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Pilot clinical trial of neoadjuvant
toll-like receptor 7 agonist
(Imiquimod) immunotherapy in
early-stage oral squamous
cell carcinoma
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Tina R. Woods1, Bhishamjit S. Chera1, Farzad Nourollah-Zadeh1,
Byung J. Lee1, Subramanya Pandruvada1, Antonis Kourtidis1,
Christina Kingsley1, Elizabeth C. O’Quinn1, Stephanie Mills1,
Victoria C. Jordan1, Mike Spencer4, Danielle Fails4,
Trevor D. McKee5, Mark Zaidi5, Alan Brisendine1, Shane Horn1,
Shikhar Mehrotra1, Besim Ogretmen1 and Jason G. Newman1

1Medical University of South Carolina, Charleston, SC, United States, 2Northwell Health Cancer
Institute, New Hyde Park, NY, United States, 3Columbia University Irving Medical Center, New York,
NY, United States, 4Fortis Life Sciences, Montgomery, TX, United States, 5Pathomics, Toronto,
ON, Canada
Background: There is no neoadjuvant immunotherapy for early-stage oral

cancer patients. We report a single-arm, open-label, pilot clinical trial assessing

the efficacy and safety of topical toll-like receptor-7 (TLR-7) agonist, imiquimod,

utilized in a neoadjuvant setting in early-stage oral squamous cell

carcinoma (OSCC).

Methods: The primary endpoint is reduction in tumor cell counts assessed by

quantitative multiplex immunofluorescence and the immune-related pathologic

response. The secondary endpoint is safety.

Results: 60% of patients experienced a 50% reduction or greater in tumor cell

count post-treatment (95% CI = 32% to 84%). Similarly, 60% of patients had

immune-related major pathologic response (irMPR) with two complete

pathologic responses, and 40% had partial response (PR) with the percent

residual viable tumor ranging from 25% to 65%. An increase in functional

helper and cytotoxic T-cells significantly contributed to a reduction in tumor

(R=0.54 and 0.55, respectively). The treatment was well tolerated with the

application site mucositis being the most common adverse event (grades 1-3),

and no grade 4 life-threatening event. Themedian follow-up time was 17months

(95% CI = 16 months - not reached), and one-year recurrence-free survival was

93% of evaluable patients.
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Conclusion: Neoadjuvant imiquimod immunotherapy could be safe and

promising regimen for early-stage oral cancer.

Trial registration: ClinicalTrials.gov, Identifier NCT04883645.
KEYWORDS

oral cancer, neoadjuvant clinical trial, toll-like 7 receptor agonist, imiquimod,
immunotherapy
Introduction

Immunotherapy in a neoadjuvant setting is a promising

approach to complement definitive surgery in head and neck

cancer (1–3). The neoadjuvant use of immunotherapy as opposed

to adjuvant setting is associated with improved clinical outcomes

due to the stronger antitumor immune response generated in the

presence of tumor (4, 5). We conducted a pilot clinical trial using

immunomodulatory agent, toll-like receptor 7 (TLR)-7 agonist

(imiquimod 5% cream) pre-operatively. Imiquimod exerts an

anti-tumor effect by stimulating innate and adaptive immunity

(6–11). Moreover, imiquimod increases tumor cell apoptosis by

shifting the proapoptotic and antiapoptotic Bcl factors toward the

proapoptotic Bax protein, and by stimulating the release of

mitochondrial cytochrome c into the cytosol, activating caspase-9

and caspase-3 (6–11).

Oral squamous cell carcinoma (OSCC), the most common type

of head and neck cancer, is typically treated with surgical resection

followed by irradiation or chemotherapy if indicated (12–15). In

recent years, immunotherapy has emerged as a promising

therapeutic option in treating head and neck cancer (16). OSCC

harbor an anatomical advantage compared to other solid tumors, as

they are easily accessible to physical examination owing to direct

accessibility and visibility, allowing for self-application of drugs and

real-time monitoring without the need for imaging studies (2, 6).

Hence, topical treatment with imiquimod in the neoadjuvant

setting is an attractive therapeutic strategy for patients with early-

stage OSCC. Direct application of therapy agent maximizes local
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bioavailability while ensuring minimal systemic toxicity.

Imiquimod absorbed through mucosa primes and initiates an

antitumor immune response, contributing to improved clinical

outcomes (17, 18).

We performed an open-label, single-agent pilot study to

evaluate neoadjuvant topical imiquimod’s antitumor activity and

safety in patients with early-stage OSCC. We also assessed a shift in

the tumor microenvironment (TME) immune profile, PD-L1

expression-based biomarker, and one-year recurrence-free

survival. This is the first neoadjuvant imiquimod clinical trial in

early-stage oral cancer patients.
Patients and methods

Patients

Eligible patients had newly diagnosed and histology-confirmed

OSCC, with clinical T1 or T2 (American Joint Committee on

Cancer, 8th Ed [AJCC 8]) without nodal involvement (N0) and

distant metastases (M0) assessed by imaging studies (TNM Stages I

and II), and Eastern Cooperative Oncology Group (ECOG)

Performance Status ≤2. The patients were treatment-naïve and

planned for surgical resection with curative intent.
Trial design

This was a single-arm, open-label pilot trial to assess the

feasibility, efficacy, and safety of utilizing imiquimod 5% cream

applied topically in a neoadjuvant setting for 28 days immediately

followed by surgical resection of the tumor. The trial was conducted

following the protocol approval from the Institutional Review

Boards. Patients were enrolled at Columbia University Irving

Medical Center (CUIMC) in New York, NY from September

2021 to February 2022, and at Medical University of South

Carolina (MUSC) in Charleston, SC from May 2022 to

September 2023.

Topical imiquimod 5% cream was self-administered starting

day 1 of a 28-day cycle. Patients applied the cream directly onto the

tumor and the surrounding area at bedtime, left it on for 20
frontiersin.org
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minutes, and rinsed thoroughly. Self-application of imiquimod was

performed daily for 28 days, and the date and time of the

application were documented in the Daily Diary form. Clinical

tumor size was measured at the baseline, midpoint (14 days into the

trial), and post-therapy by measuring the longest perpendicular

bidirectional size of the clinically visible lesion. The adverse events

(AEs) were recorded and graded for safety evaluation according to

the NCI Common Terminology Criteria for Adverse Events

(CTCAE version 5.0) throughout the treatment period.

The primary endpoint was a minimum of 50% reduction in tumor

cell count assessed by quantitative multiplex immunofluorescence

(qmIF) within the tumor bed of the surgical tissue (post-treatment)

compared to the biopsy tissue (pre-treatment). In addition, the major

pathologic response was assessed using Immune-Related Pathologic

Response Criteria (irPCR) in the tumor bed of the post-treatment

surgical tissue. The secondary endpoint was treatment-related toxicity

graded by CTCAE, defined as safe if no life-threatening (Grade 4) is

reported. The correlative endpoint was a shift in antitumor immune

profile in post-treatment tissue compared to pre-treatment tissue

measured by qmIF. PD-L1 expression was evaluated on tumor and

tumor-infiltrating immune cells to assess the combined positivity

score (CPS). The electronic chart review was conducted every 12

weeks to determine recurrence and survival status. The one-year

recurrence-free survival (RFS) was measured from the time of

surgery to the time of biopsy-confirmed recurrent OSCC.

The study was approved by the Institutional Review Board and

conducted in accordance with institutional and federal guidelines

for human investigation in accordance with the Declaration of

Helsinki. All participants were informed of the investigational

nature of the study and provided written informed consent prior

to enrollment. Ongoing safety oversight was conducted by the

Institutional Review Board and Safety Monitoring Committee.
Pathologic analyses

Immune-related Pathologic Response Criteria were used to

assess the pathologic response to immunotherapy (19–21). The

H&E stained slides were prepared from formalin-fixed, paraffin-

embedded surgical specimens. Two board-certified pathologists

blinded to patient outcome scored the slides by identifying the

areas of tumor bed and residual viable tumor. The tumor bed was

defined as the sum of 1) residual viable tumor (RVT), 2) necrosis,

and 3) regression bed characterized by the presence of dense tumor-

infiltrating lymphocytes (TIL) infiltrates, tertiary lymphoid

structure (TLS), features of cell death (keratinous debris and giant

cells), and tissue repair (neovascularization, fibrosis). The %irRVT

was calculated as RVT area/tumor bed area x 100. If the estimate of

%irRVT differed by >10% between two pathologists, a third

pathologist served as an adjudicator to finalize the score. pCR

(complete response) was defined as 0% irRVT, irMPR (major

pathologic response) as <10% irRVT, PR (partial response) as >10

to 90% irRVT, and irNR (no response) as >90% RVT.
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Quantification of tumor and immune cells

Tissues were macrodissected to separate the tumor bed from the

overlying surface epithelium and surrounding stroma in the biopsy

and surgical tissues by a pathologist blinded to the pre- and post-

treatment samples. Tumor and immune cells in the TME were

quantified using qmIF. The slides were stained with pan-cytokeratin

using Lunaphore Comet automated stainer (Fortis Life Sciences,

TX) for quantification of pan-cytokeratin (pan-CK) positive tumor

cells (22). In addition, tumor cells were assessed for proliferating cell

nuclear antigen (PCNA) expression. Similarly, the immune profile

between the pre- and post-treatment TME was compared using

qmIF. To characterize immune cells, the markers for CD3 (T-cells),

FoxP3 (Regulatory T-cells), CD4 (Helper T-cells), CD8 (Cytotoxic

T-cells), PD-L1 (Immune response co-inhibitory factors on tumor

and macrophages), CD45 (Lymphocytes), CD45RO (memory T-

cells), Granzyme B (T-cell activation), CD68 (Macrophages)

were used.

The digital image analysis and quantification, segmentation,

and classification of immunofluorescence-positive cells were

meticulously overseen by a pathologist, adhering to the

methodology previously outlined (23). Initially, images were

imported into the QuPath (RRID: SCR_018257) version 0.3.2.

Cellular segmentation was executed using the StarDist algorithm.

To ensure accuracy, marker-specific thresholds were established

using a composite image that encapsulated representative samples

from the entire image batch. These individual thresholds were

amalgamated to form a composite classifier, enabling the

categorization of each cell into distinct classes based on marker

positivity. Within 6-8 regions of interest (ROI), quantitative

analyses were conducted to enumerate the cells corresponding to

each marker or combination thereof. This count was then

standardized against the total area of the tissue region under

examination, thereby deriving cell-type density metrics and

expressed as cells/mm2.
Spatial score analysis

Spatial Score was calculated to generate mean spatial ratios per

sample between permutations of sets of 3 cells (26, 27). The X/Y

coordinates for each cell type were determined during cellular

segmentation. The minimal distance between each cell type and

its nearest other cell types and the averages of these minimal

distances per tissue spot were calculated in a python script

adapted from the original R script (github.com/nolanlab/

SpatialScore). To assess the relationship of cell distances between

three cell types [Tumor cell (C1), T-cell (C2), and Macrophage

(C3)], the minimal distances between CT1-CT2 (left distance)

versus CT2-CT3 (right distance) were calculated. This distance

ratio (Spatial Score) was determined as left distance/right distance.

The median ratio from all samples was compared between pre- and

post-treatment.
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Assessment of PD-L1 expression

The tumor proportion score (TPS), which measures the

proportion of residual viable tumor cells expressing PD-L1, and

the combined positive score (CPS), which measures the proportion

of PD-L1 on both tumor cells and macrophages, were assessed using

qmIF (24, 25). CPS was defined as the proportion of PD-L1+ tumor

cells divided by the sum of PD-L1+ tumor cells and PD-L1+

immune cells. The TPS cutoff values were 1% and 50%. The

threshold for CPS was <1%, 1-9%, 10-19%, and >20%.
Statistical analysis

Based on the sample size calculation, with 15 subjects and an

estimated response rate of 0.5, we would achieve the 95% confidence

interval (CI) of 0.239 to 0.761, using a two-sided exact binomial test with

a type I error of 0.05. Baseline characteristics were summarized using

median and range for continuous variables and frequency and percent

for categorical variables. For tumor size, we reported median percent

change from pre- to post-therapy and tested the significance of the

change from baseline using the Wilcoxon signed rank test with

continuity correction. The mean pre- and post-treatment tumor cell

count/mm2 is reported with standard deviation, and the significance of

differences in cell counts was assessed using the Wilcoxon signed rank

exact test andWilcoxon signed rank test with continuity correction. The

proportion of patients experiencing a reduction in tumor cell count/mm2

from pre- to post-therapy of at least 50% was summarized as a

percentage and an exact binomial 95% confidence interval. The

percentage of patients with irMPR, PR, and irNR in surgical

specimens was reported with the range. The significance of the change

in cell counts for immune markers comparing post-therapy to pre-

therapy was performed using Wilcoxon signed rank test with continuity

correction as needed. The PD-L1 expression assessed in terms of TPS

and CPS, and the spatial ratio between macrophages, T-cells, and tumor

cells are reported in descriptive summaries. Recurrence-free survival

(RFS) was defined as the time from surgery to disease recurrence/death

due to any cause or date of last follow-up, whichever occurred first. RFS

was censored for patients free of recurrence at the last date of follow-up.

Only patients with a recurrence or minimum follow-up of 1 year were

evaluated and included in the one-year RFS analysis. Due to only one

recurrence among 14 RFS-evaluable patients, analysis was limited to

descriptive summaries. The median follow-up time for the evaluation of

RFS was calculated using the reverse Kaplan-Meier (KM) method. All

analyses were performed using R version 4.3.0. All hypothesis tests were

two-sided, and p-values < 0.05 were considered statistically significant.
Results

Patients and demographics

A total of sixteen patients with new primary early-stage oral

cancer were enrolled from 2021 to 2023, and fifteen patients received
Frontiers in Immunology 04
trial therapy and were evaluated for safety and anti-tumoral response.

One patient with a history of myocardial infarction had sudden

cardiac death less than two weeks into the trial and was subsequently

excluded from analyses. All 15 patients underwent surgical resection

within two weeks of imiquimod therapy completion. The patient

characteristics of fifteen evaluable patients are in Table 1.
TABLE 1 Baseline characteristics of the 15 study patients.

Characteristics (n=15) Counts (%)

Age, median (range) 65 (52-87)

Gender

Female 6 (40%)

Male 9 (60%)

Race

White 12 (80%)

Black 2 (13%)

Asian 1 (7%)

Ethnicity

Non-Hispanic/Latino 14 (93.%)

Hispanic or Latino 1 (7%)

ECOG performance status score

0 15 (100%)

1 0

2 0

Smoker

No 7 (47%)

Former, <10 pack-year 5 (33%)

Former, > 10 pack-year 2 (13%)

Current 1 (7%)

Tumor site

Tongue (lateral and/or ventral) 9 (60%)

Floor of mouth 2 (13%)

Palate (soft and/or hard palate) 2 (13%)

Gingiva/alveolar mucosa 2 (13%)

Histologic grade

Well-differentiated 7 (47%)

Moderate- to poorly-differentiated 8 (53%)

Clinical TNM Stagea

I 10 (67%)

II 5 (33%)
a American Joint Committee on Cancer, 8th Edition staging.
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Safety and tolerability

Adverse events (AEs), at least possibly related to the study

treatment, occurred in 14 out of 15 patients. Table 2 summarizes the

number of patients with treatment-related toxicities by NCI

CTCAE grade. The most common therapy-related AEs were

application site mucositis and discomfort. Short dose interruption

(<10% of total treatment duration) occurred in two patients (13%)

due to toxicity interfering with oral intake. Two patients (13%)

reported fatigue during the first two weeks following the start of the

study, with subsequent resolutions. No life-threatening (grade 4)

AEs were reported. All patients completed the imiquimod therapy

and received scheduled surgery. AEs reported by individual

participants are shown in Supplementary Table 1.
Antitumor activity

A median of 45% reduction in clinical size (IQR = -55, -28;

p=0.001) was noted. The clinical tumor size was measured by

examining the longest perpendicular bidirectional dimensions

(Figure 1A). Fourteen (93%) patients experienced a regression in

clinical tumor size after the treatment. One patient had no change in

the overall size. However, the rough and irregular surface of the

exophytic tumor at baseline regressed to a nearly flat lesion by the

endpoint (Supplementary Figures 1A-F).

The tumor cell numbers were quantified using quantitative

multiplex immunofluorescence (qmIF) from the tumor bed

macrodissected from the biopsy and surgical tissues (Figure 1B).

A significant reduction in tumor cell count was observed post-

treatment compared to pre-treatment (p=0.007) (Figure 1C). Nine

(60%) patients experienced a >50% reduction in tumor cell count

after the treatment (95% CI = 32% to 84%). The baseline expression

of PCNA on tumor cells was low. An insignificant decrease in

PCNA expression was observed after the treatment.

The pathologic response in terms of irRVT ranged from 0 to 65%,

with a median of 10% irRVT. The tumor regression bed was

characterized by inflammatory infiltrates, keratin debris surrounded
Frontiers in Immunology 05
by histiocytes, neovascularization, and fibrosis. None of the cases

exhibited necrosis. Based on the analysis of surgical specimen using

irPRC, nine patients (60%) had irMPR (Figure 2A), two (13%) of

whom had a complete pathologic response with no residual tumor

(Figure 2B). Six patients (40%) had PR (Figure 2C). All patients showed

pathologic response to immunotherapy (no irNR), as illustrated in

Figure 2D. The change in clinical tumor size, tumor cell count, %

irRVT, and pathologic response in terms of pCR, irMPR, PR, and irNR

for individual patients is summarized in Supplementary Table 2.
Immune-mediated treatment response

To assess the antitumor immune activity, immune cell

composition in the tumor bed from paired pre- and post-

treatment tissues was evaluated in all fifteen patients by qmIF. As

shown in Figure 3, the most striking findings were a 709% increase

in cytotoxic T-cells (p=0.01) and a 593% increase in helper T-cells

(p=0.003). 503% and 461% increase in memory cytotoxic and helper

T-cells, respectively, were also noted. Although not significant, an

increase in regulatory T-cells by 380% was detected. Spearman’s

rank correlation assessed the contribution of changes in various

tumor-infiltrating lymphocytes (TILs) to the reduction in tumor

cell count (Table 3). Both activated cytotoxic and helper T-cells

significantly correlated with the reduction in tumor cell count

(R=0.55; p=0.036 and R=0.54; p=0.039, respectively), but not the

memory T-cells.

The spatial topography of helper and cytotoxic T-cells to tumor

cells relative to the proximity of these T-cells to macrophages was

measured to explore their spatial relationships. In the pre-treatment

tissue, a lower ratio (helper and cytotoxic T-cells in close proximity

to tumor than to macrophage) was observed. After the treatment,

the helper and cytotoxic T-cells were in closer proximity to

macrophage than tumors resulting in a higher spatial ratio as

shown in Figure 4. The helper and cytotoxic T-cells and all T-

cells were closer in distance to tumor cells before the therapy and

shifted closer to macrophages post-therapy.
PD-L1 expression

PD-L1 expression analysis was performed using the quantified

data obtained from qmIF. Supplementary Figure 2 shows a heatmap

of the total tumor cell count, total number of tumor and immune

cells expressing PD-L1, and PD-L1+ tumor and macrophage count

within the tumor bed. As shown in Table 4, there was no change in

the median PD-L1+ tumor cell numbers post-treatment. However,

there was a slight reduction in PD-L1+ macrophage cell counts

(p=0.041), while the median percent change showed an increase

(158%, p=0.007).

TPS accounting for proportions of PD-L1+ viable tumor cells

and CPS inclusive of PD-L1+ tumor and immune cells correlated

with irRVT and cancer recurrence is shown in Table 5. TPS

positivity (≥1%) was found in 7 patients pre-treatment and 7

patients post-treatment. At baseline, CPS <1% was observed in 7

patients, 1-9% in 5 patients, 10-19% in 0 patients, and >20% in
TABLE 2 Therapy-related adverse events experienced in fourteen of
fifteen patients assessed by NCI Common Terminology Criteria for
Adverse Events Version 5.0 (CTCAE) grade.

Adverse Event Grade
Patients (n=15)

Any 1 2 3

Oral mucositis 12 5 6 1

Oral pain/Sore throat 6 2 3 1

Fatigue 2 1 1

Oral hemorrhage 1 1

Nausea 1 1
CTCAE Grades:
1= asymptomatic or mild
2= moderate, interventions indicated
3= severe, interfering with oral intake
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3 patients. Following imiquimod therapy, CPS <1% was observed in

2 patients, 1-9% in 7 patients, 10-19% in 0 patients, and >20% in 6

patients. Pre-treatment TPS and CPS were <5% (range 0-3%) for all

nine patients with irMPR. Interestingly, one patient who had

recurrent cancer exhibited the highest pre-treatment CPS of 102%.
Recurrence-free survival

Fourteen patients had sufficient follow-up and were evaluable

for one-year RFS via electronic chart review. Median follow-up was

17 months (95% CI = 16 months - not reached) based on the reverse

KM approach. Following neoadjuvant imiquimod therapy and
Frontiers in Immunology 06
surgical resection, 13 (93%) of 14 patients had recurrence-free 1-

year survival. One patient developed a recurrent OSCC immediately

adjacent to the previous tumor site approximately six months after

the surgery despite negative surgical margins. The lesion was

subsequently resected, and the patient had no further evidence of

disease. The duration of follow-up and the one-year recurrence-free

survival status of individual patients are shown in Table 6.
Discussion

Neoadjuvant use of imiquimod prior to surgical resection of early-

stage oral cancer was feasible and well tolerated. The primary efficacy
FIGURE 1

Measure of antitumor activity. (A) Clinical tumor size measurement. (B) Tumor bed area macrodissected for quantitative multiplex immunofluorescence
(qmIF) analyses. (C) Tumor cell count reduction post-treatment (right) compared to pre-treatment (left) assessed by qmIF in 1 mm2 (cells/ mm2).
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endpoint of >50% reduction in tumor cell count was met in 60% of

patients, and the secondary safety endpoint in all participants. With

direct access to the tumors, the clinical tumor size was obtained by

measuring the longest perpendicular bidirectional size of the clinically

visible lesion instead of using response evaluation criteria in solid

tumors (RECIST). Immune-related pathologic response criteria

(irPRC) is a standardized, universal scoring system for assessing

pathologic response to immunotherapy, inclusive of immune-

mediated tumor regression (19, 20, 28). Similar to RECIST, the

measure of clinical size is limited in accurately assessing the percent

residual viable tumor (irRVT) from the tumor bed, resulting in

discrepancies in response rates between clinical and pathologic

assessments (19). In attempts to eliminate interobserver variability

during the pathologic analysis and scoring, the tumor bed area was

macrodissected, and tumor cells were quantified using qmIF. However,

an increase in tumor cell counts despite the reduction in clinical tumor

size was observed in three patients. This may be explained by the

biopsy taken from a less dense tumor area compared to the most

tumor-populated area selected from the surgical tumor specimen for

analysis, a limiting factor for tumor cell quantification-based therapy

response assessment. irRVT of these three patients demonstrated

immune-mediated tumor regression. Hence, irPRC method
Frontiers in Immunology 07
complements the qmIF-based tumor cell quantification strategy for

assessing antitumor response to immunotherapy.

In our study, all patients received scheduled surgery within 29-42

days of initiating imiquimod therapy, demonstrating the feasibility of

neoadjuvant imiquimod therapy without delay in surgery. Significant

local progression and lymph nodal metastasis are found with time-to-

treatment initiation >70 days (29). Hence, minimizing the time lapse

between initial diagnosis and definitive surgery was crucial in our

pilot neoadjuvant trial. Imiquimod was well-tolerated with no life-

threatening (grade 4) toxicity. One-year recurrence-free survival was

93% in fourteen evaluable patients. For early-stage OSCC, one-year

recurrence-free survival rate is 80% for those treated with surgery and

neck dissection (30). Although statistical analysis could not be

conducted with a limited sample size, our data suggests a

recurrence-free survival benefit of neoadjuvant imiquimod therapy.

Imiquimod induces a marked increase in tumor-infiltrating

cytotoxic and helper T-cells, which exerts antitumor activity (31,

32). Indeed, functional cytotoxic and helper T-cells increased by

~500% and significantly correlated with a reduction in viable tumor

cell count. Our finding concordances with others reporting a

correlation between increase in TILs and pathologic response in

oral cancer patients receiving neoadjuvant immunotherapy (33–
FIGURE 2

The measure of immune-mediated antitumor activity by (A) assessing the residual viable tumor (irRVT; white dashed line) in the tumor bed of post-
treatment surgical specimen, showing major pathologic response with ≤10% irRVT. (B) Pathologic complete response. (C) Partial response (>10-90%
irRVT). (D) Summary irRVT of all study participants.
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35). There were 503% and 461% increase in memory cytotoxic and

helper T-cells. An increase in memory T-cells correlated with the

absence of signs of early metastatic invasion, a less advanced

pathological stage, and improved survival (36). In our study, an

unexpected increase in regulatory T-cells (Tregs) was observed,

although not significant. Imiquimod, similar to tremelimumab

(anti-CTLA-4 antibody IgG2 isotype), may replenish effector and

memory TILs without influencing the proportion of Tregs (37).

PD-L1 expression on tumor cells, TILs, and macrophages is

associated with treatment response and resistance to immune-
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checkpoint inhibitors (32). Pre-treatment PD-L1 expression by

tumor cells was low. This is consistent with others reporting 24-

35% PD-L1 positivity in OSCC tumor tissue samples (38). A minimal

change in the number of PD-L1+ tumor cells was observed after the

treatment. Quantification of PD-L1+ macrophages showed a slight

decrease in cell count but a median increase of 158% post-therapy.

Unlike immune checkpoint inhibitors, imiquimod may not

participate in modulating the PD-L1 pathway.

It is important to note that immune cell deprivation in TME is

considered more detrimental in dampening antitumor activity than

high PD-L1 expression (39). Imiquimod activates macrophage-

mediated tumor cell killing by effectively transforming

immunosuppressive M2-tumor associated macrophages (TAMs)

to immunosusceptible M1-TAMs (31, 32). In our study, spatial

analysis showed both helper and cytotoxic T-cells moving closer to

macrophage after imiquimod therapy. This conflicts with immune

checkpoint inhibitor studies reporting closer proximity between

tumor and T-cells compared to macrophage and T-cells post-

therapy, corresponding to improved therapeutic response (26,

27). TAM reprogramming induces macrophage-mediated killing

of cancer cells, and recruitment and activation of innate and

adaptive lymphoid cells (32). Taken together, imiquimod may

induce a strong and coordinated infiltration of activated TILs in

TME by functional reprograming of TAMs, a crucial antitumor
FIGURE 3

Tumor-infiltrating lymphocyte (TILs) counts pre- and post-treatment assessed by quantitative multiplex immunofluorescence analysis. The results
are expressed as the average cell density in 1 mm2 (cells/ mm2). A significant increase in functional helper and cytotoxic T-cells and memory T-cells
is observed.
TABLE 3 Correlation between median percent change in TILs and
reduction in tumor cell count pre- and post-treatment assessed by
quantitative multiplex immunofluorescence analysis.

T-cells R¹ 95% CI¹ p-value2

Functional Th-Cells 0.54 (0.06,0.84) 0.039

Activated Tc 0.55 (-0.06,0.97) 0.036

Memory Th 0.45 (-0.13,0.83) 0.097

Memory Tc 0.49 (-0.04,0.87) 0.065
1R = Rho, CI = Confidence Interval1R = Rho, CI = Confidence Interval
2Spearman’s rank correlation
Th, helper T-cell; Tc, cytotoxic T-cell; Treg, regulatory T-cells.
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activity that may overcome PD-L1-mediated immune evasion.

Further study is needed to fully understand the complex

mechanistic and spatial interactions between cell types and their

impact on effector cell function.
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Nevertheless, PD-L1 expression may be a marker of treatment

response and recurrence-free survival. The combined positive score

(CPS) accounting for PD-L1 expression of both tumor and immune

cells is more prognostically valuable than the tumor proportion
FIGURE 4

Spatial Score between tumor, helper and cytotoxic T-cells, and macrophage, pre- and post-treatment. The spatial score is an average of minimal
distance between each cell type and its nearest other cell types. A low ratio reflects T-cells in proximity with the tumor cells relative to macrophages
and a high ratio is T-cells in proximity with the macrophages relative to tumor cells.
TABLE 4 The median percentage change of PD-L1+ tumor cells and macrophages by quantitative multiplex immunofluorescence analysis.

Marker Indication Pre-
treatment1

Post-
treatment1

Difference
(p-value)2,3

Median
% Change

IQR
(25th-75th)

p-value2

CK+PD-L1+ Tumor-induced
immune suppression

146 ± 316 126 ± 431 +976
(0.780)

0% (64, 208) 0.0931

CD68+
PD-L1+

Macrophage-mediated
immune suppression

177 ± 551 124 ± 231 -53
(0.041)

158% (14, 162427) 0.0072
1Wilcoxon signed rank test with continuity correction.
2Wilcoxon signed rank exact test
The results are expressed as the average cell density in 1 mm2 (cells/ mm2).
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score (TPS), which measures the expression of PD-L1 on tumor

cells only (39). In our study, pre-treatment TPS and CPS correlated

with the treatment response (irRVT). One patient who had a cancer

recurrence had the highest pre-treatment CPS, indicating that pre-

treatment CPS may have prognostic significance.

Imiquimod is available on the market as a 5% cream (Aldara®)

and Food and Drug Administration (FDA)-approved for topical

therapy for anogenital warts, actinic keratosis, and superficial basal

cell carcinomas (40). The off-label use of imiquimod has

demonstrated efficacy in treating oral dysplasia and OSCC (6, 7,

40). In this study, patients applied one packet of imiquimod daily

(containing 12.5 mg of imiquimod) for 28 days. The dosing

schedule is equivalent to three times per week for nine weeks, less

than the recommended dose of three times per week for 16 weeks

for skin carcinomas (41). The time for absorption of drugs into the

oral mucosa is short, and any residual medication is washed with

saliva after 5 to 10 minutes of application (40, 42). Residual

imiquimod mixed in saliva can irritate the oropharynx, resulting

in pharyngitis. The composite microneedle patch, consisting of 100

dissolvable microneedles with drug-loaded tips and a backing layer,

has been designed to improve the oral transmucosal drug delivery
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efficiency (43). Such drug delivery modality will be explored in

future imiquimod clinical trials. A tablet form of TLR-7 (TQ-

A3334) and intratumoral injection (LHC165) are also currently

being explored (18, 44). Assuming the extent of absorption of

imiquimod through the oral mucosa is similar to that of the

dermis (~ 0.6% per application and terminal half-life of 20 hours)

(41), the smaller dose used in our study compared to that

recommended for skin cancer may have contributed to a lack of

more serious systemic adverse events, such as flu-like symptoms.

This was a single-arm study with no control arm and limited

enrollees. Transmucosal administration of imiquimod may be

affected by saliva flow, leading to premature swallowing of the

drug before being sufficiently absorbed by the mucosa, resulting in

ineffective drug delivery. The immune biomarker analysis was

limited to tumor tissue and lacked correlative measures with the

peripheral blood immune reactivity. While the study was initially

intended to be single-institutional, due to the relocation of the

principal investigator, patients were enrolled from two

geographically distinct areas. No sub-analysis by region was

performed due to the small target sample size.

This is the first neoadjuvant clinical trial for early-stage oral cancer

patients utilizing a topical immunotherapeutic agent. A significant

reduction in clinical tumor size and pathologic response was achieved

in patients. The tumor microenvironment demonstrated an active

antitumor immune response following the treatment. A larger

randomized trial is necessary to assess treatment efficacy.
TABLE 5 Predictors of treatment response and recurrence-free survival.
Tumor proportion score (TPS) and combined positivity score (CPS) are
calculated based on PD-L1 expression

Pre-
Treatment

Post-
Treatment

%irRVT Recurrence

TPS CPS TPS CPS

0% 0% 0% 1% 0 No

0% 1% 0% 9811% 0 No

1% 1% 12% 28% 5 No

0% 0% 0% 3% 5 No

0% 0% 0% 1% 5 No

0% 0% 0% 0% 10 No

1% 1% 1% 9% 10 No

0% 0% 1% 5% 10 No

2% 3% 3% 33% 10 No

43% 45% 1% 8% 25 No

0% 0% 0% 0% 35 No

21% 33% 53% 77% 40 No

0% 0% 0% 28% 40 No

15% 102% 0% 29% 45 Yes

1% 3% 1% 5% 65 No
The CPS accounting for PD-L1 expression of both tumor and immune cells have prognostic
value in terms of treatment response and recurrence-free survival. The pre-treatment CPS
correlated with the percent residual viable tumor (%irRVT) and one-year cancer recurrence.
Color shading represents pre- and post-treatment TPS and CPS of one patient who had cancer
recurrence; this patient had the highest pre-treatment CPS.
TABLE 6 Duration of follow-up from the time of surgery and one-year
cancer recurrence status.

Patient
Number

Recurrence
follow-up (months)

One-
year RFS

1 29.7 RF

2 9.6 NE

3 5.6 R

4 12.0 RF

5 17.4 RF

6 17.0 RF

7 15.6 RF

8 14.7 RF

9 16.6 RF

10 19.3 RF

11 12.0 RF

12 30.3 RF

13 21.5 RF

14 28.3 RF

15 29.5 RF
RF, Recurrence free; R, Recurrence; RFS, Recurrence-free survival.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1530262
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yoon et al. 10.3389/fimmu.2025.1530262
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by Columbia

University Irving Medical Center (CUIMC) in New York, NY;

Medical University of South Carolina (MUSC) in Charleston, SC.

The studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study.
Author contributions

AY: Conceptualization, Data curation, Funding acquisition,

Investigation, Methodology, Project administration, Resources,

Supervision, Visualization, Writing – original draft, Writing –

review & editing. RC: Conceptualization, Funding acquisition,

Investigation, Methodology, Project administration, Resources,

Supervision, Writing – original draft, Writing – review & editing.

EG: Data curation, Investigation, Writing – review & editing. JK:

Data curation, Investigation, Writing – review & editing. WA: Data

curation, Investigation, Writing – review & editing. AlK:

Data curation, Investigation, Writing – review & editing. ST: Data

curation, Funding acquisition, Investigation, Writing – review &

editing. EP: Data curation, Funding acquisition, Investigation,

Methodology, Visualization, Writing – review & editing. J-SA:

Data curation, Formal Analysis, Writing – review & editing. KA:

Data curation, Formal Analysis, Writing – review & editing.

EH: Data curation, Formal Analysis, Writing – review & editing.

MR: Data curation, Validation, Visualization, Writing – review &

editing. TW: Data curation, Validation, Visualization, Writing –

review & editing. BC: Data curation, Investigation, Writing – review

& editing. FN-Z: Data curation, Investigation, Writing – review &

editing. BL: Data curation, Investigation, Writing – review &

editing. SP: Investigation, Methodology, Writing – review

& editing. AnK: Investigation, Methodology, Writing – review &

editing, Funding acquisition. CK: Data curation, Investigation,

Writing – review & editing, Funding acquisition. EO: Data

curation, Investigation, Writing – review & editing. StM:

Data curation, Methodology, Writing – review & editing. VJ:

Data curation, Methodology, Writing – review & editing. MS:

Methodology, Software, Visualization, Writing – review & editing,

Data curation. DF: Data curation, Methodology, Software,

Visualization, Writing – review & editing. TM: Formal Analysis,

Software, Validation, Visualization, Writing – review & editing.

MZ: Formal Analysis, Software, Validation, Visualization,

Writing – review & editing. AB: Data curation, Project

administration, Writing – review & editing. SH: Data curation,

Project administration, Writing – review & editing. ShM:
Frontiers in Immunology 11
Methodology, Supervision, Writing – review & editing. BO:

Supervision, Writing – review & editing. JN: Investigation,

Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Research

reported in this publication was supported by the National Cancer

Institute of the National Institutes of Health under award number

R21CA252441 (to AY and RC at CUIMC transferred to AY at

MUSC), R01DK124553 (to AK), F30DE033286 (to CK), and

Hollings Cancer Center Support Grant (P30 CA138313).
Acknowledgments

The authors thank all study participants and their families. We

also thank the Clinical Trials Office team, Tricia Bentz, Kendall

Preston, and Lacey Finish, at the Medical University of South

Carolina (MUSC) Hollings Cancer Center (HCC) for study

coordination and safety oversight.
Conflict of interest

MS and DF were employed by Fortis Life Sciences. TDM and

MZ were employed by Pathomics.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1530262/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1530262/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1530262/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1530262
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yoon et al. 10.3389/fimmu.2025.1530262
References
1. Hanna GJ, Adkins DR, Zolkind P, Uppaluri R. Rationale for neoadjuvant
immunotherapy in head and neck squamous cell carcinoma. Oral Oncol. (2017)
73:65–9. doi: 10.1016/j.oraloncology.2017.08.008

2. Cabezas-Camarero S, Perez-Segura P. Neoadjuvant immunotherapy in head and
neck cancer: Rationale, current evidence and future perspective. Crit Rev Oncol
Hematol. (2022) 169:103569. doi: 10.1016/j.critrevonc.2021.103569

3. Wise-Draper TM, Gulati S, Palackdharry S, Hinrichs BH, Worden FP, Old MO,
et al. Phase II clinical trial of neoadjuvant and adjuvant pembrolizumab in resectable
local-regionally advanced head and neck squamous cell carcinoma. Clin Cancer Res.
(2022) 28:1345–52. doi: 10.1158/1078-0432.CCR-21-3351

4. Mittendorf EA, Burgers F, Haanen J, Cascone T. Neoadjuvant immunotherapy:
leveraging the immune system to treat early-stage disease. Cancer Discovery. (2016)
6:1382–99. doi: 10.1200/EDBK_349411

5. Liu J, Blake SJ, Yong MC, Harjunpaa H, Ngiow SF, Takeda K, et al. Improved
efficacy of neoadjuvant compared to adjuvant immunotherapy to eradicate metastatic
disease. Cancer Discovery. (2016) 6:1382–99. doi: 10.1158/2159-8290.CD-16-0577

6. Satish T, Khan S, Levin M, Carvajal R, Yoon AJ. Treatment of recurrent mucosal
melanoma of the oral cavity with topical imiquimod and pembrolizumab achieves
complete histopathologic remission. J Immunother Cancer. (2021) 9:e001219.
doi: 10.1136/jitc-2020-001219

7. Wester A, Eyler JT, Swan JW. Topical imiquimod for the palliative treatment of
recurrent oral squamous cell carcinoma. JAAD Case Rep. (2017) 3:329–31. doi: 10.1016/
j.jdcr.2017.04.008

8. Geisse JK, Rich P, Pandya A, Gross K, Andres K, Ginkel A, et al. Imiquimod 5% cream
for the treatment of superficial basal cell carcinoma: a double-blind, randomized, vehicle-
controlled study. J Am Acad Dermatol. (2002) 47:390–98. doi: 10.1067/mjd.2002.126215

9. Xiong Z, Ohlfest JR. Topical imiquimod has therapeutic and immunomodulatory
effects against intracranial tumors. J Immunother. (2012) 34:264–9. doi: 10.1097/
CJI.0b013e318209eed4

10. Hong WX, Haebe S, Lee AS, Westphalen CB, Norton JA, Jian W, et al.
Intratumoral immunotherapy for early-stage solid tumors. Clin Cancer Res. (2020)
26:3091–99. doi: 10.1158/1078-0432.CCR-19-3642

11. Furudate S, Fujimura T, Kambayashi Y, Kakizaki A, Hidaka T, Aiba S.
Immunomodulatory effect of imiquimod through CCL22 produced by tumor-
associated macrophages in B16F10 melanomas. Anticancer Res. (2017) 37:3461–71.
doi: 10.21873/anticanres.11714

12. Zanoni DK, Patel SG, Shah JP. Changes in the 8th edition of the american joint
committee on cancer (AJCC) staging of head and neck cancer: rationale and
implications. Curr Oncol Rep. (2019) 21:52. doi: 10.1007/s11912-019-0799-x

13. Rivera C. Essentials of oral cancer. Int J Clin Exp Pathol. (2015) 8:11884–94.

14. Sasahira T, Kirita T. Hallmarks of cancer-related newly prognostic factors of oral
squamous cell carcinoma. Int J Mol Sci. (2018) 19:2413. doi: 10.3390/ijms19082413

15. Pires FR, Ramos AB, Oliveira JB, Tavares AS, Luz PS, Santos TC. Oral squamous
cell carcinoma: clinicopathological features from 346 cases from a single Oral
Pathology service during an 8-year period. J Appl Oral Sci. (2013) 21:460–7.
doi: 10.1590/1679-775720130317

16. Fasano M, Corte CMD, Liello RD, Viscardi G, Sparano F, Iacovino ML, et al.
Immunotherapy for head and neck cancer: Present and future. Crit Rev Oncol Hematol.
(2022) 174:103679. doi: 10.1016/j.critrevonc.2022.103679

17. Alvarado-Castillo B, Santa Cruz-Pavlovich FJ, Gonzalez-Castillo C, Vidal-
Paredes IA, Garcia-Benavides L, Rosales-Gradilla ME, et al. Safety and efficacy of
topical interferon alpha 2B and mitomycin C for localized conjunctival intraepithelial
neoplasia: long-term report of their pharmacological safety and efficacy. BMC
Ophthalmol. (2023) 23:335. doi: 10.1186/s12886-023-03092-z

18. Melero I, Castanon E, Alvarez M, Champiat S, Marabelle A. Intratumoural
administration and tumour tissue targeting of cancer immunotherapies. Nat Rev Clin
Oncol. (2021) 18:558–76. doi: 10.1038/s41571-021-00507-y

19. Cottrell TR, Thompson ED, Forde PM, Stein JE, Duffield AS, Anagnostou V,
et al. Pathologic features of response to neoadjuvant anti-PD-1 in resected non-small-
cell lung carcinoma: a proposal for quantitative immune-related pathologic response
criteria (irPRC). Ann Oncol. (2018) 29:1853–60. doi: 10.1093/annonc/mdy218

20. Deutsch JS, Cimino-Mathews A, Thompson E, Provencio M, Forde PM, Spicer J,
et al. Association between pathologic response and survival after neoadjuvant therapy
in lung cancer. Nat Med. (2024) 30:218–28. doi: 10.1038/s41591-022-01962-5
21. Banna GL, Hassan MA, Signori A, Giunta EF, Maniam A, Anpalakhan S, et al.

Neoadjuvant chemo-immunotherapy for early-stage non-small cell lung cancer: A
systematic review and meta-analysis. JAMA Netw Open. (2024) 7:e246837.
doi: 10.1001/jamanetworkopen.2024.6837
22. Migliozzi D, Pelz B, Dupouy DG, Leblond AL, Soltermann A, Gijs MAM.

Microfluidics-assisted multiplexed biomarker detection for in situ mapping of immune
cells in tumor sections. Microsyst Nanoeng. (2019) 5:59. doi: 10.1038/s41378-019-0104-z

23. Zaidi M, Fu F, Cojocari D, McKee TD, Wouters B. Quantitative visualization of
hypoxia and proliferation gradients within histological tissue sections. Front Bioeng
Biotechnol. (2019) 7:e397. doi: 10.3389/fbioe.2019.00397
Frontiers in Immunology 12
24. DeMarchi P, Leal LF, Duval da Silva V, da Silva ECA, Cordeiro de Lima VC, Reis
RM. PD-L1 expression by Tumor Proportion Score (TPS) and Combined Positive
Score (CPS) are similar in non-small cell lung cancer (NSCLC). J Clin Pathol. (2021)
74:735–40. doi: 10.1136/jclinpath-2020-206832

25. Paolino G, Pantanowitz L, Barresi V, Pagni F, Munari E, Moretta L, et al. PD-L1
evaluation in head and neck squamous cell carcinoma: Insights regarding specimens,
heterogeneity and therapy. Pathol Res Pract. (2021) 226:153605. doi: 10.1016/
j.prp.2021.153605

26. Monkman J, Moradi A, Yunis J, Ivison G, Mayer A, Ladwa R, et al. Spatial
insights into immunotherapy response in non-small cell lung cancer (NSCLC) by
multiplexed tissue imaging. J Transl Med. (2024) 22:239. doi: 10.1186/s12967-024-
05035-8

27. Phillips D, Matusiak M, Gutierrez BR, Bhate SS, Barlow GL, Jiang S, et al.
Immune cell topography predicts response to PD-1 blockade in cutaneous T
cell lymphoma. Nat Commun. (2021) 12:6726. doi: 10.1038/s41467-021-
26974-6

28. Stein JE, Lipson EJ, Cottrell TR, Forde PM, Anders RA, Cimino-Mathews A,
et al. Pan-tumor pathologic scoring of response to PD-(L)1 blockade. Clin Cancer Res.
(2020) 26:545–51. doi: 10.1158/1078-0432.CCR-19-2379

29. Xiao R, Ward MC, Yang K, Adelstein DJ, Koyfman SA, Prendes BL, et al.
Increased pathologic upstaging with rising time to treatment initiation for head and
neck cancer: A mechanism for increased mortality. Cancer. (2018) 12:1400–14.
doi: 10.1002/cncr.31213

30. D'Cruz AK, Vaish R, Kapre N, Dandekar M, Gupta S, Hawaldar R, et al. Elective
versus therapeutic neck dissection in node-negative oral cancer. N Engl J Med. (2015)
373:521–9. doi: 10.1056/NEJMoa1506007

31. Khan SU, Khan MU, Azhar Ud Din M, Khan IM, Khan MI, Bungau S, et al.
Reprogramming tumor-associated macrophages as a unique approach to target tumor
immunotherapy. Front Immunol. (2023) 14:1166487. doi: 10.3389/fimmu.
2023.1166487

32. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and
targets in cancer therapy. Nat Rev Drug Discovery. (2022) 21:799–820. doi: 10.1038/
s41573-022-00520-5

33. Schoenfeld JD, Hanna GJ, Jo VY, Rawal B, Chen YH, Catalano PS, et al.
Neoadjuvant nivolumab or nivolumab plus ipilimumab in untreated oral cavity
squamous cell carcinoma. A Phase 2 open-label randomized clinical trial. JAMA
Oncol. (2020) 6:1563–70. doi: 10.1001/jamaoncol.2020.2955

34. Ju WT, Xia RH, Zhu DW, Dou SJ, Zhu GP, Dong MJ, et al. A pilot study of
neoadjuvant combination of anti-PD-1 camrelizumab and VEGFR2 inhibitor apatinib
for locally advanced resectable oral squamous cell carcinoma. Nat Commun. (2022)
13:5378. doi: 10.1038/s41467-022-33080-8

35. Knochelmann HM, Horton JD, Liu S, Armeson K, Kaczmar JM, Wyatt MM,
et al. Neoadjuvant presurgical PD-1 inhibition in oral cavity squamous cell carcinoma.
Cell Rep Med. (2021) 2:100426. doi: 10.1016/j.xcrm.2021.100426

36. Pagès F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor R, et al.
Effector memory T cells, early metastasis, and survival in colorectal cancer. N Engl J
Med. (2005) 353:2654–66. doi: 10.1056/NEJMoa051424
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