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Abstract

Objective: To perform a comparative analysis of infiltrating immune cells in a newly developed
C57BL/6 background syngeneic transplantable mouse oral cancer (MOC) model.

Study Design/Setting: Scientific study in an academic medical center.

Methods: Use of carcinogen-induced tumorigenesis, tissue culture, cell line transplantation, and
flow cytometric analysis techniques.

Results: Previously, we established a series of cell line models that displayed dichotomous
growth phenotypes when transplanted into immunocompetent mice. We now show that the
indolent growth pattern of the MOCL1 generated tumors is associated with increased baseline and
inducible MHC class | expression and increased CD8* T-cell infiltration into the tumor
microenvironment. Conversely, the aggressive and metastatic pattern of MOC2 generated tumors
has decreased basal and inducible class I expression and is associated with FOXP3*CD4*
regulatory T-cell infiltration. Delayed primary tumor growth after targeted monoclonal antibody
therapy of these FOXP3+ regulatory cells further suggests that these immune cells contribute to
the aggressive phenotype of MOC2.

Conclusions: These data validate that key infiltrating immune cells identified here parallel
findings in human head and neck cancer, making this newly developed syngeneic model a critical
platform for the continued dissection of tumor-host interactions in head and neck cancer.
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Introduction

Despite characterization of intracellular pro-growth and pro-survival signaling pathways that
drive head and neck squamous cell carcinoma (HNSCC) oncogenesis, meaningful change in
patient outcomes utilizing this knowledge has not occurred?. Patients with carcinogen-
associated HNSCC demonstrate high loco-regional failure and distant metastasis rates and
poor disease-specific survival despite aggressive treatments2. Conversely, patients with
HPV-associated oropharyngeal cancer have high rates of cure. A natural host anti-tumor
response to strong viral antigens may contribute to these improved outcomes3. Based on this
concept and other lines of evidence, there is growing interest in enhancing natural anti-tumor
responses to augment current approaches in the treatment of carcinogen-associated HNSCC.

Early evidence implicating the presence of a productive host anti-tumor immune response
was derived from studies in mice?. Evidence of such responses in humans comes in part
from elevated rates of malignancy in immunocompromised patients®. In HNSCC patients,
tumor infiltration of cells involved in and a gene expression profile indicative of an adaptive
immune response predicted improved outcomes®-10. In contrast, recent evidence has
supported a pro-tumorigenic role for the immune system involving cells that suppress
cellular immunity both locally and systemically in patients with HNSCC19,

One major void in the pre-clinical study of immune responses to HNSCC is the lack of
syngeneic transplantable models in mouse strains®. The majority of transplantable HNSCC
models to date are xenograft models, which recapitulate local growth and metastasis, but
require immunodeficient hosts that lack components of adaptive immunity11:12, To address
this deficiency, we generated carcinogen-induced oral cancer cell lines that are
transplantable into widely used immunocompetent C57BL/6 micel3-14. With this syngeneic
oral cancer model, we are able to study components of the host immune response to
transplanted cancer cells.

Previously, we established C57BL/6 Mouse Oral Cancer (MOC) lines that demonstrate
either indolent or aggressive /n-vivo growth phenotypes. We hypothesized that differences in
these growth phenotypes are influenced by immune cell infiltration. To address this
hypothesis we compared MOC line tumor growth in immunocompent (wild-type, WT) and
immunodeficient (RAG2~/7) mice. We compared the immunogenicity of the aggressive and
indolent MOC lines by analyzing levels of cell surface MHC class | expression. We also
characterized immune cells infiltrating into the tumor microenvironment, regional lymph
nodes, and spleens of mice transplanted with both indolent and aggressive MOC cells.
Further, we characterized the functionality of a subset of tumor-infiltrating immune cells via
antibody-mediated knockdown and subsequent tumor growth analysis.

Materials and Methods:

C57BL/6 and RAG2~/~ mice were obtained from Taconic (Hudson, NY). Animal Studies
and Research Ethics Committees of Washington University in St. Louis approved all animal
studies and experimental protocols.
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Anti-CD45, -CD45.2, -CD4, -CD-8, -GR1, -CD11b, -F4/80, -Rat 1gG2B, -Class I-KP, -Class
I-K9 and -Class I-DP were from Biolegend (San Diego, CA). Intracellular APC-FoxP3
(eBioscience, San Diego, CA) was used according to manufacturer’s recommendations. Treg
cell depletion was performed as previously described?.

Using repeated carcinogen exposure to induce transformation, we generated syngeneic
C57BL/6 mouse oral cancer (MOC) cell lines as described previously!2. Cells were cultured
in IMDM/F12 at a 2:1 mixture with 5% FCS (Fisher Scientific, Houston, TX), 1%
penicillin/streptomycin, 1% amphotericin, 5 ng/mL EGF (Millipore, Billerica, MA), 400
ng/mL hydrocortisone and 5 mg/mL insulin (Sigma Chemical, St. Louis, MO).

Flow Cytometry:

MHC Class

Transplanted flank tumors were harvested and digested to single cell suspension with
Collagenase Type IA (1 mg/ml, Sigma Chemical, St. Louis, MO). Draining lymph nodes and
spleen were harvested into single cell suspensions by crushing between frosted glass slides.
Splenocytes were treated with Red Blood Cell Lysis Buffer (Sigma Chemical, St. Louis,
MO). Cells were washed twice and blocked with rat anti-mouse CD16/CD32 (BD
Biosciences, San Jose, CA) for 15 minutes. Staining was done with appropriate antibodies at
4°C for 30 minutes. Cells were further washed and flow cytometry was performed using a
FACSCalibur (BD Biosciences, San Jose, CA). Data was analyzed using FloJo software
(Tree Star, Ashland, OR).

| Expression:

Cultured MOC1 and MOC2 cells were treated with vehicle control or interferon-y (1000
units) for 72 hours. Cells were harvested with 0.25% Trypsin (Hyclone, Logan, UT), washed
twice, stained and analyzed as above.

Tumor transplantation:

Statistics:

MOC cells were harvested, washed twice in D-PBS (Fisher, Houston, TX), resuspended at
appropriate concentration and injected into the right subcutaneous flanks of WT C57BL/6
and RAG2~ mice. Mice were monitored for tumor growth biweekly and tumor size was
recorded as the average of the two largest diameters. Tumors, draining lymph nodes, and
spleens were harvested for FACS evaluation and H&E staining.

Tumor growth was analyzed by single day comparison analysis using Mann-Whitney U-test
(nonparametric equivalent of independent samples t-test). All other analyses used the
independent samples t-test.
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MOC cell lines have different growth phenotypes in vivo

As representative models for the two growth phenotypes, we compared MOC1, which is less
aggressive, and MOC?2, which is a highly invasive cell line that spontaneously metastasizes
to draining lymph nodes following flank transplantation. Previous work demonstrated that
both MOC1 and MOC2 formed tumors when 1x10° cells were transplanted into the flanks
of WT mice, and that similar growth phenotypes were observed between flank and
orthotopically transplanted tumors™3. We found that the kinetics of tumor growth was more
rapid at a 10-fold decreased inoculum of 1x10° MOC2 cells/mouse when compared to
MOCT1 at 1x10° cells/mouse (Figure 1A), demonstrating the more aggressive phenotype of
MOC?2 cells. When parallel transplantation of these same cell lines into flanks of
immunodeficient RAG2~/~ mice was performed, MOC?2 produced tumors that also grew
faster than MOC1 (Figure 1A). Interestingly, whereas there was no difference in MOC2
tumor growth between RAG2~~ and WT mice, tumors formed after MOC1 cell
transplantation grew slower in WT compared to RAG2™~ mice (Figure 1A).

Higher MHC Class | expression in MOC1 compared to MOC2

Having observed growth rate differences between MOC1 and MOC2 tumors in WT mice
and a decreased growth rate of MOC1 in RAG2™/~ mice compared to MOC2 cells, we next
evaluated the cell-surface MHC Class | expression of the two cell lines as a possible
explanation. Comparison of constitutive H2-KP showed that MOC1 had a twelve-fold
increased expression relative to MOC2 (Figure 1B). In addition, MOC1 also had slightly
elevated levels of constitutive H2-DP expression (data not shown). To assess induction of
Class | components, cells were treated with IFN-y (1000 units) for 72 hours. FACS analysis
demonstrated that MOC1 cells show a 2.5-fold increase in inducible H2-KP (Figure 1B, C
and D) and a two-fold increase in inducible H2-DP expression (data not shown) compared to
MOC2 cells. Thus, differences in constitutive and inducible MHC Class | component
expression between MOC1 and MOC?2 cells correlated with growth phenotypes.

Tumor infiltrating CD11b*/Gr1* cells

We next analyzed tumor infiltrating immune cells. When MOC1 and MOC?2 generated
tumors reached a diameter of 8mm, tumors, draining lymph nodes, and spleens were
harvested and infiltrating immune cells were evaluated via flow cytometry. Non-tumor-
bearing spleens and lymph nodes served as controls. There was an 8-9-fold increase in
CD11b*/Gr1" cells present in the spleen of tumor-bearing mice compared to non-tumor-
bearing controls (Figure 2A). However, there were no significant differences in CD11b*/
Gr1* cells between the spleens of MOC1 and MOC?2 transplanted mice (statistical data not
shown). Significant levels of CD11b*/Gr1* cells were present in the tumor
microenvironment, and no significant differences in infiltrating CD11b*/Gr1* cells between
tumors generated from MOC1 and MOC2 transplantation were observed (Figure 2B).
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Increased CD11b*/Gr1* cell infiltration in metastatic lymph nodes

As previously described, MOC2 generated tumors spontaneously metastasize to draining
lymph nodes, whereas MOC1 generated tumors do not demonstrate a metastatic
phenotypel3. There was minimal CD11b*/Gr1* cell infiltration in draining lymph nodes of
non-tumor-bearing mice and MOC1-tumor-bearing mice. However, increased infiltration or
expansion of CD11b*/Gr1* cells was observed in lymph nodes containing metastatic disease
from MOC2 generated flank tumors (Figure 2B). This CD11b*/Gr1* cell infiltrate was not
correlated with primary tumor growth.

Infiltrating CD11b*/Gr1" cells are F4/80*

In the microenvironment of both MOC1 and MOC?2 tumors, there was a large infiltration of
CD11b*/Gr1 cells in addition to CD11b*/Gr1* cells (Figure 3). Flow cytometric analysis of
this population showed that a significant portion of these cells were F4/80* (Figure 3). There
was no significant difference in the tumor infiltration of CD11b*/Gr17/F4/80* myeloid cells
between MOC1 and MOC?2 generated tumors (data not shown). Of note, the CD11b*/Gr1*
infiltrating cells were F4/807, establishing a population of cells used as a negative control.
Interestingly, there were very few CD11b*/Gr1- cells present in either tumor-bearing or non-
tumor-bearing draining lymph nodes in MOC1 or MOC?2 transplanted mice (Figure 2C).

T-cell infiltration corresponds to tumor growth phenotype

While no apparent correlation between myeloid cell infiltration and growth phenotype was
seen, there were significant differences in CD4" and CD8* T-cell infiltration in the tumor
microenvironment. MOC1 generated tumors demonstrated elevated CD8" T-cell infiltration
(Figures 4A, B) and decreased CD4* T-cell infiltration into the tumor microenvironment
(Figures 4A, C) compared to MOC2 generated tumors. In contrast, MOC2 generated tumors
demonstrated elevated CD4* T-cell infiltration and decreased CD8" T-cell infiltration
relative to MOC1 generated tumors. These data suggest that the less aggressive growth
pattern of MOC1 generated tumors may be associated with an increased presence of CD8*
T-cells, or conversely, that elevated CD4" T-cell populations may contribute to the more
aggressive growth pattern of MOC2 generated tumors.

Tumor infiltrating CD4* T-cells include Tregs that contribute to the aggressive growth
phenotype of MOC2 generated tumors

CD4* T cells infiltrated the microenvironment of MOC2 generated tumors early and did not
significantly fluctuate throughout growth (Figure 5A). Intracellular flow cytometric analysis
for FoxP3, the critical transcription factor driving Treg development, was used to further
characterize these CD4" T cells. A significant percentage of these cells were found to be
FoxP3*, suggesting their functional role as Tregs (Figure 5B and data not shown). To assess
the functional contribution of these cells, we used an established Treg depleting regimen
utilizing an anti-CD25 (PC61) monoclonal antibody (mAb). Treatment with PC61 showed a
modest but significant decrease in growth rate of MOC2 generated tumors compared to
control antibody at days 11 and 14 after transplantation (Figure 5C). These data suggest that
in our syngeneic model, Treg infiltration of the tumor microenvironment occurs early and at
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least in part contributes to the aggressive growth phenotype observed with MOC2 generated
tumors.

Discussion:

Here, we characterize infiltration of immune cells into the tumor microenvironment using a
syngeneic, transplantable model of oral squamous cell carcinoma developed on a C57BL/6
genetic background?3. Our approach was to address the fidelity of this system in relation to
human HNSCC and to identify key immune components that could serve as a basis for
further investigation to delineate therapeutic targets. Similar to human HNSCC, we
demonstrated that baseline immunogenicity and variable immune cell infiltration correlated
with tumor aggressiveness.

The interaction between tumor cells and infiltrating immune and inflammatory cells is
complex. Key mediators of this interaction have been correlated to clinical outcomes in
HNSCC®. Downregulation of cell surface MHC class | proteins, which are necessary for
CD8™* T-cell detection of tumor-associated antigenic material, is associated with tumor
progression and poor survival in patients with HNSCC1016-18 Here we demonstrated
significantly elevated basal and inducible expression of MHC class | molecules on cells
from the more indolent MOC1 derived tumors. MOCL cells with higher MHC class |
expression demonstrated slower growth in immunocompetent WT mice compared to
immunodeficient RAG2~/~ mice, suggesting that one or more components of adaptive
immunity that are lacking in RAG2~/~ mice act to suppress tumor growth. Given our current
understanding of MHC class | restriction of tumor antigen specific CD8" cytotoxic T-cells,
we evaluated for and confirmed significantly elevated levels of CD8* T-cells in MOC1
derived tumors compared to MOC2 derived tumors in WT mice.

This association between increased CD8* T-cells and a more indolent growth pattern with
MOCL1 generated tumors parallels the improved outcomes associated with increased tumor
infiltrating CD8" T-cells in patients with HNSCC. Patients whose primary and metastatic
tumor deposits have higher levels of CD8* T-cells demonstrated more favorable
outcomes®7. Yet, while CD8* T-cells are crucial for anti-tumor immune responses, CD8* T-
cell functional inhibition in the tumor microenvironment is the rule rather than the exception
in patients with HNSCC1O, These data have prompted investigation into the role of CD4+ T-
cell subsets in the HNSCC microenvironment.

Functionally unique from their CTL-inducing Thl and humoral immunity-inducing Th2
counterparts, CD4*FOXP3* Tregs secrete immunosuppressive cytokines and inhibit anti-
tumor CD8" T-cell responses®1920, Tregs play both a physiologic role in limiting
autoimmunity and a pathologic role in many cancer types including HNSCC?L. While the
majority of studies have suggested that increased levels of tumor-associated or circulating
Tregs are associated with poor survival?2-24, others indicate improved prognosis in patients
with elevated Treg levels2>. Here, we demonstrated elevated levels of CD4* T-cells present
in tumors generated from the more aggressive MOC?2 cells and characterized a subset of
these to be FOXP3*, suggesting their functional role as Tregs. Demonstrating the tumor-
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promoting role of Tregs in our model, we recorded growth inhibition of MOC2 generated
tumors following antibody-mediated Treg depletion.

Interestingly, subpopulations of CD44* HNSCC tumor cells, shown to possess cancer stem
cell properties and resistance to standard anti-cancer therapies26:27, more effectively induce
immunosuppressive Treg responses /7 vitra?’. Our lab has previously reported that MOC2
cells, which generate tumors with elevated levels of infiltrating Tregs, also express high
levels of CD44 compared to MOC1 cells!3, further demonstrating biologic differences
between our variably aggressive cell lines and immunologic similarities between our
syngeneic mouse model and human HNSCC.

In addition to lymphoid immune cells, cells of myeloid origin also contribute to
immunomodulation in HNSCC patients28. Tumor cells as well as infiltrating immune cells
create a cytokine milieu that can influence immature myeloid cells to display either pro-
tumor or anti-tumor phenotypes28-30. A heterogenous but closely related group of immature
myeloid cells in which terminal differentiation is inhibited by tumor and stromal factors are
called myeloid derived suppressor cells (MDCSs) and contribute to immune suppression in
several tumor systems10:31. In patients with HNSCC, a subset of this immature myeloid
population, identified by the marker CD34*, secrete immunosuppressive cytokines, inhibit
T-lymphocyte function32:33 and are associated with tumor progression34.

In mice, MDSCs are identified by cell surface antigens Gri* and CD11b*31, Here, we
demonstrated robust recruitment of CD11b*/Gr1™ cells into the spleen and tumor
microenvironment of both MOC1 and MOC2 generated tumors. Interestingly, we also
demonstrated significantly elevated recruitment of CD11b*/Gr1* cells into the
microenvironment of regional metastatic disease arising from MOC2 generated tumors. To
our knowledge, this is the first report of recruitment of immature myeloid cells into the
tumor draining lymph node in a model of spontaneous metastasis from an epithelial tumor.
Watanabe et al. documented recruitment of CD11b*/Gr1* MDSCs into regional metastatic
disease in a sarcoma model, and showed that this MDSC population inhibited T-lymphocyte
activation independent of Tregs3®. Studies evaluating the presence of immature myeloid
suppressor cells in deposits of regional metastasis with patients with HNSCC are lacking.
Future research is needed to determine whether these immature myeloid cells are recruited
into the lymph node by metastatic deposits of tumor or whether primary tumors promote a
niche favorable for metastasis via cytokine-driven recruitment of immature myeloid cells
into regional lymph nodes prior to regional metastasis.

More mature myeloid cells, such as macrophages, are present in the tumor
microenvironment of patients with HNSCC as well36:37. Macrophage accumulation in
HNSCC specimens is associated with advanced tumor stage at diagnosis and tumor
progression3%:37_ Tumor infiltrating macrophages (TAMs) can be functionally classified as
anti-tumor (M1) and pro-tumor (M2) variants and have been extensively studied in many
cancer types38. Differentiating M1 or M2 phenotypes based upon surface marker expression
profiles was not performed here. We identified that CD11b*/Gr1-/F4/807 cells, consistent
with TAMs, are present in both MOC1 and MOC2 generated tumors and represent a
majority of the CD11b*/Gr1- cell population. Of note, CD11b*/Gr1/F4/80* TAMs were not
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present in metastatic tumor deposits arising from MOC2 generated tumors, suggesting these
cells play a biologic role in primary but not metastatic disease in our model.

A limitation of this study, excluding the Treg depletion studies, is the lack of functional
analysis reported for the immune cell types identified. While cell surface markers suggest
functional roles for each cell type identified!?, including those for Tregs and MDSCs,
verification of the roles of each cell type identified with functional analysis is necessary and
is a current focus of our laboratory. In addition, our analysis excluded several immune cell
types of potential importance including gamma-delta T-lymphocytes, natural killer cells,
natural killer T-cells or CD4* Th17 cells, all shown to play variable roles in human HNSCC
biology1°.

The few syngeneic HNSCC models currently available have been developed artificially 7n
vitro3®49, lack locally aggressive or metastatic potential3%40 or are of questionable cellular
origin1141, This newly established mouse model parallels carcinogen-associated human
HNSCC in mechanism of cellular transformation, intracellular signaling aberrations,
aggressive growth and metastatic potentiall3. Furthermore, the malleability of the C57BL/6
mouse genetic background allows for dissection of other facets of tumor-host interactions.
With the use of this syngeneic model, correlations between dysregulated intracellular
signaling pathways and abrogated immune signaling and dissection of tumor-immune cell
interactions within the tumor microenvironment may allow for the development of
therapeutics specifically aimed and modulating both processes.

In summary, we have described the first comparative infiltrating immune cell analysis of two
cell lines that display either aggressive or indolent growth phenotypes. We identified
increased major histocompatibility complex (MHC) class | expression and CD8* T-
lymphocyte infiltration in tumors generated from the less aggressive cell line. Additionally,
we found that a significant portion of CD4* T-cells infiltrating tumors generated from the
more aggressive cell line were immunosuppressive FOXP3* T-regulatory cells (Tregs), and
that antibody-mediated inhibition of these Tregs lead to attenuated growth. Primary tumors
generated from both cell lines, as well as regional lymph nodes containing metastatic disease
from the more aggressive cell line, demonstrate robust infiltration of Cd11b*Gr1* cells.
These data recapitulate the infiltrating lymphocyte profile observed in human HNSCCs and
validate the utility of using this syngeneic oral cancer model to study tumor-host interactions
within the tumor and metastatic microenvironment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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