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ABSTRACT
Human papilloma virus (HPV)-related oncogenesis in head and neck cancer establishes a local micro-
environment rich with immune cells, however the composition of the microenvironment in recurrent 
disease following definitive treatment is poorly understood. Here, we investigate the composition and 
spatial relationships between tumor and immune cells in recurrent head and neck cancer following 
curative intent chemoradiotherapy. Multiplexed immunofluorescence with 12 unique markers, through 
two multiplex immunofluorescent panels, was performed to evaluate 27 tumor samples including 18 pre- 
treatment primary and 9 paired recurrent tumors. Tumor and immune cell populations were phenotyped 
and quantified using a previously validated semi-automated digital pathology platform for cell segmenta-
tion. Spatial analysis was conducted by evaluating immune cells within the tumor, peri-tumoral stroma, 
and distant stroma. Initial tumors in patients with subsequent recurrence were found to be enriched in 
tumor associated macrophages and displayed an immune excluded spatial distribution. Recurrent tumors 
after chemoradiation were hypo-inflamed, with a statistically significant reduction in the recently identi-
fied stem-like TCF1+ CD8 T-cells, which normally function to maintain HPV-specific immune responses in 
the setting of chronic antigen exposure. Our findings indicate that the tumor microenvironment of 
recurrent HPV-related head and neck cancers displays a reduction in stem-like T cells, consistent with 
an immune microenvironment with a reduced ability to mount T-cell-driven anti-tumor immune 
responses.
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Background

Head and neck squamous cell carcinomas (HNSCC) caused by 
the human papilloma virus (HPV) are rising in incidence and 
are associated with excellent long-term survival rates after 
definitive therapy.1 HPV status is routinely assessed, and locor-
egionally advanced HNSCC is often treated non-surgically 
with a combination of chemotherapy and radiation therapy. 
Although outcomes in HPV-positive HNSCC are improved in 
comparison to non-HPV-associated disease, nearly 25% of 
patients with HPV-related disease still develop recurrence, 
and the median survival for these patients is only 2.6 years 
following disease progression.2 Thus, while there are numerous 
prospective trials investigating HPV-related HNSCC chemor-
adiation de-escalation, research focused on recurrent diseases 
is needed.3,4 HPV-positive HNSCC has distinct molecular and 
microenvironmental characteristics from HPV-negative 
HNSCC, however how the tumor immune microenvironment 
(TIME) evolves during disease progression remains poorly 
understood.5

Immune evasion plays an important role in oncogenesis for 
HPV-related HNSCC.4 In the primary setting, an increased 
number of lymphocytes in the TIME are thought to contribute 
to a favorable prognosis in HPV-related disease.6 Spatial eva-
luation of immune infiltrates has demonstrated that HNSCC 
cluster into lymphoid-inflamed, hypo-inflamed, and myeloid- 
inflamed cancers – with HPV-related cancers clustering with 
lymphoid inflamed tumors.7,8 The pro-tumorigenic microen-
vironment, however, leads to immune-suppression and T-cell 
exhaustion, though the extent this occurs in recurrent disease 
requires further elucidation.

Although tumor progression often results in increased 
immune dysfunction, there are limited human studies evaluat-
ing immune cell populations in serially collected tumor 
samples.9 Recent profiling of human tumors with single cell 
(sc) RNA-seq has begun to more clearly differentiate T-cell 
states from exhausted and effector T-cells, to include a stem- 
like progenitor population.10 These stem-like T-cells express 
TCF1, a transcription factor encoded by the TCF7 gene, known 
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to play an important role in T-cell development. In the setting 
of chronic viral infection, recent work has identified a subset of 
virus-specific stem-like CD8+ T cells that retain their potential 
to proliferate after PD-1 blockade and this subset is dependent 
on the transcription factor TCF1.11 These TCF1+CD8+ T cells 
are thought to represent an adaptation to chronic antigenic 
stimulation that allows for sustained immune response.12 

Stem-like TCF1+ CD8+ T cells retain proliferative capacity as 
well as the potential to produce differentiated effectors cells in 
spite of displaying hallmarks of an “exhausted” phenotype such 
as PD-1 receptor expression.13–15 In the current study, we 
spatially profiled the composition of immune cells within the 
recurrent TIME and evaluated for the presence of these stem- 
like TCF1+ CD8+ T cells following an initial course of 
chemoradiotherapy.

Methods

Patient cohort

Formalin-fixed paraffin embedded (FFPE) tumor samples 
were obtained from 18 patients diagnosed with HPV- 
related HNSCC treated at our institution with chemora-
diation, half of whom recurred and half of whom are 
disease free (Supplementary Table S1). Tumor samples 
were analyzed as part of a Memorial Sloan Kettering 
Cancer Center institutional review board approved bios-
pecimen protocol IRB #17–103. For the nine patients who 
developed a recurrence, matched recurrent tumor samples 
were also analyzed. Adequate tumor specimens for sec-
tioning and staining required a core biopsy at 
a minimum. HPV status was determined through p16 
(antibody clone E6H4 Roche) immunohistochemical stain-
ing using the Ventana BenchMark System per manufac-
turer’s protocol. Cases were considered HPV-positive if 
p16 staining was diffuse and involved greater than 70% 
of cancer cells. All patients were staged with a PET/CT 
scan to confirm loco-regionally confined disease before 
the start of therapy. The data that support the findings 
of this study are available from the corresponding author 
(N.R.) upon reasonable request.

Multiplexed immunofluorescence

Hematoxylin and eosin (H&E)-stained slides were reviewed, 
and FFPE blocks with representative tumor were selected by 
a pathologist (N.K.). Tumor area for analysis was also iden-
tified and annotated by a pathologist on representative H&E 
slides (N.K.). Embedded tissue was cut as 4 µm sections onto 
Bond Plus slides. Two panels of seven-color multiplex stain-
ing were performed after primary antibodies optimal con-
centration, and stripping condition were selected by MSK 
pathologist (T.H.) according to the results of diaminobenzi-
dine immunohistochemical expression on the Leica Bond RX 
Stainer with Leica Bond Polymer Refine Detection kit 
(DS9800, Supplementary Figure S1). Four-micrometer thick 
FFPE tissue sections were baked for 3 h at 62°C upright with 
subsequent deparaffinization performed on Leica Bond RX, 

followed by 30 min of antigen retrieval with Leica Bond ER2, 
followed by six sequential cycles of staining, each round of 
which included a 10-min blocking (Akoya antibody diluent/ 
block ARD1001) and 30-min primary antibody incubation 
(Supplementary Table S2). The primary antibody detection 
was performed using HRP conjugated species-specific sec-
ondary antibody polymer (Supplementary Table S2) with 10- 
min incubation. The HRP-conjugated secondary antibody 
polymer was detected using fluorescent tyramide signal 
amplification using Opal dyes 520, 540, 570, 620, 650, and 
690 accordingly (Supplementary Table S2). After each stain-
ing cycle, a heat induced stripping of the primary/secondary 
antibody complex using Akoya AR9 buffer (AR900250ML) 
and Leica Bond ER2 (90% AR9 and 10% ER2) at 100°C for 
20 min preceding the next cycle with Ki67 requiring two 
sequential rounds of antibody stripping (40 min total). After 
six sequential rounds of staining, sections were stained with 
Hoechst (Invitrogen 33,342) to visualize nuclei and mounted 
with ProLong Gold antifade reagent mounting medium 
(Invitrogen P36930).

Multispectral imaging and spectral unmixing

Seven-color multiplex-stained slides were imaged using the 
Vectra Multispectral Imaging System version 3 (Akoya). 
Scanning was performed at 20X (200X final magnification). 
Filter cubes used for multispectral imaging were DAPI, FITC, 
Cy3, Texas Red, and Cy5. A spectral library containing the 
emitted spectral peaks of the fluorophores in this study was 
built with the Vectra image analysis software Inform 2.4 
(Akoya) using multispectral images from single-stained slides 
for each marker, the spectral library was used to separate each 
multispectral cube into individual components (spectral 
unmixing) allowing for identification of the seven marker 
channels of interest in the Inform 2.4 image analysis software. 
The images were exported to the Indica Labs Halo image 
analysis platform.

Quantitative image analysis

Multispectral fluorescence imaging was acquired on a Vectra 
Polaris automated imaging system. A minimum of five repre-
sentative regions of interest (ROI), with each ROI measuring 
approximately 1.3 × 1 mm2, were selected by a blinded labora-
tory technician within the pathologist annotated tumor 
regions. Tumor and immune cell populations were phenotyped 
and quantified using semi-automated cell segmentation with 
the Halo digital pathology platform. Signal thresholding was 
performed separately on each image. Spatial analysis was con-
ducted using the HALO proximity and infiltration analysis, to 
determine the number of cells of interest within the tumor, 
peri-tumoral stroma (100 µm from the tumor/stroma inter-
face), and distant stroma (>100 µm). A mixing score previously 
published by Keren et al. was used to quantify cellular spatial 
relationships and was calculated by measuring tumor and 
immune cell interactions16. The mixing score was calculated 
by dividing the number of tumors and immune cells within 15  
µm by the number of immune cells with 15 µm of another 
immune cell. Two-sided Student's t-test was used for statistical 
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analysis between initial tumors that remained disease-free vs. 
initial tumors which recurred after definitive chemoradiation. 
PD-L1 combined positive score (CPS) was defined as the 
number of PD-L1 positive cells (tumor cells, lymphocytes, 
and macrophages) divided by the total number of tumor 
cells. Wilcoxon signed-rank test for matched pairs was used 
for statistical analysis between matched primary and recurrent 
tumors. Graphical and statistical analyses were performed in 
GraphPad Prism version 6.0.

The Cancer Genome Atlas (TCGA) analysis

RNA sequencing gene expression transcripts per million 
(TPM) data for TCF7 and CD8A were imported from the 
TCGA RNA sequencing head-neck squamous cell carci-
noma (HNSC) and cervical squamous cell carcinoma and 
endocervical adenocarcinoma (CESC) datasets using the 
GDCquery function of the TCGAbiolinks R-package.17–20 

For patients with CESC, only those with squamous cell 
carcinoma were analyzed. Survival data for the HNSC and 
CESC datasets were obtained from data provided by Liu 
et al.21 For the HNSC group, patients were categorized by 
HPV status (positive vs. negative) and for both the HNSC 
and CESC groups were dichotomized according to the 
median expression values of TCF7 and CD8A gene expres-
sion. Additionally, patients were grouped by combined 
TCF7 and CD8A count: TCF7 high and CD8A high, 
TCF7 high and CD8 low, TCF7 low and CD8 high, TCF7 
low and CD8 low. Kaplan–Meier curves for the overall 

survival and progression-free intervals were generated 
using the survival and ggplot packages in R. Cox propor-
tional hazards models were generated using the survival 
and gtsummary packages in R.

Results

Pre-treatment recurrent tumors are enriched in tumor 
associated macrophages and are immune 
compartmentalized

We identified 18 patients with HPV-related oropharyngeal 
malignancies (located in the tonsil or base of tongue), includ-
ing nine patients who developed recurrence. All patients were 
treated with definitive concurrent chemoradiation 
(Supplementary Table S1). The standard of care treatment 
consisted of concurrent cisplatin or carboplatin/5-fluorouracil- 
based chemotherapy with intensity-modulated radiation ther-
apy. The FFPE tissue was obtained for analysis, and tissue was 
evaluated from the primary tumor for n = 21 tumors and from 
a cervical lymph node in n = 6 samples (Supplementary Table 
S1). Patients had AJCC 7th edition staging of T1-T3 N0-N2c 
disease. The median follow-up was 39.7 months (range 11.6– 
78.7 months), and the time to locoregional failure was 
a median of 7.8 months (range: 5.2–25 months).

We first evaluated the density of immune infiltrates (CD3+ 
T-lymphocytes, CD68+ tumor-associated macrophages, and 
CD20+ B lymphocytes) in pre-treatment initial tumors that 
remained disease free after therapy vs. initial tumors that 

Figure 1. Immune composition of pre-treatment initial tumors (DF – initial) which remain disease free, initial tumors which developed recurrence, (R – initial), 
and recurrent tumors. a. Multiplexed immunofluorescent staining of CD31 (magenta), CA9 (green), CD68 (yellow), PanCK (white), CD3 (teal), CD20 (red), and 
DAPI (Blue) at 20× magnification. b. CD3+ T-lymphocyte at 40 × . c. CD3- CD68+ (yellow) tumor associated macrophage at 40 × . d. CD20+ (red) B lymphocyte 
at 40 × . e-g: T-lymphocyte (p = 0.007), tumor associated macrophage (p = 0.025), and B-lymphocyte density in primary tumors with and without disease 
recurrence. h. Representative examples of mixing score high (immune mixed) and mixing score low (immune compartmentalized) tumors at 10× magnification. 
i: Primary tumor mixing score with and without disease recurrence (p = 0.010).
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recurred after treatment (Figure 1). Patients who recurred after 
chemoradiation had pre-treatment tumors that were enriched 
with tumor-associated macrophages (CD3−, CD68+, p =  
0.025), with a mean density of 1637 cells/mm2 in primary 
tumors which subsequently recurred, compared to 670 cells/ 
mm2 in pre-treatment tumors that remained disease free fol-
lowing treatment. In this cohort, the density of CD3+ 
T-lymphocytes and CD20+ B-lymphocytes was not signifi-
cantly different between pre-treatment initial tumors that did 
or did not recur after chemoradiation.

We next sought to investigate the spatial relationships 
between neoplastic and immune cells using a previously 
described mixing score (see Methods). Briefly, this score quanti-
fies tumor-immune cell interactions and differentiates between 
tumors that had high levels of intermixed immune infiltrate and 
those with compartmentalized immune infiltrate. We found that 
pre-treatment initial tumors that did not recur had 
a significantly higher mixing score compared to pre-treatment 
tumors that recurred. Pre-treatment recurrent tumor was char-
acterized by more immune compartmentalization (mean mixing 
score 0.390 vs. 0.253, respectively, p = 0.0104).

Post-treatment recurrent tumors are hypo-inflamed & 
depleted of stem like TCF1+ T-cells

We next focused our attention on the evolution of the 
immune micro-environment in tumors that recurred. In this 
cohort of matched (n = 9 pairs) pre-treatment initial tumors 
and post-treatment recurrent tumors, we evaluated the den-
sity of immune infiltrates (Figure 1). Following definitive 
chemoradiation, recurrent tumors had significantly reduced 
density (cells/mm2 of immune infiltrate with fewer 

T-lymphocytes (CD3+, CD68−, p = 0.007) and macrophages 
(CD3−, CD68+, p = 0.027). There was no statistically signifi-
cant change in B cells (CD3−, CD20+). These results are 
consistent with a generally less immune infiltrated TIME 
during cancer recurrence.22

We next evaluated specific T-cell populations in matched 
(n = 9 pairs) pre-treatment primary tumors and post-treatment 
recurrent tumors (Figure 2b). We sought to understand 
whether the global decrease in (CD8+) T cells was driven by 
a specific sub-population or was independent of T cell state. 
Surprisingly, there was no increase in the percentage of 
exhausted (CD8+, PD1+, EOMES+/CD8+) T cells nor was 
there a decrease in the percentage of proliferating T-cells 
(Ki67+ CD8+/CD8+) at time of recurrence compared to pre- 
treatment. At the time of recurrence, however, there was 
a statistically significant reduction in the percentage of stem- 
like T-cells (TCF1+, CD8+/CD8+ T cells, p = 0.039).

These TCF1+ T cells in our study are located predominantly 
within the stroma, with a depletion of intra-tumoral TCF1+ 
T cells in recurrent tumors. Specifically, pre-treatment TCF1+ 
T-cells were 21.6% intra-tumoral, 48.6% peri-tumoral stroma 
(i.e. up to 100 µm from tumor-stroma interface), and 29.8% 
within the distant stroma. Recurrent tumors had a statistically 
significant reduction in the percentage of intra-tumor TCF1+ 
T-cells (6.6%, p = 0.012), with a relative concomitant increase 
in the percentage of TCF1+ T-cells located in the peri-tumoral 
stroma and stroma (Figure 2c).

Finally, we evaluated PD-L1 positivity in tumor and 
immune cells. %PD-L1 tumor cells ranged from 0% to 93%, 
median 15% and there was no statistically significant difference 
between the initial tumors and those that remained disease free 
or recurred (Supp Figure S1). There was also no statistically 

Figure 2. Depletion of TCF1+ CD8+ lymphocytes. a. 63× magnification of stem-like T cell (TCF1+ CD8+) staining. b. Percent of CD8 T cells which are: proliferating T-cells 
(CD8+ Ki67+), exhausted T cells (CD8+ PD1+ EOMES+), and stem-like T cells (CD8+ TCF1+) in matched initial and recurrent tumors. c. Percent intra-tumoral, peri- 
tumoral (within 100 microns of tumor–stroma interface, p = 0.012), and stromal TCF1+ CD8+ T cells in matched primary and recurrent tumors.

4 L. CHEN ET AL.



significant difference between paired initial and recurrent 
tumors. PD-L1 CPS ranged from 1% to 100%, with a median 
of 29%. CPS was also not statistically significantly different 
between groups.

Transcriptomic analysis of TCF expression in HPV 
associated malignancies

To investigate the prognostic importance of TCF1+ T-cells 
in a broader context, we evaluated the correlation between 
TCF expression in two HPV-related cancers, head and neck 
and cervical cancer (CESC, Figure 3). Kaplan–Meier esti-
mates of the overall survival for CESC dichotomized with 
high vs. low TCF7 expression by the median TPM value 
(5.47) and demonstrated that patients with low TCF7 expres-
sion were associated with significantly worse overall survival 
(HR 1.91, 95% CI: 1.14–3.22, p = 0.015). In HNSC, we first 
noted that TCF7 expression was higher in HPV-related 
malignancy vs. HPV-negative HNSCC (median TPM 7.0 vs 
3.3, p < 0.001). Kaplan–Meier estimates of the overall survival 
for HPV+ HNSCC patients with high vs. low TCF7 expres-
sion, dichotomized by the median TPM value (3.61), 
revealed numerically worse overall survival in cancers with 
low TCF7 expression (HR 1.78, 95% CI 0.68–4.71, p = 0.2), 
although this was not statistically significant.

Discussion

HPV-positive HNSCC have a distinct immune profile, with 
divergent T, B, and myeloid cell transcriptional profiles com-
pared to the HPV-negative cancers.23 This immune profile is 
prognostic, and even within HPV-positive disease, the 

presence of a high density of tumor infiltrating T cells is 
associated with improved survival.24 Furthermore, the TIME 
plays an important role in response to chemo-radiotherapy, 
and we sought to evaluate how the TIME evolves in treatment 
resistant HPV-positive tumors.

Here we analyze changes in the TIME within paired pre- 
and post-treatment recurrent HPV-associated HNSCCs fol-
lowing chemoradiation and demonstrate that following 
a course of curative intent therapy, recurrent tumors are hypo- 
inflamed. We report the novel observation of a preferential 
reduction of progenitor T cells, which are TCF1+, CD8+ 
T cells, in post-therapy recurrent samples. These TCF1+ 
T-cells are located predominantly within the stroma, and we 
demonstrate a significant reduction in the proportion of intra- 
tumoral TCF1+ T cells in recurrent tumors. Furthermore, 
transcriptional TCGA and survival analysis from HPV+ 
HNSC as well as CESC patients suggest that TCF7 expression 
may be prognostic.

Limited data exist on specific T-cell subset composition at 
the time of recurrence due to difficulty in acquiring paired 
patient samples of sufficient quality. Stem-like T-cells are of 
particular interest in HPV-related cancers as they play an 
important role in oncogenesis. TCF7 expressing stem-like 
CD8 T cells play a crucial role in maintaining T cell responses 
to persistent antigen exposure and have the capacity to differ-
entiate into HPV-specific effector-like T cells.25

In addition to this, the capacity of stem-like cells to prolif-
erate significantly influences responses to anti-PD1-based 
therapies.11,22,25 Recent work has demonstrated that these 
stem-like cells frequently inhabit specific clusters of immune 
cells within tumors.26 Moreover, it has been found that 
exhausted T-cells in tumors can often be traced back, or 

Figure 3. Overall survival of a) HPV+ Head and neck squamous cell carcinoma and b) Cervical squamous cell carcinoma dichotomized by median TCF7 transcriptional 
expression.
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‘clonally linked’, to these stem-like cells located in tumor 
draining lymph nodes. To our knowledge, the role of stem- 
like T-cells and radiotherapy’s effects on them in mediating the 
recent failures of immunotherapy combined concurrently with 
conventionally fractionated chemoradiation in HNSCC 
patients (i.e. JAVELIN, HN004, and KEYNOTE-412) remain 
unknown. Given our observation of decreases in stem-like 
T-cells in patients who recur after radiotherapy, this will clearly 
be an important future direction.

Yet, it is unclear whether the reduction in this subset of 
T-cells is only found in the setting of chemoradiation or if it 
is a characteristic of recurrent cancers that have established 
a more pro-tumorigenic TIME with less potential for an 
anti-tumor immune response.27,28 Interestingly, though, in 
Keynote-048, which tested pembrolizumab in recurrent/ 
metastatic HNSCC, there was no significant benefit of pem-
brolizumab in locally recurrent disease, which could suggest 
therapy-induced changes in TIME may influence efficacy of 
subsequent therapy.29 Therefore, our findings warrant 
further studies assessing the predictive impact of the 
observed TIME changes in HNSCC patients treated primar-
ily with solely surgical approaches vs those who recur after 
chemo-radiotherapy.

Finally, we compared pre-treatment tumors in patients 
who remained disease free vs. pre-treatment tumors which 
subsequently recurred and did not find a significant differ-
ence in CD3+ T-cell or CD20+ B-cell infiltration, likely due 
to limited patient numbers. A significant difference in the 
spatial distribution of tumor and immune cells was 
observed, where initial tumors that recur were found to 
display a significantly more compartmentalized immune 
infiltrate. We also noted a significant increase in CD3− 
CD68+ tumor-associated macrophages, which is consistent 
with previously published data that report that a subset of 
poor prognostic HPV-positive tumors harbor myeloid- 
inflamed profiles.

This study has several limitations including a relatively 
small sample size (n = 18 patients) and our findings require 
validation in future cohorts of paired cases. This reflects the 
challenges in obtaining representative tissue in paired pre- and 
post-therapy in patients treated with chemoradiation that is 
amenable to multiplex immunophenotyping in HPV-related 
disease, which recurs infrequently after chemoradiation. 
Second, sequencing data were not available for our patient 
cohort, and genetic heterogeneity with respect to driver muta-
tions may confound our findings. Additionally, our evaluation 
of the prognostic value of TCF expression in HNSCC was 
acquired from bulk RNA-sequencing and demonstrated 
a prognostic trend that was not statistically significant. 
Further evaluation of whether TCF1+ T-cell population in 
the TIME is prognostic requires multiplex immunophenotyp-
ing of larger samples size of recurrent and non-recurrent 
tumors. Despite these limitations, we provide a novel charac-
terization of the immune TME changes in recurrent post- 
treatment samples of HNSCC.

In summary, we provide a novel characterization of the 
TIME changes in recurrent post-treatment samples of 
HNSCC patients. We identify that recurrent tumors are more 
likely to be enriched in macrophages at the time of initial 

diagnosis and become hypo-inflamed with depletion of stem- 
like T-cells at the time of recurrence. Stem-like T-cells play an 
important role in anti-PD1-based therapies, and these data 
provide early evidence of their role in locoregional recurrence 
in a clinical population.11,22
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