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ARTICLE INFO ABSTRACT

Radiation is a crucial component of head and neck squamous cell carcinoma (HNSC) treatment. Human pa-
pillomavirus-positive (HPV ") HNSC is significantly more radiosensitive than HPV" HNSC, but the mechanism
HNSC underlying this increased sensitivity is unknown. We investigated the possible involvement of macrophage
Radiotherapy subpopulations as key mediators of HNSC radiosensitivity linked to HPV status. We collected forty-one clinical
Microenvironment HNSC specimens and determined HPV status and radiosensitivity of each sample. We investigated cytokine
mediated induction of macrophage polarization by HPV* and HPV" HNSC cells. Radiosensitive HNSC tissues
exhibited greater numbers of infiltrating M1 macrophages than radioresistant tumor tissue samples. Moreover,
M1 macrophage numbers were positively correlated with HNSC radiosensitivity. HPV* and HPV ™~ tumor cells
induced macrophage polarization to M1 and M2 type, respectively. HPV " HNSC cells secreted more IL-6 than
HPV ™ cells. HPV promoted tumor cell secretion of IL-6, thereby increasing radiosensitivity through M1 polar-
ization of macrophages. M1 macrophages represent an important tissue microenvironment factor with im-
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plications for HNSC treatment efficacy and may prove valuable as a biomarker of radiation sensitivity.

1. Introduction

Head and neck squamous cell carcinoma (HNSC) is the sixth most
common cancer worldwide and the incidence of human papillomavirus
(HPV) involved HNSC is increasing yearly [1,2]. Radiotherapy is a very
important component of HNSC treatment and tumor radiosensitivity is
significantly higher among HPV™ patients compared to those who are
HPV™ [3]. No mechanism explaining the increased radiosensitivity of
HPV™ HNSC has yet emerged from studies examining possible links to
DNA damage repair, cell cycle regulation or tumor tissue hypoxia [4]. It
is possible that HPV ™ HNSC radiosensitivity may be linked, at least in
part, to heterogeneous populations of tumor-infiltrating immune cells
[5]. Given the importance of radiation in HNSC treatment it is clear that
additional studies are needed to explore underlying mechanisms in
order to optimize individualized patient therapy.

Tumor-associated macrophages (TAMs) are important components
of the immune microenvironment. TAMs can be further classified into
M1 or M2 macrophages, which play roles in influencing levels of tumor

radiosensitivity through multiple signaling pathways [6]. These TAMs
can therefore be of value in guiding individualized patient treatment.
M1 macrophages are reportedly linked to radiosensitivity in a variety of
tumors and HPV has been shown to promote infiltration of M1 mac-
rophages into the HNSC tissue microenvironment [7,8]. Here, we in-
vestigate whether HPV plays a key role in radiosensitization of HNSC
tumor cells by regulating the polarization of macrophages towards the
M1 type. These studies have the potential to increase understanding of
immune regulatory network involvement in determining HPV" HNSC
radiosensitivity and thereby guiding development and practice of im-
proved patient treatment regimens.

2. Materials and methods
2.1. Patient information and clinical samples

Clinical samples were obtained from forty-one HNSC patients
treated by the Department of Head and Neck Surgery, Harbin Medical
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Fig. 1. Increased M1 macrophage infiltration in HPV" HNSC. (A) IHC analysis of p16 expression in HNSC. In situ hybridization analysis of HPV16,/18 DNA in
HNSC cells (1, 2 are clinical samples; P, cervical cancer positive control; N, glioma negative control) (magnification X 200 and X 400). (B) PCR-based detection of
GAPDH (DNA integrity control) and HPV16 E7 DNA in HNSC (M, Molecular weight marker; 1-9, clinical specimens; P, cervical cancer positive control; N, glioma
negative control). (C) IHC analysis of CD68, iNOS and CD163 expression in HNSC (magnification x 200 and X 400). (D) Quantitation of HNSC CD68, iNOS and
CD163 IHC data. (E) Multi-cytokine assay results. Quantitative analysis based on triplicate experiments. Data presented as mean + SEM. *P < 0.05,**P < 0.01.

University Cancer Hospital between June 2016 and December 2017.
The study was approved by the Ethics Review Committee of Harbin
Medical University (HMUIRB20180008). All patients provided written
informed consent. HNSC tumor samples (confirmed diagnosis, grades I
to IV) were obtained along with control adjacent tissues (2 cm from
edge of tumor). Tumor and control normal tissue samples were con-
firmed by pathological examination. Tissue samples were paraffin em-
bedded and rapidly frozen in liquid nitrogen for subsequent analysis.
And all the samples obtained from the patients who not treated with
radiation or chemotherapy before surgery.

2.2. Cells lines

HPV16 ™ HNSC cell lines SCC47 and SCC104 and HPV ™ cell lines
CAL33 and SAS were kindly provided by Dr. Henning Willers (Harvard
University, Boston, USA). HPV™" HNSC cell line SCC90 was purchased
from the Chinese Academy of Sciences Cell Bank (Shanghai, China).
The cell line CAL27 was a kind gift of Professor Songbin Fu (Harbin
Medical University, Harbin, China). The monocyte cell line THP1 is

maintained in our laboratory. HNSC cells were cultured in DMEM
(HyClone, USA) containing 10% fetal bovine serum (FBS, Biological
Industries, USA), penicillin (100 U/ml, Gibco, USA) and streptomycin
(100 mg/ml, Gibco, USA). THP1 cells were cultured in RPMI-1640
medium (HyClone, USA) containing 10% FBS. For cytokine analysis
conditioned medium was collected after 48 h of culture or when cells
achieved 80% confluence.

2.3. Plasmids

Plasmid pc-HPV16 was kindly provided by Dr. Michelle Ozbun
(University of New Mexico School of Medicine, USA). Plasmid pcDNA-
HPV16E5/E6/E7 was obtained from Kangcheng (Shanghai, China).

2.4. Macrophage polarization and neutralization studies

THP1 cell macrophage differentiation was induced by phorbol
treatment with 12-myristate 13-acetate (PMA) for 24 h. This was fol-
lowed by addition of 100ng/ml LPS and 20ng/ml IFNy (for M1
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Table 1
Patient demographic and clinical characteristics.

Character HPV+ (N = 16) HPV- (N = 25) P

Gender, n (%) 0.35
Male 13 (43.3) 17 (56.67)
Female 3 (27.3) 8 (72.7)

Age (years)
Mean 58.9 58
Range 38-77 45-73

Anatomic site, n (%) 0.32
Larynx 12 (44.4) 15 (55.6)
Oropharynx 4 (28.6) 10 (71.4)

Tobacco smoking, n (%) 0.46
Yes 12 (42.9) 16 (57.1)
Never 4 (30.8) 9 (69.2)

Alcohol use, n (%) 0.72
Yes 6 (42.9) 8 (57.1)
Never 10 (37.0) 17 (63.0)

T stage, n (%) 0.83
T1-T2 15 (39.5) 23 (60.5)
T3-T4 1 (33.3) 2 (66.7)

N stage, n (%) 0.46
NO 12 (42.9) 16 (57.1)
N1-N3 4(30.8) 9 (69.2)

M stage, n (%)
MO 16 (39.0) 25 (61.0)
M1 0 0

Differentiation, n (%) 0.07
Poor 1 (20.0) 4 (80.0)
Moderate 5 (25.0) 15 (75.0)
Well 9 (60.0) 6 (40.0)

macrophages) or 20ng/ml IL-4 and 20 ng/ml IL-13 (for M2 macro-
phages), or 20ng/ml IL-6 for 48h. For co-culture and neutralization
experiments, HNSC cell lines were seeded on THP1 cells separated by
0.4 um-pore transwells. Neutralizing anti-IL-6 (ab6672, Abcam) was
added daily to a concentration of 2.5 pg/ml for 3 days.

2.5. Immunohistochemistry

Immunohistochemical (IHC) staining was performed as previously
described [9]. Rabbit anti-p16 antibody was purchased from Zhongshan
Goldenbridge (China). P16 was considered overexpressed if im-
munostaining appeared strong and diffuse with > 60% of tumor cells
pl6™. Rabbit anti-iNOS and anti-CD163 antibodies were purchased
from Abcam (UK). Rabbit anti-CD68, anti-TNFa antibody was pur-
chased from Proteintech Group (USA). Briefly, endogenous peroxidase
was blocked with 3% hydrogen dioxide for 30 min. Antigens in the
sections were retrieved by autoclaving in citrate repair buffer for 2 min.
Sections were washed with phosphate-buffered saline (PBS) three times
to minimize non-specific background, then incuted with antibody at
4°Covernight, followed by incubation with Two-Step IHC reagents and
3,3-diaminobenzidine substrate (Zhongshan Goldenbridge, China). Fi-
nally, the sections were counterstained with hematoxylin. Staining of
[HC was assessed in a series of randomly selected ten high-power fields.
The stained slides were reviewed and scored independently by two
observers blinded to the patients’ information. The scores were de-
termined by combination of the proportion of positively stained cells
and the intensity of staining as follows: 0 (no positive cells), 1 (< 10%
positive cells), 2 (10-50% positive cells), and 3 (> 50% positive cells).
Staining intensity was classified according to the following criteria: 0
(no staining), 1 (weak staining = light yellow), 2 (moderate
staining = yellow brown), and 3 (strong staining = brown). Staining
index was calculated as the staining intensity score X the proportion
score. Using this method, the expression of IHC was evaluated by de-
termining the staining index, with scores 0, 1, 2, 3, 4, 6, or 9.
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2.6. Detection of HPV in clinical specimens

Tissue samples were processed as previously described. DNA was
extracted and sample integrity was confirmed by PCR using GAPDH
gene-specific primers. HPV status was determined using a highly sen-
sitive PCR protocol and HPV16 E7 degenerate primers. PCR products
were separated by electrophoresis on 1.5% agarose gels and visualized
by GCLSTAIN staining. HPV genotyping was performed according to
the manufacturer's instructions of HPV genotyping kit for 23 types
(Yaneng, China).

2.7. In situ hybridization

HPV16/18 DNA sequences were detected by in situ hybridization
using the DNA-ISH Kit (Kaipu, China) according to manufacturer's in-
structions.

2.8. Immunofluorescence-based radiosensitivity assay

Frozen tissue sections were fixed in 10% neutral formaldehyde for
15 min, permeabilized with 0.5% Triton X-100 and then blocked for
30 min with 5% BSA. Sections were incubated overnight at 4 °C with
mouse anti-yH2AX (Ser139) (Merck-Millipore, Germany). Following
three washes with PBS the sections were incubated with secondary
antibody, washed three times and then mountedin antifade mounting
medium containing DAPI (Solarbio, China).

2.9. Multi-cytokine assay

Conditioned medium (CM) was aliquoted within 1h of collection
and stored frozen (— 80 °C) for subsequent analysis. Six cytokines were
analyzed using immunoassay kits from Biolegend (for IL-6, IL-10, IL-
12p70 and IFNy) and R&D Systems (TNFa and GM-CSF).

2.10. Irradiation

The standard procedures were listed in previously literature
[10,11]. All the specimens were collected in tubes with saline and bring
into incubator at 37 °C within 1h (or so) of surgery. Then the tissues
were cut with a scalpel into pieces of 3-5 mm: one for untreated con-
trol, one for irradiated. The tissues were cultured in 10% RPMI-1640
medium, and immediately received irradiation in our lab. The optimal
dose of X-ray irradiation was 6 Gy (RadSource RS2000, US). Then the
specimens were cultured at 37 °C, humidified incubator for 24 h. After
24 h, the tissues were rinsed with fresh PBS and rapidly frozen in Op-
timal Cutting Temperature (OCT) compound (SAKURA, Japan) with
liquid nitrogen. The tissues need to be cut with a frozen microtome
while embedded in OCT. Then the tissue slices need to be placed on
glass slides and stored at —80 °C in sealed slide boxes. Thickness of
tissue slices should be 3-5 ym.

2.11. Statistical analysis

Analysis was performed using SPSS (SPSS Inc., IL) and GraphPad
Prism 5 (GraphPad Software Inc., CA) software. Statistical analyses
comparing two groups were carried out using the nonparametric Mann-
Whitney test. More than two groups were assessed by analysis of var-
iance (ANOVA) for multiple pairs of interest without a priori selection.
All statistical tests were two-sided. Differences were considered statis-
tically significant at P values < 0.05. Experiments were performed at
least three times. Values are presented as mean = SD unless otherwise
noted.
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Fig. 2. Macrophage polarization to M1 type by HPV* HNSC culture supernatant. (A) IHC analysis of iNOS expression in HNSC culture supernatant-treated THP1
macrophages (NC, normal control culture; SCC47/SCC104/SCC90, HPV ™ HNSC cell line culture supernatant; CAL27/CAL33/SAS, HPV" HNSC cell line culture
supernatant) (magnification x 100 and x 400). (B) Quantitation of IHC iNOS expression data. (C) IHC analysis of TNFa expression in HNSC culture supernatant-
treated THP1 macrophages(magnification X 100 and x 400). (D) Quantitation of IHC TNFa expression data. (E) IHC analysis of CD163 expression in HNSC culture
supernatant-treated THP1 macrophages (magnification X 100 and X 400). (F) Quantitation of IHC CD163 expression data. (G-K) Multi-cytokine assay results.
Quantitative analysis based on triplicate experiments. Data presented as mean + SEM. *P < 0.05,**P < 0.01, ***P < 0.001.

3. Results of p16 and HPV16,/18 DNA detection by in situ hybridization (Fig. 1A)
and PCR analysis of extracted DNA. HPV was detected by PCR in 16/41
3.1. Increased M1 macrophage infiltration in HPV*" HNSC (41.5%) patient samples. HPV16 was the most common HPV type,

detected in 14/41 (34.1%) cases (Fig. 1B). Specimens were divided into

Forty-one clinical specimens were collected from HNSC patients HPV*' (N = 16) and HPV~ (N = 25) experimental groups. Patient in-
ranging in age from 38 to 77 years (mean 58.5 yr, SD 7.9 yr). HPV status formation is summarized in Table 1. The prevalence of HPV* HNSC in
was determined using a variety of approaches including IHC detection Heilongjiang Province was approximately 39.0%. Most HNSC patients
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Fig. 2. (continued)

were male with a history of tobacco and alcohol use. Our findings
suggest that HPV may influence the differentiation of HNSC to some
extent.

IHC was used to comparatively analyze expression of macrophage
subpopulation markers inducible nitric oxide synthase (iNOS, specific
for M1 macrophages) and CD163 (M2 macrophages) in HPV*' and
HPV ™ clinical specimens (Fig. 1C). M1 macrophages were significantly
more prevalent in HPV' HNSC, while M2 macrophages were less
abundant in HPV* HNSC compared to HPV- HNSC, P < 0.05 (Fig. 1D).

To examine differential expression of macrophage-associated cyto-
kines in HPV" and HPV ™ clinical specimens, total protein was ex-
tracted and analyzed using a multi-cytokine assay (Fig. 1E-K). M1
macrophage signature cytokines including IFNy, TNFa and IL-6 were
more abundantly expressed in HPV* than HPV" HNSC (P < 0.05).
Although not statistically significant, M1 macrophage cytokine markers
IL-12p70 and GM-CSF also appeared higher in HPV " HNSC. Expression
levels of IL-10 in clinical specimens were very low (< 1 pg/mL) and
could not be analyzed.

3.2. M1 macrophage polarization by HPV* HNSC conditioned medium

To further investigate the influence of HPV on macrophage differ-
entiation, we exposed THP1 cells for 48h to 20% CM prepared from
cultures of HPV* HNSC cell lines SCC47, SCC90 and SCC104 and HPV
HNSC cell lines CAL27, CAL33 and SAS. Macrophage polarization was
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then assessed (Fig. 2A-F). HPV" HNSC CM increased THP1 cell ex-
pression of M1 markers iNOS and TNFa whereas HPV- HNSC CM in-
creased expression of M2 marker CD163. HPV + HNSC CM induction of
CD163 expression in THP1 cells was inconsistent: SCC90 CM decreased
CD163 levels while SCC47 and SCC104 CM somewhat increased
CD163.

A multi-cytokine assay was used to compare cytokine levels in THP1
cell culture supernatants (Fig. 2G-K). Secreted IFNy, TNFa and IL-
12p70 levels were significantly higher in supernatants of THP1 cells
cultured with HPV" HNSC CM compared to HPV" HNSC CM. Secreted
IL-10 levels were similar in supernatants of THP1 cells cultured with
either HPV* or HPV" HNSC CM. A comprehensive analysis of M1 and
M2 related cytokine ratios suggested that HPV* HNSC CM induced
THP1 macrophage polarization to the M1 type, while HPV- HNSC CM
induced M2 polarization.

3.3. M1 macrophage polarization by HPV* HNSC cell co-culture

We further investigated HPV linked macrophage polarization in the
context of HNSC by co-culturing THP1 and HPV ™" or HPV" HNSC cells.
After 48 h of co-culture, HPV* HNSC cells induced significantly higher
expression of iNOS and TNFa in THP1 cells compared to co-culture
with HPV™ HNSC cells. By contrast, HPV" HNSC co-culture induced
significantly increased expression of CD163 in THP1 cells (Fig. 3A-F).
Using a multi-cytokine assay we observed increased secretion of IFNy,
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Fig. 3. THP1 cell M1 polarization by HPV" HNSC co-culture. (A) THC analysis of iNOS expression in THP1 macrophages co-cultured with HNSC cells (NC, normal
control culture; SCC47/SCC104/SCC90, HPV* HNSC cell lines) (magnification X 100 and X 400). (B) Quantitation of IHC iNOS expression data. (C) IHC analysis of
TNFa expression in THP1 macrophages co-cultured with HNSC cells. (D) Quantitation of IHC TNFa expression data. (E) IHC analysis of CD163 expression in THP1
macrophages co-cultured with HNSC cells. (F) Quantitation of IHC CD163 expression data. (G-K) Multi-cytokine assay results. Quantitative analysis based on
triplicate experiments. Data presented as mean = SEM.*P < 0.05,**P < 0.01, ***P < 0.001.

TNFa and IL-12p70 and decreased IL-10 secretion by THP1 cells after
co-culture with HPV + HNSC cells (Fig. 3G-K). Comprehensive analysis
of M1 and M2 related cytokine ratios again suggested that HPV " HNSC
cell co-culture induced THP1 macrophage polarization to the M1 type,
while HPV™ HNSC co-culture induced M2 polarization.

3.4. M1 macrophage prevalence positively correlated with HNSC
radiosensitivity

HPV™ and HPV" HNSC tissue samples were treated with 6 Gy of X-
ray radiation. Within 24 h of irradiation we assessed y-H2AX foci by
immunofluorescence (IF) (Fig. 4A-B). Quantitative IF analysis showed
that control nonirradiated HPV* and HPV~ samples had similar y-
H2AX foci (mean values of 12.20% and 10.25%, respectively). Radia-
tion treatment increased overall values of y-H2AX foci to 48.07% for
HPV* HNSC samples, significantly higher than the 22.79% observed
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for HPV- HNSC samples. These studies indicated that the HPV* HNSC
tumors examined in this study were significantly more radiosensitive
than the HPV" HNSC tumors, as expected from previously published
research. We used a Spearman model to look for a correlation between
M1 macrophage subtype prevalence based on IHC examination of
markers and radiosensitivity of HNSC based on y-H2AX foci (Fig. 4C).
The results of this analysis indicated a significant positive correlation
between iNOS* macrophages and radiosensitivity.

3.5. HPYV status correlated with HNSC cytokine secretion

Our results suggested that HPV might influence THP1 polarization
to an M1 macrophage subtype through the action of cytokines. A multi-
cytokine assay was used to analyze secreted polarization-associated
cytokines in HPV'® and HPV' HNSC cell culture supernatants
(Fig. 5A-D). We found IL-6 levels to be much higher in the supernatants
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Fig. 4. Positive correlation of HNSC radiosensitivity with M1 macrophage prevalence. (A) Immunofluorescence detection of y-H2AX foci 24 h after irradiation
and corresponding H&E staining for tumor cell identification (magnification X 100 and x 200). (B) Quantitation of y-H2AX foci 24 h after irradiation. (C)
Correlation of y-H2AX foci and iNOS* (M1) macrophage prevalence (determined by IHC). Quantitative analysis based on triplicate experiments. Data presented as

mean =+ SEM. **P < 0.01,***P < 0.001.

of HPV™ cells (particularly SCC90 cells) compared to HPV ™ cells. We
also observed slightly increased IFNy in HPV* HNSC supernatants but
at levels below that required to elicit polarization effects, indicating
that HNSC cells may not be the main source of IFNy in the tumor mi-
croenvironment. In addition, TNFa and GM-CSF levels were similar in
supernatants of HPV" and HPV ™ cells, suggesting that expression of
these cytokines is not correlated with HPV status.

We investigated whether HPV16 overexpression could induce se-
cretion of IL-6 by the HPV" HNSC cell line CAL27 (Fig. 5E). CAL27 cells
transfected with the pc-HPV16 construct were shown to express HPV16
mRNA within 48 h of transfection, with increased IL-6 protein levels. IL-
6 secretion reached a maximum at 24 h after transfection and was still
highly expressed at 48 h.

To further examined HPV16 oncogene involvement in IL-6 secretion
by HNSC cells by generating CAL27 cells overexpressing HPV16 E5/E6/
E7 (Fig. 5F). We found that HPV16 E5 and E7 slightly increased IL-6
secretion while E6 led to a decrease. Therefore, we showed that HPV16
induced secretion of IL-6 but specific functions of HPV16 oncogenes
remain undefined.
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3.6. IL-6-induced M1 macrophage polarization increased radiosensitivity of
HNSC

We tested the effect of IL-6 on macrophage differentiation. THP1
cells treated with PMA served as a negative control. M1 and M2 po-
larized macrophages induced by treatment of THP1 cells with LPS plus
IFNy and IL-4 plus IL-13 cytokines, respectively, served as positive
controls (Fig. 6A-F). IL-4 and IFNy are known to play opposing roles in
macrophage differentiation. We observed that IL-4 plus IL-13 induced
expression of CD163 and IL-10, whereas LPS plus IFNy induced ex-
pression of iNOS. A multi-cytokine assay showed that LPS plus IFNy
induced secretion of TNFa and IL-12p70, while IL-4 plus IL-13 induced
secretion of IL-10. IL-6 significantly up-regulated expression of TNFa
and downregulated expression of CD163 in THP1 cells (Fig. 6A-F). IL-6
significantly increased secretion of TNFa and IL-12p70, while de-
creasing secretion of IL-10 (Fig. 6G-K). IFNy secretion was similar for
IL-6 treated THP1 cells and M1 and M2 macrophages. However, IL-6
treatment of macrophages led to a significant increase in IFNy/IL-10
ratio. These experiments indicated that IL-6 promoted macrophage
polarization to an M1 type.

Next the influence of M1 macrophage polarization on radio-
sensitivity was detected. IL-6-induced THP1 cells were co-cultured with
tumor cells CAL27. Then the radiosensitivity of CAL27 cells was
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Fig. 5. Increased IL-6 secretion induced by HPV. (A) Analysis of IL-6 in HNSC culture supernatant (SCC47/SCC104/SCC90, HPV* HNSC cell line culture
supernatant; CAL27/CAL33/SAS,HPV" HNSC cell line culture supernatant) (B) Analysis of IFNy in HNSC culture supernatant. (C) Analysis of TNFa in HNSC culture
supernatant. (D) Analysis of in GM-CSF HNSC culture supernatant. (E) q-RT PCR analysis of HPV16 E7 expression in CAL27 cells transfected with HPV16 construct.
Analysis of IL-6 expression in HPV16 transfected CAL27 cell culture supernatant. (F) Analysis of IL-6 expression in pc-E5/E6/E7 transfected CAL27 cell culture
supernatant at 36 h. Quantitative analysis based on triplicate experiments. Data presented as mean * SEM. **P < 0.01, ***P < 0.001.

detected. IL-6-induced THP1 cells increased the radiosensitivity of
CAL27 compared with control (Fig. 6L). It suggested that IL-6-induced
M1 macrophage increased radiosensitivity of HNSC.

3.7. IL-6 required for HPV associated M1 macrophage polarization

To investigate IL-6 involvement in M1 polarization linked to HPV
we established an HPV " HNSC and THP1 cell co-culture system to test
the effects of an IL6 neutralizing antibody (Fig. 7A-F). IHC analysis
showed that relative to control, the addition of anti-IL6 significantly
inhibited TNFa and increased CD163 expression by THP1 cells. iNOS
expression also appeared to be inhibited, though not to a statistically
significant level. Multi-cytokine assays revealed that TNFa secretion
was significantly inhibited by anti-IL-6 (Fig. 7G-K). IL-6 neutralizing
antibody had no detectable effect on secretion of IL-12p70 or IL-10. We
also found that the SCC90 cell line-induced secreted IFNy/IL10 ratio
was significantly decreased by anti-IL6, while no significant effect was
detected in the case of SCC47 cell co-culture. M1 macrophage polar-
ization associated with HPV* HNSC, therefore, was inhibited by IL-6
neutralizing antibody.

4. Discussion

HPV has come to be regarded as an important pathogenic factor that
influences HNSC radiosensitivity. While it is known that HPV " HNSC is
more radiosensitive than HPV" HNSC, the mechanism underlying this
important distinction remains unclear. Radiotherapy exerts a non-
target, qualitative effect on tumors by inducing intracellular genetic
damage and bystander cell killing. M1 macrophages are the main
source of bystander damage and in radiotherapy-sensitive mice most
macrophages are of the M1 type, while M2 macrophages predominate
in radiotherapy-insensitive mice that exhibit an inhibited inflammation
phenotype. We previously reported results based on bioinformatics in-
dicating that M1 macrophage tissue infiltration was enhanced in HPV "
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compared to HPV" HNSC. This led us to explore a possible correlation
between M1 macrophage prevalence and radiosensitivity in HNSC. Our
studies indeed confirm that M1 macrophages in HNSC tissues are po-
sitively correlated with radiotherapy sensitivity.

Despite numerous studies confirming that TAM subtypes are im-
portant considerations for tumor prognosis and treatment, no uniform
standard methods have been established for macrophage activation or
typing either in vitro or in vivo. In the current study we used classical
markers for M1 and M2 macrophages to examine HNSC associated
TAMs. Distinguishing M1/M2 macrophage requires assessments of cell
surface markers, ROS/RON products and secreted cytokine levels [12].
Compared to M2 macrophages, M1 macrophages exhibit increased ex-
pression of iNOS and inflammatory cytokines TNFa, IFNy, IL-1B, IL-
12A, IL-12B and IL-23A, while IL-10 expression is down-regulated
[13-15].

Few prior studies have examined effects of HPV status on M1/M2
macrophage typing. We observed more infiltrating M1 macrophages in
HPV™" compared to HPV" HNSC. We also demonstrated that HPV*
HNSC cell culture supernatant promoted macrophage polarization to-
wards an M1 subtype while HPV- HNSC culture supernatant induced
M2 macrophage polarization. These observations are consistent with
the published literature [16]. HPV * SCC47 and SCC90 cell culture
supernatants were both somewhat more effective than SCC104 culture
supernatants in promoting M1 polarization. SCC47 and SCC90 cells
harbor multiple copies of the HPV genome, while SCC104 cells have
only a single copy. The M1 polarization potential of HPV* HNSC cell
supernatants may therefore be related to levels of HPV gene expression.

HPV could affect the expression profiles of secretory factors that
regulate the immune microenvironment. It is known that following
opportunistic HPV infection, increased mucosal expression of in-
flammatory cytokines IL-1a, IL-1f3, IL-6, IL-8, MIP-1ac and TNF pro-
motes HPV elimination [17-19]. Our observations using an indirect
HNSC cell and macrophage co-culture system suggest that HPV " HNSC
cells induce macrophage M1 polarization through secreted factors. IL-6
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Fig. 6. Increased radiosensitivity through IL6-induced M1 macrophage polarization. (A) IHC analysis of iNOS expression in THP1-derived macrophages treated
as indicated (NC, normal culture control)(magnification X 100 and X 400). (B) Quantitation of IHC iNOS expression data. (C) IHC analysis of TNFa expression in
THP1-derived macrophages treated as indicated. (D) Quantitation of IHC TNFa expression data. (E) IHC analysis of CD163 expression in THP1-derived macrophages.
(F) Quantitation of IHC CD163 expression data. (G-K) Multi-cytokine assay results. (L) Immunofluorescence detection of y-H2AX foci 24 h after irradiation of
CAL27 cells (magnification X 200). Quantitative analysis based on triplicate experiments. Data presented as mean * SEM. *P < 0.05,**P < 0.01, ***P < 0.001.
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Fig. 7. IL-6 required for HPV associated M1 type macrophage polarization. (A) IHC analysis of iNOS expression in THP1 cells co-cultured with HNSC cells with
and without addition of anti-IL6 antibody (IL6 Ab) (NC, normal culture control; SCC47 and SCC90, HPV*' HNSC cell line co-culture)(magnification X 100
and X 400). (B) IHC analysis of TNFa expression in THP1 cells co-cultured with HNSC cells with and without addition of anti-IL6 antibody. (C) IHC analysis of
CD163 expression in THP1 cells co-cultured with HNSC cells with and without addition of anti-IL6 antibody. (D) Quantitation of IHC iNOS expression data. (E)
Quantitation of IHC TNFa expression data. (F) Quantitation of IHC CD163 expression data. (G-K) Multi-cytokine assay results. Quantitative analysis based on
triplicate experiments. Data presented as mean = SEM. *P < 0.05,**P < 0.01.
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is involved in the progression of chronic inflammation to cancer, but
studies do not show consistent roles of IL-6 in different cancers invol-
ving diverse signaling pathways [20]. IL-6 is well known as a promoter
of lymphocyte activation, proliferation and survival during the immune
response [21]. Since IL-6 is a classical marker representing M1 mac-
rophage, there is controversial for the induction of M1/M2 macrophage
polarization [22]. In some cases IL-6 could generate M2 macrophage
partially. But the researchers found that IL-6 induced macrophage ex-
pressed high levels of CD86 (a M1 macrophage marker) and exhibited
no obvious M2 phenotype function compared with IL-6 combined with
hypoxia group [23]. The function of IL-6 on macrophage polarization
was complicated since IL-6 could be affected by the local micro-
environment. In the current study we showed significantly higher se-
cretion of IL-6 by HPV* HNSC cells compared to HPV" HNSC cells.
Furthermore, transfection of HPV- HNSC cells with full-length HPV and
HPV16 E7 plasmids led to increased IL-6 secretion. Our findings are
consistent with IL-6 involvement in HPV linked M1 polarization in the
HNSC tissue microenvironment.

Programmed cell death protein-1 (PD-1) and its ligand, pro-
grammed death ligand 1 (PD-L1) mediate immune tolerance and pro-
mote the formation of an immunoprivileged site for tumor progression.
Through the bioinformatic analyses of HNSC from TCGA, we indeed
found that HPV " HNSC expressed higher level of PD-1 and PD-L1 (data
not shown). One of the HNSC subtype which is depleted for both CD8*
T cells and PD-1 expressing TAMs maybe particularly resistant to PD-1/
PD-L1 checkpoint blockade immunotherapy [24]. And there exists po-
sitive regulation between M1 macrophages and CD8* T cells [25]. Anti-
PD-L1 treatment can favorably remodel the macrophage compartment
in responsive tumor models towards M1 phenotype [26]. They also
suggest that directly targeting TAMs with reprogramming and depleting
agents may further augment the breadth and depth of response to anti-
PD-L1 treatment in HPV + HNSC microenvironment.

This study has elucidated a new mechanism to explain the increased
radiosensitivity of HPV" HNSC. HPV stimulates IL-6 secretion that
promotes polarization of macrophages to an M1 subtype. M1 macro-
phage prevalence is linked to an inflammatory tissue microenvironment
that enhances radiation-induced DNA damage, an important factor in
determining radiation treatment efficacy. While this mechanism in-
volves complex immune networks that will require additional studies to
define in detail, our results suggest that HPV status and M1 macrophage
prevalence may be of value in the design of individualized treatment for
HNSC patients.
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