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Head and neck squamous cell carcinoma (HNSCC) is a prevalent form of cancer
with 5-years survival rates around 57%, and metastasis is a leading cause of
mortality. Host-derived immunological factors that affect HNSCC tumor development
and metastasis are not completely understood. We investigated the role of host-derived
signal transducer and activator of transcription 4 (STAT4) during experimental HNSCC
using an aggressive and metastatic HNSCC cell line, LY2, which was orthotopically
injected into the buccal sulcus of wild type (WT) and STAT4 deficient (Stat4—/~) BALB/c
mice. Necropsies performed at terminal sacrifice revealed that Stat4=/~ mice displayed
comparable primary tumor growth to the WT mice. However, the rate and extent of lymph
node and lung metastasis among Stat4~/~ mice was significantly higher. Downstream
analyses performed on primary tumors, draining lymph nodes, spleens and bone marrow
revealed significant upregulation of lymphocytic immunosuppressive biomarkers as well
as an accumulation of granulocytic MDSC subpopulations in draining lymph nodes of
metastatic Stat4~/~ mice. Further, we observed a significant decrease in Ty1, Ty17,
and cytotoxic activity in tumor bearing Stat4~/~ compared to WT mice. Our results
demonstrate that STAT4 mediates resistance to HNSCC metastasis, and activation of
STAT4 could potentially mitigate lymphatic metastasis in HNSCC patients.

Keywords: squamous, carcinoma, metastasis, myeloid, suppressor

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is one of the most common forms of cancer,
making up about 90% of oral cancer cases. In 2020, there are expected to be roughly 833,000 new
cases of HNSCC worldwide (1), 53,000 of which will occur in the United States (2). Five-year
survival rates for HNSCC have remained at around 57%, with HNSCC-associated mortality partly
attributable to complications with metastasis. Indeed, untreated metastatic patients are expected to
live an average of 4 months (3). It is therefore imperative that factors governing tumor metastasis
in HNSCC be fully characterized.

Cancer metastasis is a complex process, involving the dissemination of cancer cells from the
primary tumor site to distal organs. The sentinel lymph nodes are known to be the secondary sites
to which tumors initially spread (4, 5), and lymph node metastasis has been shown to correlate
with distal metastases, which affects tumor progression and prognosis (6, 7). Sentinel lymph node
metastasis result from a series of molecular and cellular changes that facilitate the entry, survival
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and proliferation of the tumor cell in the lymph node. Although
the mechanisms of lymph node metastasis are under active
investigation, the immunological factors that govern tumor
cell entry and proliferation in the lymph node as well as
subsequent metastasis to distal organs in HNSCC are not
completely understood.

Signal transducer and activator of transcription (STAT) 4 is
a transcription factor that has been implicated in carcinogenesis
and tumor progression (8). Phosphorylation of STAT4 by the
signaling tyrosine kinases JAK2 and TYK2 occurs in response
to receptor stimulation by interleukin (IL) 12, (9), or IL-23
(10). Following STAT4 homo-dimerization in response to IL-
12 or hetero-dimerization with STAT3 in response to IL-23,
nuclear translocation initiates transcription of genes associated
with upregulation of NK cell cytotoxicity (11), differentiation
of CD4+ Tyl immunity (12, 13), and stimulation of IFN-y
production in macrophages, dendritic cells, CD4™, CD8*, and
NK cells (14, 15).

Given its significant immunomodulatory functions, the role of
STAT4 in carcinogenesis has been extensively studied. Previous
reports demonstrate that decreased levels of STAT4 as indicative
of worse prognoses in hepatocellular carcinoma (16), while
high STAT4 expression has been linked to reduced tumor
recurrence (17), and improved stage 3 prognosis in patients with
gastric cancer (18). Similarly, STAT4 expression has been linked
to improved survival in breast and late-stage ovarian cancer
(19, 20), while decreased levels of phosphorylated STAT4 in
peripheral blood mononuclear cells is associated with metastasis
in melanoma patients (21, 22). Interestingly, a contrasting study
showed a direct relationship between STAT4 expression and
tumor development in ovarian cancer, where its overexpression
was associated with epithelial-to-mesenchymal transition of
cancer cells, resulting in metastasis (23). Another study linked
STAT4 to tumor growth and invasion in colorectal cancer (24).

Up to this point, the functions of STAT4 in carcinogenesis and
tumor metastasis are paradoxical, appearing to be dependent on
the cancer type. Further, there is extremely limited knowledge on
the role of STAT4 during HNSCC development and metastasis.
In this study, we investigated the effect of host STAT4 deficiency
on HNSCC tumor development and metastasis, using an
experimental orthotopic model of HNSCC in immunocompetent
BALB/c mice and an aggressive, metastatic murine oral cancer
cell line, LY2. This model provides a suitable syngeneic in-vivo
system to examine the role of immunological mediators during
HNSCC in immunocompetent mice. Our results demonstrate
that STAT4 deficiency diminishes anti-tumor immune responses
and promotes accumulation of immunosuppressive myeloid cell
populations to promote HNSCC metastasis.

MATERIALS AND METHODS

Tumor Cell Lines

Murine LY2 metastatic HNSCC cell line, a generous gift from Dr.
Nadarajah Vigneswaran were derived from PAM212 squamous
cell carcinoma cells that developed lymph node metastasis after
injection into BALB/C mice (25). Cells were cultured in advanced
DMEM/F12 media (Life Technologies, Waltham, MA, USA),

supplemented with 2% fetal bovine serum (Corning, Corning,
NY, USA), 100 pg/mL penicillin G, 100 pug/mL streptomycin,
and 2mM L-glutamine (Life Technologies) at 37°C and 5%
CO;. Cells were grown to 75% confluence and harvested by
trypsinization. 5.0 x 10> cells in 20 Ll media were mixed 1:1 with
Matrigel (Corning) and injected into the right buccal mucosa of
experimental BALB/c mice.

Animals

Wild type (WT) and STAT 4 deficient (Stat4=/~) BALB/c
mice, age matched at ~8 weeks, were used for these studies.
Experimental WT and Stat4~/~ mice (n = 5 per group) were
injected with LY2 HNSCC cells while control WT or Stat4~/~
BALB/c mice (n = 4 per group) were not injected with LY2
cells. WT mice were acquired from Jackson Laboratories (Bar
Harbor, ME, USA) and Stat4—/~ mice were obtained as described
previously (13). Animals were housed in Ohio State University
animal facilities in accordance with state and federal guidelines
provided by University Laboratory Animal Resources (ULAR).
Experiments involving the use of animals were approved by
the Institutional Animal Care and Use Committee (Protocol
#2018A00000054) and Institutional Biosafety Committee (IBC)
of the Ohio State University.

Analysis of Tumor Progression and

Metastasis

WT (n=5) or Statd—/~ (n = 5) BALB/c mice were injected with
LY2 cells in the right buccal mucosa. Weights and tumor volumes
from each mouse were taken twice weekly until sacrifice at day
50 post tumor injection. Tumor measurements were acquired
using electronic calipers, and tumor volumes were calculated
using the equation V = (L* W?)/2mm?; where L = longest tumor
diameter, W = shortest diameter of tumor. One Stat4~/~ mouse
was removed at day 42 due to advanced illness. At terminal
sacrifice, primary tumors, bone marrow, cervical lymph nodes,
and spleens of each mouse were harvested. Tumors were weighed
and analyzed by RT-qPCR and flow cytometry. Lungs were also
collected and placed in 3 mL Bouin’s solution (MilliporeSigma,
Burlington, MA, USA) for analysis of lung metastasis. Lymph
node metastasis was determined by gross visualization and
histologic analysis of hyperplastic tumor cells within the lymph
nodes. Lung metastasis was determined by gross inspection for
metastatic nodules and confirmed histologically in H&E stained
slides by a certified pathologist.

Flow Cytometry

Single cell suspensions from primary tumors, cervical lymph
nodes, spleens and bone marrow were generated and passed
through a 70 pm nylon mesh. Spleen samples were pre-treated
with ACK lysis buffer to remove erythrocytes. Tumor samples
were digested in type V collagenase (MilliporeSigma) for 30 min
prior to passing through the mesh. Cells were then incubated with
antibodies conjugated with fluorochromes specific for CD3, CD4,
CD8, CD11b, CD11c, CD206, PD-1, PD-L1, Ly6C, and Ly6G.
Lymphocyte cell populations were also stained for intracellular
TNF-o and IFN-y production. Briefly, cells were stimulated with
PMA and ionomycin (BioLegend, San Jose, CA, USA) for 6h,
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then stained for intracellular TNF-a and IFN-y. Samples were
run using BD FACS Calibur or BD FACS Aria (BD Biosciences,
San Jose, CA, USA) and analysis was performed using Flow]Jo
software (Tree Star, Inc., Ashland, OR, USA).

Real Time Quantitative PCR

Tumor, lymph node and spleen samples were stored in 500 pL
of RNAlater (Thermofisher Scientific, Foster City, CA, USA)
and frozen at —80°C for future analysis. Tissues were lysed
and homogenized in TRIzol using a Bead Ruptor Elite (Omni
International, Kennesaw, GA, USA). RNA was extracted using
Direct-zol RNA Miniprep kit (Zymo Research, Irvine, CA, USA)
and reverse transcribed to ¢cDNA using the High Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Primer sequences for PCR were created using
the IDT RealTime qPCR Tool (https://www.idtdna.com/scitools/
Applications/RealTimePCR/, Integrated DNA Technologies,
Coralville, IA, USA) (26, 27). Real time PCR of cDNA samples
was performed using the PowerUp SYBR Green Master Mix
(Thermofisher Scientific, Foster City, CA, USA) with beta actin
(Actb) as a reference gene. Gene transcripts amplified include
VegfA, Hifla, Prfl, Tnf, Ifng, Rorge, 111b, 1117, Pdl1, Kirgl, Klircl,
and Argl.

T Cell Stimulation and ELISA

Single cell suspensions generated from spleen and lymph node
tissues were incubated in the presence of aCD3 and aCD28
antibodies (Biolegend, San Diego, CA, USA) for 72h. Cell
supernatants pulled from stimulated and non-stimulated cell
samples were analyzed for TNF-a and IFN-y production.
Sandwich ELISA was used to determine cytokine concentrations.
Capture and detection antibodies for ELISA were purchased from
Biolegend (San Diego, CA, USA).

Histopathology and Immunohistochemistry
Primary tumors, draining cervical lymph nodes and spleens
were fixed in 10% neutral buffered formalin followed by
paraffin embedding. Paraffinized tissue sections 5pum thick
were cut for histopathology and immunohistochemistry.
Histopathological samples were stained with hematoxylin
and eosin. For immunohistochemistry, tissue sections were
rehydrated in xylenes and graded ethanol before heat induced
epitope retrieval. After antigen retrieval, IHC samples were
blocked for endogenous peroxidase activity in 0.3% hydrogen
peroxide in methanol for 30 minutes. Tissue sections were
blocked for 30 min in 10% normal goat serum prior to overnight
incubation with rat monoclonal anti-mouse Gr-1 primary
antibody (BD Biosciences, San Jose, CA). Samples were
incubated for 1h with HRP conjugated goat polyclonal anti-
rat IgG secondary antibody (Southern Biotech, Birmingham,
AL, USA). DAB peroxidase kit (Vector Laboratories Inc.,
Burlingame CA) was used to detect for the presence of HRP.
For immunofluorescence staining, hamster anti-mouse CD3
primary antibody (BD Biosciences, San Jose, CA) was used
at a concentration of 0.625pug/mL. Samples were incubated
with Alexa Fluor 488 conjugated goat anti hamster secondary
antibody (Thermofisher Scientific, Foster City, CA, USA) at a

concentration of 2 pg/mL for 1 h, then counterstained with DAPI
(BioLegend, San Diego, CA). Confocal imaging was performed
using a Zeiss LSM 700 confocal microscope and analyzed with
ZEN imaging software (Carl Zeiss, Munich, Germany).

Statistical Analysis

Statistical analysis of samples was performed using GraphPad
Prism v8.0.2 (GraphPad Software, San Diego, CA, USA).
Student’s T-test was used to determine statistically significant
differences. Significance was determined by p-value threshold
of 0.05.

RESULTS

STAT4 Mediated Immune Pathways Are
Important in Preventing Metastatic
Progression in HNSCC

Stat4~/~ and WT mice (n = 5 per group) were monitored for
a span of 50 days after orthotopic injection of LY2 cells. One
Stat4=/~ was removed at day 42, having reached a moribund
state associated with advanced tumor progression before terminal
sacrifice. Primary tumor volumes were similar between tumor
bearing Stat4—/~ and WT mice (Figures 1A-C). However, a
significant portion of Stat4~/~ mice showed prominent cervical
lymphadenopathy (Figure 1B) and metastatic nodules on their
lungs (Figure 1C), both of which were mostly absent in WT
mice. Histological analysis of the lungs and lymph nodes by
a certified pathologist confirmed that metastasis to these sites
occurred at a much higher rate in tumor bearing Stat4~/~
mice compared to tumor bearing WT mice (Figures 1D,E).
Remarkably, we observed lymph node metastasis in 80% and lung
metastasis in 60% of tumor bearing Stat4~/~ mice compared
with WT who displayed incidences of only 20% for both draining
lymph node and lung metastasis (Figure 1F). Representative
images of cervical region containing the metastatic lymph nodes
(Figure 1B), primary tumors and lungs (Figure 1C), and H&E
stains of lung (Figure 1D) and lymph node tissue (Figure 1E)
of WT and Stat4~/~ mice are shown. Taken together, our data
suggests that although STAT4 deficiency does not affect primary
tumor development, STAT4 associated pathways are important
in preventing tumor metastasis in experimental HNSCC.

The increased rate of metastasis in tumor bearing Stat4=/~
mice led us to examine transcriptional expression of HNSCC
biomarkers at the primary and metastatic tumor sites (lymph
node). Specifically, we analyzed markers of angiogenesis (VegfA),
hypoxia (Hifla), and inflammation (/1b) (28). Interestingly,
while there were no differences in gene expression of these
biomarkers at the primary tumor site, significant increases were
observed in the lymph nodes of mice with metastasis, indicating
upregulated tumorigenic pathways at this site (Figure 1G).
This was not surprising given the similar tumor volumes
observed at the primary site of tumor bearing WT and Stat4~/~
mice (Figure 1A), in contrast to the increased lymph node
metastatic sites seen in Stat4~/~ mice. Taken together, our data
demonstrates increased metastatic progression in tumor bearing
Stat4~/~ mice compared to tumor bearing WT mice.
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FIGURE 1 | STAT4 mediated immune pathways are important in preventing metastatic progression in HNSCC. (A) Tumor volumes in tumor bearing WT (n = 5) and
Stat4=/= (n = 5) mice. (B) Representative images of the anterior cervical region of experimental mice in tumor bearing WT mouse lacking lymphatic metastases (left)
and Stat4~/~ mouse bearing prominent lymphatic metastases (right). Primary tumor sites are indicated by the gray arrows while lymph node metastasis is indicated
by the black arrow. (C) Representative images of primary tumors and lungs excised from a WT and a Stat4~/~ mice. Images were acquired at 50 days post HNSCC
injection. Metastatic nodules on the lungs are indicated by the black arrows. (D) Representative histological images of lung sections from tumor bearing WT and
Stat4=/~ mice stained with hematoxylin and eosin at X50 and X200 magnifications. Metastatic LY2 tumor cells in Stat4=/~ lung tissue is clearly shown in the black
box. Scale bar represents 200 um. (E) Representative histological images of lymph node sections from tumor bearing WT and Stat4~/~ mice stained with hematoxylin
and eosin at X50 and X200 magnifications. Metastatic regions in Stat4~/~ lymph nodes are shown. Scale bar represents 200 wm. (F) Pie chart showing rates of lymph
node and lung metastasis between tumor bearing Stat4~/~and WT mice (n = 5 per group). (G) Gene expression of Vegfa, Hifla, and ll1b at primary tumor sites and
sentinel lymph nodes of tumor bearing WT and Stat4~/~ mice as determined by RT-gPCR. Boxed data points are from mice showing lung metastases. (a) represents
p < 0.05 for comparisons between tumor bearing WT and Stat4~/~ mice and (b) represents p < 0.05 for comparisons between tumor bearing WT mice and
metastatic tumor bearing Stat4~/~ mice.

observed significant reduction in CD4% T cells in lymph nodes
of all tumor bearing WT and Stat4~/~ mice compared to non-
tumor bearing mice (Figures 2A,B). Further, while no significant
differences were observed in draining lymph node T cell
populations of tumor bearing WT and Stat4~/~ mice, reductions
in splenic CD4" T cell and CD8' T cell populations were

STAT4 Deficiency Promotes T Cell
Immunosuppression and Diminishes
Anti-tumoral Response to HNSCC

The significantly increased metastasis observed in tumor bearing
Stat4~/~ mice relative to WT led us to examine the effect of

STAT4 deficiency on anti-tumor T cell responses. We chose to
focus on metastatic immunological sites and systemic immune
responses, given that primary tumor development was similar
between tumor bearing WT and Stat4~/~ mice. First, we

pronounced heavily in mice with lung metastases, particularly
in metastatic Star4~/~ mice (Figure 2B). Immunofluorescence
staining of tumors of WT and Stat4~/~ mice confirmed T cell
infiltration to oral tumor sites (Figure 2C).
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Next, we evaluated the effect of STAT4 on T cell
immunosuppressive functions, which are known to promote
metastasis during HNSCC. TIM3, a potent T cell suppressor
of the immune response (29), was found to be significantly
overexpressed in the lymph node and splenic CD4% and
splenic CD8' T cells of metastatic Stat4~/~ mice compared
to tumor bearing WT mice (Figures 2D,E). Similarly, PD-1, a
negative regulator of adaptive anti-tumor immunity (30, 31), was
increased in lymph node and splenic CD8™ T cells and splenic
CD4" of metastatic Stat4~/~ mice compared to tumor bearing
WT mice (Figures 2F,G). Increased expression of these immune
checkpoint receptors in CD4+ and CD8+ T cells of HNSCC
tumor bearing Stat4~/~ mice demonstrate the requirement for
STAT4 in the inhibition of immunosuppressive T cell pathways
and initiation of an appropriate immune response against
metastatic HNSCC. Our flow cytometric analysis also revealed
a substantial increase in CD69 expression in lymph node and
splenic CD8" T and splenic CD4*" lymphocytes of metastatic
Stat4~/~ mice (Figures 2H,I). CD69 expression has recently

been linked with exhaustion of cytotoxic T lymphocytes and
NK cells (32). Interestingly, co-expression of PD1 and TIM3
has previously been found to be associated with exhaustion
of CD8" T cells during HNSCC (33) and colorectal cancer
(34), and anti-TIM3 antibodies ameliorated these effects (29).
Further, CD69 antibody blockade reduces PD-1 and TIM3
expression in CD8" T cells, which is associated with reduced
lung metastasis in breast cancer (32). Taken together, our results
indicate that enhanced expression of T cell immunosuppressive
biomarkers resulting in a diminished anti-tumor T-cell immune
response in the absence of STAT4 potentially contributes
to the increased HNSCC tumor metastasis observed
in Stat4~/~ mice.

in

STAT4 Deficiency Promotes Accumulation
of Immunosuppressive Myeloid Cells

Systemically and at Metastatic Sites
Myeloid cells in the tumor microenvironment affect HNSCC
invasion and metastatic spread. CD11bTLy6GTLy6C™ and
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CD11b*Ly6CMLy6G™~ myeloid cell populations, referred to as
granulocytic and monocytic myeloid derived suppressor cells
(G-MDSCs and M-MDSCs, respectively) are known to promote
metastasis in HNSCC. We therefore investigated the effect of
STAT4 deficiency on the accumulation and immunosuppressive
potential of these myeloid cell populations during HNSCC
by flow cytometry (Figure3A) and immunohistochemistry
(Figure 3B). Spleens and draining lymph nodes of tumor bearing
Stat4~/~ mice were found to contain increased accumulation
of CDI11bTLy6GTLy6C™ and CDI11b*Ly6G Ly6CM cells
compared to WT controls, particularly in metastatic mice
(Figures 3C,D). Each of these myeloid cell populations
are known to inhibit the ability of T Ilymphocytes to
expand and exert their cytotoxic functions, suggesting a
potential mechanism behind the impaired T cell anti-tumor
responses observed in tumor bearing Stat4/~ mice. Taken
together, our data demonstrates a significant accumulation
of MDSC populations in metastatic Stat4 /= mice which
potentially contributes to an immunosuppressive tumor
microenvironment and subsequent metastasis in HNSCC.
Interestingly, we observed that CD11b*Ly6C Ly6G~ cells
were more abundant in the spleen and bone marrow of
tumor bearing Stat4~/~ mice compared to WT (Figure 3E).
This population has previously been described to promote
immunosuppression (35).

Immunosuppressive G-MDSC Populations
in Metastatic Stat4—/— Mice Display
Significant Increases in Markers

Associated With Tumor Progression

The observed increase in tumor-promoting myeloid populations
in the spleens and lymph nodes of Stat4~/~ mice led
us to determine their immunosuppressive potential. We
analyzed the expression of surface markers associated with
an immunosuppressive or pro-tumoral microenvironment,
including F4/80, where we found significantly increased
expression among G-MDSCs from Stat4~/~ mice. While G-
MDSC populations expressing F4/80 have been identified in
previous studies (36, 37), the function of this population remains
unclear, although F4/80 has interestingly been associated with
the induction of CD8' Treg mediated peripheral tolerance
(38). Flow cytometric analysis of F4/80 expression as measured
through mean fluorescence intensity revealed that granulocytic
CD11b*Ly6C™Ly6GM cells in the spleens and bone marrow of
tumor bearing Stat4~/~ mice over-expressed this cell surface
receptor (Figure 4A). F4/80 expression among CD11b*Ly6CM
Ly6G~ cells was similar between tumor bearing WT and
Stat4~/~ mice (Figure4B). Finally, Argl, involved in the
immunosuppressive function of MDSC (39), was found to be
highly elevated in the draining lymph nodes of tumor bearing
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flow cytometric plots and population distributions of CD11b*LyBGMNLy6C™ cells in the spleens, lymph nodes, bone marrow, and tumors of tumor bearing WT and
Stat4~/~ mice. Data are presented as percentage of live cells. (D) Representative flow cytometric plots and population distributions of CD11b*Ly6G~Ly6C" cells in
the spleens, lymph nodes, bone marrow, and tumors of tumor bearing WT and Stat4—/~ mice. Data are presented as percentage of live cells. (E) Representative flow
cytometric plots and population distributions of CD11b*Ly6G~LyBC" cells in the spleens, lymph nodes, and bone marrow of tumor bearing WT, and Stat4~/~ mice.
Data are presented as percentage of live cells. Boxed data points are from mice showing lung metastases. (a) represents p < 0.05 for comparisons between tumor
bearing WT and Stat4~/~ mice and (b) represents p < 0.05 for comparisons between tumor bearing WT mice and metastatic tumor bearing Stat4=/~ mice.
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between tumor bearing WT mice and metastatic tumor bearing Stat4=/~ mice.

FIGURE 4 | populations in spleens, lymph nodes, tumors and bone marrow of tumor bearing WT and Stat4~/~ mice are graphically shown. (C) Arg7 mRNA
expression in sentinel lymph nodes, tumors, and spleens of tumor bearing WT and Stat4~/~ mice as determined by RT gPCR. Boxed data points are from mice
showing lung metastases. (a) represents p <0.05 for comparisons between tumor bearing WT and Stat4~/~ mice and (b) represents p <0.05 for comparisons

metastatic and non-metastatic Stat4~/~ mice compared to
tumor bearing WT counterparts. Interestingly, Arg expression
in the primary tumor site and spleens were comparable between
tumor bearing WT and Statd—/~ mice (Figure 4C). These
results demonstrate that STAT4 inhibits the differentiation
and accumulation of immunosuppressive myeloid cells at
HNSCC metastatic sites. Taken together, the significantly
increased expansion of immunosuppressive myeloid populations
in Stat4~/~ mice potentially promotes tumor metastasis
in HNSCC.

Effect of STAT4 Deficiency on Cytotoxic
Lymphocyte Activity During Metastatic
HNSCC

Given the increased expression of immunosuppressive
biomarkers observed in T cell and myeloid cell populations
of HNSCC tumor-bearing Stat4~/~ mice, we determined
the cytotoxic potential of lymphocyte populations involved
in anti-tumor immune responses against HNSCC. To do
this, spleen and lymph node cells of tumor bearing WT and
Stat4~/~ mice were restimulated with PMA and ionomycin
for 6 hours then analyzed for intracellular cytokine production
(Figures 5A,B). Production of the anti-tumor cytokine IFN-v,
by CD4" T cells was significantly attenuated in the draining
lymph nodes of tumor bearing Stat4~/~ mice compared to WT
(Figure 5C), although no differences were observed in CD8™
T cells (Figure 5D). Similar trends were found in Ifng gene
expression in tumors, lymph nodes and spleens of tumor bearing
Stat4~/~ mice, although not statistically significant (Figure 5H).
Next, to confirm that Stat4~/~ T cells from HNSCC tumor
bearing mice were deficient in their ability to produce IFN-y, we
re-stimulated splenocytes from tumor bearing WT and Stat4 =/~
mice with anti-CD3 and anti-CD28 antibodies, then determined
IFN-y production by ELISA. As expected, restimulated splenic
T cells from tumor bearing Stat4~/~ mice produced less IFN-y
than their WT counterparts (Figure 5I).

Next, we determined the effect of Stat4 deficiency on IL-17
production since Ty 17 development is partly mediated by STAT4
(40) and IL-17 production by T cells has been shown to play
controversial roles in HNSCC (41, 42). We therefore analyzed
IL-17 production in draining lymph nodes and spleens of tumor
bearing WT and Stat4~/~ mice. Splenic CD4* T cells of tumor
bearing Stat4~/~ mice produced less IL-17 compared to WT
mice. Similar results were observed in the draining lymph nodes
of Stat4~/~ mice, although to a lesser extent (Figure 5E). Similar
trends were observed in CD8T cells although not statistically
significant (Figure 5F). Our flow cytometry results correlated
with gene expression of the Ty17 transcription factor Rorge in
the spleens and lymph nodes, while tumor Rorgc expression were
similar in WT and Stat4~/~ mice (Figure 5J). Similarly, CD3

re-stimulation of splenic T cells resulted in reduced expression
of IL-17 in Stat4~/~ mice compared to WT as determined by
ELISA (Figure 5I). Interestingly, IL-17 gene expression in the
tumors, draining lymph nodes and spleens were similar between
WT and Stat4~/~ tumor bearing mice, which may be due to IL-
17 production by non-Th17 cells (Figure 5H). Taken together,
our data suggests a deficiency in systemic STAT4-mediated Ty17
activity, which is potentially associated with higher metastasis in
Stat4~/~ mice.

TNF-a™ production by T cells in draining lymph nodes were
comparable between WT and Stat4~/~ tumor bearing mice,
while splenic T cell TNF-a production was slightly attenuated
in Stat4~/~tumor bearing mice (Figures 5G,H). Diminished
TNF-a production is suggestive of decreased anti-tumor activity
in T cells (43), although T-cell TNF-a production does not
appear to be mediated by STAT4 in our experimental HNSCC
model. Splenic and lymph node T-cells stimulated with aCD3
antibodies showed a significant reduction of IL-12 production
in tumor bearing Stat4 deficient mice (Figure 5I). However,
this observation was similar to non-tumor bearing control
mice, suggesting that the inherent inability of Stat4~/~ mice
to optimally produce IL-12 is HNSCC independent. However,
given that serum IL-12 levels are significantly lower in metastatic
cancer patients compared to non-metastatic patients (44), it
is possible that the diminished IL-12 production potentially
contributes to the increased metastasis observed in tumor
bearing Stat4~/~ mice.

Finally, we examined the impact of STAT4 signaling
on lymphocyte cytotoxic activity demonstrated by that the
expression of perforin (PrfI), a cytolytic protein released by
cytotoxic lymphocytes. We observed decreased Prfl expression
in the draining lymph nodes and spleens of Stat4~/~ mice
with lung metastases. Further, Kircl, an NK cell marker, were
decreased in the draining lymph nodes and spleens of Stat4 =/~
mice with lung metastases, indicating diminished anti-tumor
response by cytotoxic lymphocytes. Additionally, Kirgl, a marker
associated with highly cytotoxic NK cell populations (45), was
significantly decreased in the spleens of Stat4~/~ mice compared
to WT (Figure 5]J). Taken together, the reduction in cytotoxic
lymphocyte activity observed systemically, as well as in metastatic
but not primary tumor sites of Stat4~/~ mice, potentially
contributes to metastasis in experimental HNSCC.

DISCUSSION

The results of our studies highlight the essential role for
STAT4 in controlling HNSCC metastasis. The orthotopic murine
experimental model of HNSCC using the metastatic HNSCC
cell line, LY2, injected into immunocompetent BALB/c mice is
a well-established model which has been used to study HNSCC
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FIGURE 5 | Effect of STAT4 deficiency on cytotoxic lymphocyte activity during metastatic HNSCC. (A) Flow cytometric gating strategy for determination of stimulated
CD4* and CD8* T cell populations for analysis of IFN-y and IL-17 expression. (B) Flow cytometric gating strategy for determination of stimulated CD3* T cell
populations for analysis of TNF-a expression. (C,D) Representative flow cytometric plots of IFN-y production in CD4* and CD8* T cells of tumor bearing WT and
Stat4~/~ mice along with their respective population distributions in lymph nodes and spleens of experimental mice. (E,F) Representative flow cytometric plots of
IL-17 production in CD4+ and CD8™* T cells of tumor bearing WT and Stat4~/~ mice along with their respective population distributions in lymph nodes and spleens of
experimental mice. (G) Representative flow cytometric plots of TNF-a production in CD3* T cells of tumor bearing WT and Stat4—/~ mice along with their respective
population distributions in lymph nodes (left) and spleens (right) of experimental mice. (H) /fng, /I-17, and Thfa gene expression measured by RT gPCR, derived from
the tumors, sentinel lymph nodes and spleens of WT, and Stat4~/~ tumor bearing mice. (I) IFN-y, IL-17, and IL-12 protein concentrations, quantified using ELISA,
from the supernatants of CD3 restimulated cells isolated from the lymph nodes and spleens of tumor bearing mice. (J) Rorgc, Prf1, Kirc1, and Kirg1 gene expression
measured by RT-qPCR, using the tumors, sentinel lymph nodes and spleens of tumor bearing WT and Stat4~/~ mice. Boxed data points are from mice showing lung

bearing WT mice and metastatic tumor bearing Stat4—/~ mice.

metastases. (a) represents p < 0.05 for comparisons between tumor bearing WT and Stat4~/~ mice and (b) represents p < 0.05 for comparisons between tumor

metastasis. We showed that Stat4~/~ mice display a deficient
anti-tumor immune response associated with higher rates of
metastasis to both the local cervical lymph nodes and the
lungs. Interestingly, primary tumor development and biomarkers
associated with HNSCC tumor progression at the tumor site
was comparable between WT and Stat4~/~ mice. This may
be indicative of similar primary tumor site-specific immune
responses. The primary difference between tumor bearing WT
and Stat4~/~ mice lied in the inability of Stat4~/~ mice to
prevent the establishment of tumors at metastatic sites (lymph
nodes and lungs). Given that metastasis is a major cause of death
among HNSCC patients, our results suggest that complementary

strategies that enhance STAT4 activation might reduce HNSCC
mortality. However, elucidation of the mechanisms that underlie
STAT4 mediated inhibition of HNSCC metastasis would be
needed to advance the application of STAT4 signaling in HNSCC
treatment. Metastasis is a highly complex process (46), and our
results are the first step toward understanding the potential
cellular and molecular pathways involved in the reduction of
HNSCC metastasis by STAT4.

In addition to mounting an effective immune response at the
tumor site, our data highlights the importance of an appropriate
anti-tumor immune response at the sentinel lymph node, in
order to prevent the seeding and establishment of HNSCC
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cells at metastatic sites (47, 48). It is now well known that
lymphatic metastasis is an active process, which is regulated at
several steps. Therefore, a clear understanding of the lymph node
microenvironment and the immunological factors governing
lymphatic metastasis are essential to the effective design of
therapeutic approaches that reduce mortality in HNSCC. Our
studies clearly identify STAT4 as a major player in remodeling
sentinel lymph nodes and regulating lymphatic metastasis
during HNSCC.

A key process in sentinel lymph node metastasis is
lymphangiogenesis, which favors tumor cell colonization
and proliferation in sentinel lymph nodes. Indeed, a
distinctive feature of pre-metastatic lymph nodes is increased
lymphangiogenesis marked by the expression of VegfA (49, 50).
Our data demonstrates that lymphangiogenesis is upregulated
in tumor bearing Stat4 deficient mice, as marked by increased
VegfA expression in the lymph node, leading to an immune
suppressive microenvironment that favors tumor growth. Hifla,
a transcription factor activated under hypoxic conditions that
is conducive to angiogenesis, tumor growth, and metastasis
(51), was also found to be overexpressed in the sentinel lymph
nodes, further reflective of an impaired ability in Stat4~/~ mice
to counteract pro-tumor changes at these sites. It is noteworthy
that expression levels of VegfA and Hifla are higher in metastatic
lymph nodes of WT and Stat4~/~ mice compared to primary
tumors and non-metastatic lymph nodes of tumor bearing mice.
This suggests to us that the increased levels of these inflammatory
mediators are a consequence of immunological responses to the
presence of HNSCC cells at draining lymph node sites. Future
studies will determine which immune cells in the lymph node
are the major producers of these mediators. We suspect that
the increased MDSC populations in tumor bearing Stat4 =/~
mice are partly responsible for the increased levels of VegfA and
Hifla. Other studies corroborate the involvement of VegfA and
Hifla in tumor invasion and metastasis (52-54). Transcripts of
II-1b, a member of the IL-1 family which has been shown to be a
prognostic for distant metastasis in HNSCC (28, 55, 56), was also
significantly elevated in metastatic tumor bearing Stat4~/~mice.
Many of the pro-tumorigenic effects of IL-1 are mediated by
MDSC accumulation and angiogenesis (57, 58), which were
also supported by our findings. All of these molecular changes
observed in sentinel lymph nodes of Stat4~/~ tumor bearing
mice support the crucial role STAT4 plays in the generation of
a lymph node anti-tumor microenvironment unconducive to
lymphatic metastasis and subsequent dissemination to distant
organs during HNSCC (7).

Depending on their activation state and expression of
tumor associated immunosuppressive markers, T lymphocytes
play a major role in determining the outcome of HNSCC
tumor development and metastasis (59-61). Tumor bearing
Stat4~/~ mice showed trends toward decreases in CD4" and
CD8" cells in lymph nodes and spleens, which was more
pronounced in metastatic cases. Even more significant than a
reduction in CD4" and CD8* T cell numbers in Stat4~/—
tumor bearing mice, was the strikingly elevated expression of
the immunosuppressive markers PD-1 and TIM3 on splenic
CD47" and CD8* T cells. TIM3 has been shown to induce T

lymphocyte exhaustion, while TIM3 blockade promotes anti-
tumor T cell immunity in HNSCC (29, 62-64). Similarly, TIM3
and PD-1 expression has been shown to correlate with pro-
metastatic MDSC accumulation and immunosuppression of
T cells in HNSCC (64, 65). Not surprisingly, Stat4~/~ mice
displayed marked decreases in IFN-y production by CD4*
cells of Stat4~/~ mice. However, IFN-y production was not
completely abrogated systemically, indicating that although not
entirely STAT4 dependent, deficiency in IFN-y production is
partly mediated by STAT4 during metastatic HNSCC.

Given the importance of IL-17 on oral premalignant lesion
development (41, 66), it was of interest to determine the
impact of STAT4 inhibition on Ty 17 differentiation and effector
mechanisms during metastatic HNSCC. Our results showed
that STAT4 deficiency-induced systemic depletion of Tyl7
cells and IL-17 (indicated by lower CD4™ IL-17" populations,
and IL-17 expression and production), which correlated with
increased HNSCC. However, total IL-17 expression at primary
and metastatic tumor sites, as shown by IL-17 mRNA transcripts
were similar for both WT and STAT4 deficient tumor bearing
mice, suggesting that IL-17 expression by non-T cells, which is
a potentially STAT4-independent process that may be playing
a role. This is further supported by the significant attenuation
of IL-17 production by T cell re-stimulated splenocytes and the
diminished expression of Rorgc (a Ty17 transcription factor) in
the spleens of tumor bearing Stat4~/~ mice. Combined with
the diminished IFN-y production observed in tumor bearing
Stat4~/~ mice, our data supports the hypothesis that STAT4-
mediated induction of systemic Tyl and Tyl7 anti-tumor
immune responses is essential for the inhibition of metastasis
during HNSCC.

We analyzed the effect of STAT4 deficiency on
immunosuppressive myeloid populations (MDSCs) during
metastatic HNSCC. MDSCs are immature myeloid cells which
have been shown to be potent mediators of immunosuppression
in cancer, a significant factor in tumor evasion and distal
metastasis in HNSCC (67). These cell populations are known to
suppress the anti-tumor immune response, through inhibition
of T lymphocyte expansion, differentiation and cancer cell
cytotoxicity (68). Under inflammatory conditions, Stat4~/~
mice have been demonstrated to increase the accumulation
of MDSCs (69). Consistent with these findings, our results
showed that metastatic Stat4 /= tumor mice displayed
markedly large populations of CDI11b*Ly6GMLy6C™ and
CD11b*Ly6G~Ly6CM cells, representative of granulocytic
and monocytic MDSCs respectively, in their lymph nodes and
spleens, compared to WT. Given the previously established
link between granulocytic CD11b*Ly6GMLy6C™ MDSC
expansion and cancer metastasis (70, 71), our studies suggest a
role for STAT4 in inhibiting immunosuppressive myeloid cell
differentiation to prevent HNSCC establishment at lymph node
metastatic sites.

Interestingly, we also observed a distinct population of
CD11b*Ly6C°Ly6G~ with increased accumulation in the
spleens of tumor bearing Stat4~/~ mice compared to WT.
Currently, the function of CD11b*Ly6C°Ly6G™ cells is poorly
understood, though they have been shown to be monocytic
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with immunosuppressive capability in a non-contact mediated
manner by arginase and indoleamine 2,3-dioxygenase (72).
Future studies will determine the exact role these cells play in
tumor progression and metastasis, and the involvement of STAT4
in this process during HNSCC.

In summary, our results demonstrate that STAT4
is a key mediator in the inhibition of HNSCC tumor
metastasis through mechanisms associated with increased
T cell immunosuppression MDSC activity and pro-tumor
inflammation, as well as a decrease in cytotoxic anti-tumor
lymphocytic activity. This provides a strong rationale and opens
the possibility of targeted immune based therapies that activate
the STAT4 pathway in the treatment of metastatic malignancies.
Future studies focused on potential causative factors underlying
HNSCC tumor development and metastasis associated with
STAT4 deficiency, as well as an expanded profile of the immune
response elicited by metastatic tumor bearing Stat4~/~ mice
will provide additional insights regarding targets of the STAT4
signaling pathway which can be explored in the treatment of
lymphatic metastasis in HNSCC.
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