres-
sion of both MHC class I molecules. However, in MOC2
cells, which had very low baseline expression of CXCL14,
overexpression of CXCL14 did not affect MHC class I
expression (figure 5C,D). To determine whether this
association between CXCLI14 and MHC class I holds in
human samples, we evaluated the correlation between
malignant cell CXCL14 and MHC class I genes in our
scRNA-seq cohort. We identified a strong correlation in
one patient sample (MEEI17), but not in other profiled
samples (online supplemental figure S2).

TIL are associated with malignant cell-specific CXCL14
expression in human samples

To determine whether the association between CXCL14
expression and lymphocytic infiltrate is recapitulated in
human patients, we first assessed stromal lymphocytes
by histological analysis in our cohort of nine patients
with OSCC analyzed by scRNA-seq and found a strong
positive relationship between malignant cell CXCL14
expression and stromal lymphocytes (figure 6). We then
assessed CXCLI14 expression and TIL in two separate
cohorts: (1) the same scRNA-seq cohort of 9 patients and
(2) TCGA cohort of 498 patients with HNSCC. In our

1+

2+

| MEEIL7
o {

3+ \§

Figure 6 Malignant cell CXCL14 expression is associated
with stromal lymphocytes. Representative H&E images from
nine primary tumors profiled by single cell RNA-sequencing
show stromal lymphocytes quantified as 1+ in MEEI25,
MEEI26 and MEEI20; 2+ in MEEI28, MEEI18 and MEEI5 and
3+ in MEEI17, MEEI22 and MEEI16. Samples are ordered by
CXCL14 expression in malignant cells.

scRNA-seq cohort, we found a strong significant associ-
ation of TIL per HPF on H&E with CXCL14 expression
in malignant cells (figure 7A, r=0.93, p=0.0003), but not
with CXCL14 expression in cancer-associated fibroblasts
(figure 7B, r=-0.46, p=0.26) or CXCL14 expression in all
non-malignant cells (figure 7C, r=—0.13, p=0.74). Impor-
tantly, in the TCGA cohort, there was also no association
of bulk CXCLI14 expression with TIL as assessed by CD2
and CD3 expression (figure 7D, r=—0.04, p=0.53). Taken
together, these results suggested a malignant cell-specific
association of CXCL14 with TIL, with CXCL14 from
other cellular sources, including fibroblasts, showing no
association.

DISCUSSION

In this study, we demonstrate an association of TIL with
CXCL14 expression in in vivo immunocompetent models
of HPV-negative oral cavity cancer. In HPV-related
HNSCC models, CXCL14 expression was previously asso-
ciated with increased T cells in primary tumors'® and
tumor draining lymph nodes." It was also associated with
increased T cell activation and tumor cell MHC class 1
expression, resulting in tumor cell death, providing a
mechanism for CXCLI14-based tumor suppression.
These studies lay essential ground work for our own
studies, which extend these findings to the distinct patho-
logic entity of HPV-negative oral cavity cancer. We find
concordant changes in tumor growth from CXCL14
shRNA knockdown in indolent MOCI cells with high
baseline expression of CXCL14 and CXCL14 overexpres-
sion in aggressive MOC2 cells with low baseline expres-
sion of CXCLI4 (figure 3), leading to corresponding
changes in TIL in both conditions (figure 4). Impor-
tantly, we demonstrate that the tumor suppressive effect
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Figure 7 Malignant cell-specific CXCL14 expression is
associated with tumor infiltrating lymphocytes (TIL). (A)
Scatter plot shows highly significant direct correlation

(r=0.93, p=0.003) between TILs per high power field (HPF)

on H&E and CXCL14 expression in malignant cells of nine
tumors profiled by single cell RNA-sequencing (scRNA-seq).
(B) Scatter plot shows non-significant negative correlation
(r=—0.46, p=0.26) between TILs per HPF on H&E and CXCL14
expression in cancer-associated fibroblasts (CAFs) of nine
tumors profiled by scRNA-seq. (C) Scatter plot shows no
correlation (r=-0.13, p=0.74) between TILs per HPF on

H&E and CXCL14 expression in all non-malignant cells of
nine tumors profiled by scRNA-seq. For (A-C), CXCL14
expression was measured as log,(average(TPM)+1). (D)
Scatter plot shows no significant correlation (r=—0.04, p=0.53)
between TILs measured by CD2 and CD3 expression levels
and CXCL14 in bulk RNA-seq data in 498 TCGA head and
neck squamous cell carcinoma (HNSCC) tumors.

of CXCL14 is dependent on the presence of TIL, with T
cell depletion resulting in the loss of this effect (figure 5).

An important aspect of our work is the use of human
tumor samples to further define the role of CXCL14 in
the HNSCC ecosystem. By taking advantage of single
cell RNA-seq to overcome the challenges of cellular and
expression-based heterogeneity,'”' our data suggest
that the effects of CXCL14 in OSCC may specifically
depend on the cell type secreting this chemokine, with
only malignant cell-specific CXCL14 being associated
with increased TIL in patient samples in our cohort
(figure 7). Notably, this compartmentspecific effect has
been previously suggested in breast cancer: Sjoberg et al’
used RNAscope to demonstrate that epithelial CXCL14
was associated with decreased proliferation, while stromal
CXCL14 was associated with shorter recurrence free and
cancer-specific survival. This context dependence has
also been supported by mouse models of breast cancer,
in which fibroblast-derived CXCLI4 led to increased
tumor growth via NOS-dependent angiogenesis and
macrophage recruitment,” ** * while the opposite effect

was seen with malignant cell-specific CXCL14.” Such an
effect has also been demonstrated with other cytokines in
breast cancer.” Interestingly, we do not find a significant
correlation between malignant cell CXCLI14 expression
and expression of MHC class I genes, as demonstrated
in mouse models. This lack of association may be related
to more complex mechanisms of CXCL14-related tumor
suppression or MHC class I regulation in human tumors,
but they may also reflect the well known technical limita-
tions of scRNA-seq, including alterations in gene expres-
sion due to tumor dissociation and cell sorting, as well as
bias in genes detected.'

Our murine models of OSCC demonstrate the tumor
suppressive effect of malignant cell-specific CXCL14; we
anticipate that further work with manipulation of stromal
and, specifically, fibroblast-derived CXCL14 would be
useful in better defining this context dependence in
HNSCC to determine if head and neck cancers mimic
the findings from breast oncology. We believe our data
validating inverse association of tumor size and direct
association of TIL with malignant cell-specific CXCL14
expression may have implications for targeted thera-
pies in OSCC and head and neck cancer, in general.
Along with our data on TIL, the known epigenetic
silencing of CXCL14 through promoter hypermethyla-
tion'" and recovery of its expression levels and function
with 5-azacytidine' suggest that reversal of this epigen-
etic modification may augment the efficacy of immu-
notherapy in head and neck cancer. Furthermore, the
recovery of CXCLI14 expression levels has been shown
to improve cetuximab-dependent tumor suppression,
suggesting an inverse relationship between CXCLI14 and
EGFR signaling.” "' Additional investigation into safe and
effective ways of recovering CXCL14 signaling within
head and neck cancer may mature CXCL14 as a viable
therapeutic target, especially for prevention of delayed
regional failure in cervical nodal basins of the neck.

CONCLUSIONS

In analysis of human single cell RNA-seq data, we find
that CXCLI14 is the most significantly differentially
downregulated gene in malignant cells within metastatic
lymph nodes, relative to corresponding primary HNSCC
tumors. In murine immunocompetent models of HPV-
negative OSCC, we demonstrate that CXCL14 expression
in vivo is associated with TIL, with overexpression associ-
ated with increased TIL and decreased tumor growth and
knockdown associated with decreased TIL and increased
tumor growth. We find that growth changes in response
to CXCL14 modulation are T cell dependent. In human
patient samples, we further demonstrate that only malig-
nant cell-specific CXCL14 is associated with TIL, a context
dependence that has previously been demonstrated in
breast cancer but not in OSCC. These data support the
tumor suppressive role of CXCL14 in OSCC via induction
of TIL and provide the first direct in vivo patient data to
support the malignant cell specificity of this effect.
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