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Abstract

Background—Pain is one of the first presenting symptoms in patients with head and neck 

cancer, who often develop chronic and debilitating pain as the disease progresses. Pain is also an 

important prognostic marker for survival. Unfortunately, patients rarely receive effective pain 

treatment due to our limited knowledge of the mechanisms underlying head and neck cancer pain 

(HNCP). Pain is often associated with neuroinflammation and particularly IL-1 signaling. The 

purpose of this study is to develop a novel syngeneic model of HNCP in immunocompetent mice 

in order to examine the contribution of IL-1 signaling.

Methods—Male C57BL/6 mice were injected with a murine model of human papillomavirus 

(HPV+) induced oropharyngeal squamous cell carcinoma in their right hindlimb in order to induce 

tumor growth. Pain sensitivity was measured via von Frey filaments. Spontaneous pain was 

assessed via the facial grimace scale. Interleukin (IL)-1β was measured by quantifying gene 

expression via qPCR and ELISA.

Results—Pain hypersensitivity and spontaneous pain develop quickly after the implantation of 

tumor cells, a time when tumor volume is still insignificant. Spinal and circulating IL-1β levels are 

significantly elevated in tumor-bearing mice. Blocking IL-1 signaling either by intrathecal 
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administration of IL-1 receptor antagonist (IL-1ra) or by genetic deletion (Il1r1−/−) does not 

alleviate HNCP.

Conclusion—We established the first syngeneic model of HNCP in immunocompetent mice. 

Unlike inflammatory or nerve injured pain, HNCP is independent of IL-1 signaling. These 

findings challenge the common belief that pain results from tissue compression or IL-1 signaling 

in patients with head and neck cancer.

Introduction

Cancer-associated pain is one of the earliest and most commonly reported symptoms of 

patients with head and neck squamous cell carcinoma (HNSCC) 1,2. In fact, pain is often the 

motivating factor for patients to seek treatment 3,4. Importantly, head and neck cancer pain 

(HNCP) is associated with a poor prognosis 4,5. Patients with HNCP report both 

spontaneous pain and mechanical pain hypersensitivity 6,7. Despite the frequency and 

severity of HNCP, current treatments fail to adequately control pain 8,9.

The mechanisms responsible for the initiation and development of HNCP are not well 

understood. As tumors can be highly inflammatory and pain is a cardinal sign of 

inflammation, it is generally accepted that HNCP results from inflammation 10–12. 

Consistently, preclinical studies show that the proinflammatory cytokine Tumor Necrosis 

Factor (TNF-α) contributes to HNCP while the anti-inflammatory lipid, Resolvin D2, 

alleviates it 13,14. However, these studies used athymic mice which may be an important 

limitation given the contribution of T cells to pain modulation and cancer progression 15–17. 

To overcome these potential limitations, we utilize a syngeneic model of human 

papillomavirus-induced head and neck cancer developed as follows. Oropharyngeal cells 

were isolated from C57Bl/6 male mice and retrovirally transduced to stably express HPV16 

viral oncogenes, E6 and E7, along with H-Ras and luciferase (mEERL cells). As such, when 

injected into immunocompetent mice (wildtype C57Bl/6), tumors grow with characteristics 

that are faithful to the human disease as a validated model of HNSCC 18,19.

Using this model, we tested the hypothesis that neuroinflammation and particularly IL-1 

signaling mediates HNCP. We found an upregulation of Il1b in the spinal cord of mEERL 

tumor-bearing mice. Interleukin (IL)-1β is a common proinflammatory cytokine and 

activation of its receptor (IL-1R1) mediates chronic pain in various clinical conditions and 

preclinical models 20–24. Therefore, we investigated whether blocking IL-1 signaling 

alleviates HNCP.

Methods

Animals

C57BL/6J (WT) and Il1r1−/− (JAX#003245) male mice (10–14 weeks old) purchased from 

Jackson Laboratory (Bar Harbor, Maine) were housed and bred at Michigan State University 

(MSU). Mice were housed in a controlled temperature environment with 12-hour light-dark 

cycle, food and water were available ad libitum. All procedures were approved by MSU 

Animal Care and Use Committee and conformed to the National Institutes of Health Guide 
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for the Care and Use of Laboratory Animals (NIH Publication 86–23) and ARRIVE 

guidelines. Full mouse distribution is described in the attached flow chart.

Head and Neck Cancer Model

To induce HNSCC, we used a validated murine model of human papillomavirus induced 

(HPV+) oropharyngeal squamous cell carcinoma. This model consists of oropharyngeal 

epithelial cells from C57Bl/6 male mice that stably express HPV16 viral oncogenes, E6 and 

E7, H-Ras and luciferase (mEERL cells) 18,19. mEERL cells were grown in a T125 flask 

until confluent, after which cells were trypsinized and harvested, washed three times with 

sterile PBS, and re-suspended in 1 mL of sterile PBS to the appropriate concentration. Mice 

are injected subcutaneously with 20 μl solution containing either 200,000 mEERL cells or 

PBS (vehicle) into the right hindlimb. The injection into the leg instead of the oral cavity is 

justified by the 3R guideline in an effort to reduce distress, inability to feed and easier 

assessment of tumor growth. Although, we have previously validated the conformity of 

HNSCC development in the leg 18,25, the difference in the affected neuraxis: trigeminal 

ganglion-brainstem vs. dorsal root ganglion-spinal cord might have limitations. The day of 

mEERL cells injection is indicated as day 0. Tumor volume was monitored using Vernier 

digital calipers. Mice were terminated by CO2 exposure followed by trans-cardiac perfusion 

with ice-cold PBS.

Behavioral assessment of nociception

Mechanical Pain sensitivity—Mechanical sensitivity was measured using von Frey 

filaments (0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4) starting with the application of 0.4 

filament. Mice were placed on a mesh stand in plastic cages for up to 30 minutes before 

testing for habituation. Mice were prodded on their hind paw with a von Frey filament, A 

positive response was defined as shaking, clear paw withdrawal, or licking of the hind paw. 

The Dixon “up-and-down” method was used to quantify the mechanical force require to 

produce a paw withdrawal response in 50% of mice (paw withdrawal threshold), based on 

the statistical formula used to determine LD50s. Briefly, If there is no response, the next 

filament with a higher force is tested; if there is a response, the next lower force filament is 

tested. The 50% threshold is then calculated using the formula: 50% threshold (g) = 

10(X+kd)/104, where X = the value (in log units) of the final von Frey filament, k = tabular 

value for the response pattern (see Appendix 1 in 26) and d = the average increment (in log 

units) between von Frey filaments26.

Spontaneous pain - The Mouse Grimace Scale—Mouse Grimace Scale (MGS) was 

used to assess spontaneous pain of mice as previously described 27. Briefly, mice were 

enclosed in a small cubicle. The mice were video recorded for a total of 30 minutes and 10 

pictures that showed a clear view of the face were selected for scoring. We modified the 

MGS slightly as we measured only 4 action units of facial expressions on a scale from 0 to 2 

(orbital tightening, nose bulge, cheek bulge and ear position). The whisker unit was omitted 

because of insufficient quality of the videos for some animals. A score of zero indicates the 

mouse is not experiencing spontaneous pain. Each picture was scored based on the 4 facial 

attributes and then averaged. Mice injected with Complete Freund’s Adjuvant (CFA, 20 μl in 

each hind paw, 1 mg/ml, Sigma) served as positive controls 28.
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Behavioral testing was performed and scored by experimenters blinded to treatment and 

genotype.

Drug administration

Recombinant mouse IL-1 receptor antagonist (IL-1ra) (#480-RM-010, R&D Systems, 

Minneapolis, MN) was dissolved in sterile PBS and intrathecally injected (50 ng/5 μl/day) as 

previously reported 23,29.

Quantitative real-time polymerase chain reaction

Spinal cord and liver tissue samples were collected, snap frozen and stored at −80֯C. Total 

RNA was extracted using a modified version of Trizol-chloroform method to improve the 

quality of the isolated RNA 30 and quantified with high-performing Qubit 4 Fluorometer 

instrument (Qubit 4, Invitrogen, Carlsbad, CA). A total of 1 μg RNA was reverse transcribed 

into complementary DNA (cDNA) and quantitative real-time polymerase chain reaction was 

performed using a CFX96 (Biorad). Validated PrimeTime qPCR primers (Integrated DNA 

Technologies, Coralville, IA) were used to quantify the expression of Il1b, Il1rn, Tnf, Csf1r, 
Tlr4, Nfkbia, Gapdh and Acntb. Expression levels were calculated using the ΔΔCT method 

and normalized to Gapdh and Acntb to confirm that housekeeping gene expression is not 

affected by tumor growth. Data are presented as the average relative fold change normalized 

by both housekeeping genes independently and normalized to the control group. In addition 

to the spinal cord where neuroinflammation is a key player in pain regulation, we measured 

Il1b expression in the liver because this organ is enriched in liver-resident macrophages 

(Kupffer cells) which are great producers of IL-1β.

Enzyme-linked immunosorbent assay (ELISA)

Serum IL-1β was quantified by ELISA. Blood was collected by cardiac puncture. Samples 

were allowed to clot at room temperature for 2 hours followed by a centrifuging for 20 

minutes at 2000x g following instructions provided from the Quantikine® HS ELISA kit 

(Cat#MHSLB00, R&D systems, Minneapolis, MN).

Statistical analysis

Differences in behavioral testing and expression levels were assessed by Student’s t-test, 

one-way or repeated-measure two-way ANOVA followed by Bonferroni correction for 

multiple tests, depending on experimental design. Significant differences are indicated in 

graphs as *** = P<0.001, ** = P<0.01, * = P<0.05. The number of animals required to reach 

a statistically significant 30% difference in group means were predicted based on a power 

analysis and previous publication using similar tests. For the power analysis, type I error was 

set at 0.05 and a type II error set at 0.80. Statistical analysis and graphical representations 

are performed using GraphPad Prism V8 (San Diego, CA).

COVID19 shutdown

The University shutdown due to the pandemic and health concern for students and 

employees drastically affected the present research and explains some missing/omitted time 
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points in the last experiments. However, we think that it does not alter the main findings of 

this manuscript.

Results

Implantation of mEERL cells induces evoked- and spontaneous pain

Injection of mEERL cells induces tumor growth which becomes detectable after 15 days 

(Figure 1A) but did not affect body weight (Figure 1B). Based on tumor size, we defined an 

“early” and a “late” phase of tumor growth (Figure 1A). The cut point was chosen on day 15 

when the tumor reaches a measurable size. Pain hypersensitivity develops as early as 4 days 

after mEERL cells administration and pain threshold continues to drop as the tumor grows 

(Figure 1C). To determine whether mEERL cell implantation also induces the more 

clinically relevant non-evoked pain, we also assessed facial grimacing. Administration of 

mEERL cells produces a significant increase of facial grimacing in the early phase of tumor 

growth and induces severe facial grimacing in the late phase of disease. At 30 days post-

injection, facial grimacing in mEERL tumor-bearing mice is similar to CFA-treated mice 

(Figure 1D and Supplementary Figure 1A). Implantation of mEERL tumors induces both 

evoked- and spontaneous pain.

Injection of mEERL cells upregulates spinal Il1b and circulating IL-1β

To determine whether mEERL tumor-induced pain is associated with neuroinflammation, 

we performed qPCR to measure the expression of cytokines and markers of 

neuroinflammation in the spinal cord. Il1b is the only gene upregulated in the spinal cord of 

HNCP mice at both the early and late stages of the disease (Figure 2). Furthermore, injection 

of mEERL cells also increases levels of IL-1β protein in the blood (Figure 3A) and Il1b 
mRNA in the liver (Figure 3B). This upregulation of IL-1β in the circulation and central 

nervous tissues is consistent with previous studies using this model 25,31.

Blockade of IL-1 signaling fails to affect HNCP

To test the effect of IL-1 signaling on HNCP, we injected mEERL cells in a different group 

of WT mice and Il1r1−/− mice. The lack of IL-1R1 does not alleviate pain hypersensitivity 

(Figure 4A) nor spontaneous pain (Figure 4B and Supplementary Figure 1B). Tumor 

development is also not affected by the lack of IL-1R1 (Figure 4C,D). These findings were 

unexpected given the contribution of IL-1 signaling in pain in inflammatory and neuropathic 

models 20–24. It might be possible that compensatory mechanisms take place in transgenic 

animals, to rule out this possibility, on days 15–21 tumor-bearing WT mice are treated with 

either intrathecal IL-1ra or PBS. Il-1ra has no effect on the pain threshold (Figure 5A). We 

confirmed the effectiveness of this antagonist as it significantly decreases Il1b expression 

compared to mice treated with PBS (Figure 5B). Because it is known that Il1b is upregulated 

in response to IL-1 receptor activation as a positive feedback mechanism 21. However, 

circulating IL-1β was not significantly affected (Figure 5C).
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Discussion

The main objective of this study is to establish a novel immunocompetent murine model of 

HNCP to study the potential effect of IL-1 signaling on HNCP. Previous studies used models 

with immunocompromised animals which lack CD8+ T cells that critically modulate chronic 

pain 15,32. Using a well-established syngeneic immunocompetent model of HNSCC, we 

show the rapid development of severe pain hypersensitivity and spontaneous pain in tumor-

bearing mice which is consistent with clinical observations 2,6,7.

A striking finding is that both pain hypersensitivity and spontaneous pain are present before 

tumors reach a measurable size. Pain hypersensitivity, a very sensitive measure, is detectable 

4 days after the injection of mEERL cells; such an early event suggests that a biological 

mechanism such as secreted factors by the tumor triggers the development of pain rather 

than tissue and/or nerve compression. Moreover, in this model, pain is not dependent on 

tumor size. To our knowledge, our study is also the first to use the MGS in a model of 

HNCP. In the late phase of the disease, facial grimacing induced by mEERL tumors is 

similar to that induced by CFA, a well-established model of severe inflammatory pain 28.

While neuroinflammation and IL-1 signaling often underlies chronic pain conditions 20–24, 

blocking IL-1 signaling in this model was insufficient in alleviating evoked- and 

spontaneous pain. Even if we targeted only IL-1 signaling, it is unlikely that 

neuroinflammation plays a role in this model because none of the inflammatory markers are 

upregulated, even at the terminal stage. Consistent with our findings, IL-1 signaling also 

does not contribute to cancer-induced fatigue 31 which is also in contrast with preclinical 

models of endotoxin/inflammation-induced fatigue 33.

The present data are in opposition to previous studies utilizing athymic murine model of 

HNCP in which neuroinflammation and cytokines play important roles 13,14. These 

discrepancies may be explained by the important role of T cells in pain modulation 15. We 

and others have shown that behavioral alterations such as pain and depression-like behavior 

in response to inflammation are critically regulated by T cells 28,32,34–36. One of the 

potential explanations is the production of anti-inflammatory mediators and/or endogenous 

opioid ligands by T cells that reverse inflammation-induced neuronal hyperexcitability 34,35.

The elevated levels of circulating and spinal IL-1β could result from multiple cellular 

sources; cancer cells and immune cells in response to the tumor25. While we demonstrate 

that IL-1 signaling does not contribute to HNCP, its role in this model remains 

undetermined. Even if IL-1β is the only cytokine upregulated, we cannot exclude a potential 

role of other proinflammatory cytokines.

Instead of neuroinflammation, the tumor might induce pain by altering the nervous system 

bioenergetic status37. Indeed, recent data support a strong link between mitochondrial 

function in sensory neurons and pain 38,39. Additionally, tumor-infiltrating nerves may also 

contribute to HNCP7. HNSSC are often highly innervated and intriguingly, they are mostly 

innervated by transient receptor potential vanilloid (TRPV)1-positive fibers 18. TRPV1 is 

both a marker of nociceptors and a nociception generator upon activation. The acidic tumor 

microenvironment may facilitate persistent activation of TRPV1 and chronic pain 40. 
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Secreted factors by tumor cells such as neurotrophic factor may also contribute to HNCP but 

future studies using our immunocompetent syngeneic model will be required to address 

these questions 18,41.

In summary, we established a novel murine immunocompetent syngeneic model of HNCP, 

and we show that HNCP is not mediated by IL-1 signaling. Based on the present data, anti-

inflammatory therapeutic strategies for HNCP may be limited in efficacy, and further 

investigation into the non-neuroinflammatory mechanisms of HNCP are necessary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary of Terms

cDNA Complementary DNA

CFA Complete Freund’s Adjuvant

HNCP Head and Neck Cancer Pain

HNSCC Head and Neck Squamous cell carcinoma

HPV Human Papillomavirus

IL1 Interleukin-1

IL-1ra Interleukin-1 Receptor Antagonist

Il1r1−/− Interleukin-1 receptor knockout

mEERL murine E6, E7, h-Ras, Luciferase

MGS Mouse Grimace Scale

MSU Michigan State University

NGF Nerve Growth Factor

OPSCC Oropharyngeal Squamous Cell Carcinoma

TRPV Transient Receptor Potential Vanilloid

TNF-α Tumor Necrosis Factor-α
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Key Points

• Question: Does IL-1 signaling contribute to HNCP?

• Findings: In an immunocompetent syngeneic model, HNCP is independent 

of IL-1 signaling.

• Meaning: Anti-inflammatory therapeutic strategies to HNCP may be limited 

in efficacy and it is critical to use immunocompetent model to assess the 

contribution of inflammation to HNCP.
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Figure 1. mERRL cells induce pain hypersensitivity and spontaneous pain.
A) mEERL tumor growth curve. A dashed line separates “early” and “late” phase. B) Body 

weight is identical in healthy and tumor-bearing mice. Two-way ANOVA F(6, 42) = 0.15, p 

= 0.98 (no significant difference). C) Mechanical pain sensitivity is monitored with von Frey 

filaments. A dashed line separates “early” and “late” phase. Tumor-bearing mice show 

significant pain hypersensitivity 2-way ANOVA followed by Bonferroni’s multiple 

correction test (cancer effect F(1,12) = 111, p<0.0001, n = 7/group). D) Mouse facial 

grimace assessment is performed at 14 and 30 days post-injection in different groups of 

tumor-bearing mice (one-way ANOVA F(3,17) = 17.6, p<0.0001, n = 5–7/group) and 24 h 

post-CFA which serves as positive control. Graphs C and D result from 3 different 

experiments performed by 3 different experimenters in different animal facilities.
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Figure 2. mEERL tumor upregulates Il1b in the spinal cord.
Normalized mRNA expression levels of inflammatory markers in the spinal cord at 15 (A, E 

= early phase) and 30 (B, L = late phase) days after mERRL cells injection. A) Effect of 

mEERL cells on overall gene expression: 2-way ANOVA (injection factor) F(1, 48) = 1.69, 

p = 0.20. To analyze individual gene: Fisher’s correction for multiple tests saline vs mEERL 

Il1b p = 0.048, n = 5–6 mice /group. All other genes are not significantly affected by the 

mEERL tumor. B) Two-way ANOVA cancer effect F(1,66) = 21.0, p<0.0001 and gene x 

cancer interaction F(5, 66) = 10.7, p<0.0001, to analyze individual gene: Fisher’s correction 

for multiple tests saline vs mEERL Il1b p<0.0001, n = 6–7 mice /group. All other genes are 

not significantly affected by the mEERL tumor.
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Figure 3. mEERL tumors increase systemic IL-1β.
A) Serum IL-1β assessed by ELISA at 15 (E = early) and 30 days (L = late). One-way 

ANOVA F(2, 12) = 15.9, p<0.0004, n = 5/group. Multiple comparisons: Saline vs E p = 

0.91, Saline vs L p = 0.0005 and E vs L p = 0.0033. B) mRNA levels of Il1b in the liver at 

15 and 30 days. One-way ANOVA F(2, 16) = 24.8, p<0.0001, n = 5–8/group. Multiple 

comparisons: Saline vs E p = 0.84, Saline vs L p<0.0001 and E vs L p = 0.0002.
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Figure 4. The lack of IL-1R1 does not affect mEERL tumor-induced pain.
A) Pain hypersensitivity measured by von Frey filaments is similar in WT (C57BL/6) and 

Il1r1−/− mice. Two-way ANOVA (genotype effect) F(1, 10) = 0.05, p = 0.81 (no significant 

difference between genotype). B) Facial grimacing in tumor-bearing mice is identical in WT 

(C57BL/6) and Il1r1−/− mice. C) mEERL tumor growth curve. D) Body weight at 

termination (n = 6 mice /group). No statistical difference between WT and Il1r1−/− mice.
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Figure 5. Blocking IL-1 signaling does not alleviate HNCP.
A) Intrathecal injection of IL-1 receptor antagonist (IL-1ra) does not reduce mEERL tumor-

induced pain hypersensitivity. IL-1ra was injected daily from day 15 to day 21, 2-way 

ANOVA (drug effect) F(1, 8) = 2.61, p = 0.15 (no significant difference between genotype), 

n = 5 mice/group. B) IL-1ra reduces the expression of Il1b in the spinal cord 21 days after 

cancer cells injection (unpaired t-test p = 0.0003, t = 6.02, df = 8). C) Serum IL-1β assessed 

by ELISA at 21 days (unpaired t-test p = 0.210, t = 1.36, df = 8), n = 5 mice/group.
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