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Objective: Despite growing interest in neoadjuvant therapies, there are no methods to predict radio- (RT) or
chemoradiotherapy (CRT) response in head and neck squamous cell carcinoma (HNSCC). The aim of this
research was to study the effect of neoadjuvant RT or CRT on the tumor immune landscape and patient survival
in HNSCC.

Methods: All HNSCC patients treated with neoadjuvant RT or CRT (n = 53) were identified from a retrospective
cohort of 1033 patients. Pre- and post-neoadjuvant cancer samples from the same patient were analyzed with
biomarkers related to cancer immunology: tumor-infiltrating lymphocytes (CD8), tumor-associated macrophages
(CD68, CD206, Clever-1), immune response regulator (PD-L1) and histologic tumor necrosis. Outcomes of in-
terest were individual immune landscape profiling and its impact on 5-year overall survival (OS) in HNSCC
patients treated with neoadjuvant RT/CRT.

Results: Results from 588 whole-section stainings revealed multiple statistically significant alterations in immune
landscape in response to RT/CRT. Pretreatment tumor necrosis was the most useful biomarker in predicting poor
outcome, as the OS was 14.3% with necrosis and 48.5% without necrosis (HR 2.87; 95% CI: 1.23 to 6.66,
p=0.014). In addition, an artificial intelligence-based (AI) deep learning method for identifying tumor necrosis
from histopathological specimens was successfully developed. The predictive role of histological necrosis in
neoadjuvant RT/CRT was validated in additional samples from 171 HNSCC patients untreated with neoadjuvant
therapy.

Conclusions: Detection of tumor necrosis and Al-driven deep learning effectively predict neoadjuvant RT/CRT
responses in HNSCC.

Introduction

Head and neck cancers are the seventh most common cancer group
worldwide [1]. By far, the most common histological type is squamous
cell carcinoma (HNSCC), accounting for 90 % of all head and neck
cancers. Despite available modern diagnostic and treatment methods,
HNSCC-associated mortality is still approximately 50 % [2]. Particularly
challenging in terms of choosing the most optimal cancer treatment
options are HNSCCs that already contain local or distant metastases. A

* Corresponding author.
E-mail address: anna-riina.koskenniemi@varha.fi (A.R. Koskenniemi).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.oraloncology.2025.107287

promising approach for managing locally advanced HNSCC is the
possible use of neoadjuvant therapies before planned surgery [3-8]
However, the lack of reliable and easy-to-use predictive biomarkers
remains a major obstacle to improving patient survival and integrating
neoadjuvant therapies into clinical practice, despite the recent identi-
fication of a promising prognostic biomarker for HNSCC [9,10]. In
addition, very poorly is understood how neoadjuvant treatment,
including RT and CRT, changes the tumor microenvironment, immune
landscape and how these changes affect the survival of HNSCC patients.
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Recent studies have demonstrated the importance of tumor micro-
environment and in particular different immune cells such as tumor-
infiltrating lymphocytes (TILs) in predicting the aggressiveness and
treatment response of HNSCC [11]. Most TILs are known to be CD8-
expressing cytotoxic T cells, and thus, CD8 is widely accepted as a
specific marker for TILs [12]. Tumor-associated macrophages (TAMs)
are also known to influence the cancer immune landscape, cancer
aggressiveness and patient survival in HNSCC [13-15]. Furthermore, in
a recent study, TAMs were reported to reduce the radiosensitivity of
HNSCC, supporting the importance of analyzing RT-induced TIL and
TAM changes in HNSCC [16,17]. While CD68 is expressed by all mac-
rophages, of particular interest in cancer research are TAMs expressing
CD206, CD163, and Clever-1 due to their immunosuppressive and
tumor-promoting roles [18,19]. Interestingly, a widely used biomarker
for predicting immunotherapy response, PD-L1 (programmed death-
ligand 1), is detected not only in cancer cells but also in TILs and
TAMs, indicating the need to better understand the role of these immune
cells in predicting treatment responses in HNSCC [20]. In addition to
cancer immune cells, the immunogenicity caused by dying cancer cells
has recently been the subject of growing research interest, and the new
term ’immunogenic cell death’ has been introduced [21,22]. Immuno-
genic cell death can involve diverse molecular pathways, and morpho-
logically it often manifests as tumor necrosis [21]. Although tumor
necrosis is one of the most fundamental histological findings in cancer,
the prognostic or predictive role of necrosis as part of the immune
landscape in HNSCC has not been thoroughly investigated so far.

In this study, to investigate the effect of neoadjuvant RT/CRT on the
immunological microenvironment, all patients who received neo-
adjuvant RT or CRT were identified from a retrospective population-
based cohort of 1033 newly diagnosed HNSCC [23-25]. Thereafter,
our aim was to analyze the occurrence and possible changes in expres-
sion levels of CD8, CD68, CD206, Clever-1, PD-L1 and histological tumor
necrosis in HNSCC samples before and after RT/CRT and also combine
these findings with patient-specific follow-up data. In addition, the

Electronic patient archive searched for new head and neck squamous
cell carcinoma (HNSCC) diagnosed in 2005-2015
n=1,033
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possibilities of developing novel Al-based deep learning method in the
best performing predictive model were investigated. The overall aim of
this study was to investigate at the individual level how tumor immune
landscape is altered by neoadjuvant RT/CRT and whether immune
landscape profiling or alteration have a prognostic or predictive signif-
icance in HNSCC.

Patients and methods
Data collection

Study cohort was formed by detecting all patients diagnosed with
new HNSCC in Southwest Finland area between 2005 and 2015 (n =
1033 patients) [10,23,24]. Patients who received neoadjuvant RT/CRT
and had available tumor samples both before and less than six months
after RT/CRT were identified and included to the study (Fig. 1). Com-
plete clinical data before neoadjuvant RT/CRT was collected and is
shown in Table 1. The treatment protocols were decided by a Multi-
disciplinary Tumor Board for head and neck cancer and tumor staging
was re-evaluated based on the eighth edition of the UICC/ AJCC TNM
classification. A total of 53 HNSCC patients met inclusion criteria for the
study aiming to investigate the effects of oncological neoadjuvant
treatments on the cancer immune landscape at the individual level. A
validation cohort, of representative primary tumor samples from HNSCC
patients who had received either surgery alone (n = 49) or definitive
RT/CRT (n = 122), was also identified from the 1033 HNSCC cohort
described above.

Tumor specimens and histology review

The histological assessment was performed retrospectively using
diagnostic FFPE tumor samples from each patient. The diagnostic tumor
samples from baseline HNSCC and tumor samples within six months
after RT/CRT were evaluated. 3.5-5-pm thick whole tissue sections were

l

Patients treated with radiotherapy(RT) and/or
chemoradiotherapy(CRT)
n=618

No RT/CRT treatment
n=415

|

Patients treated with neoadjuvant RT/CRT and had surgical treatment
or biopsy of primary tumor or neck metastasis before and after
radiotherapy n=53

No HNSCC samples available before or after RT/CRT treatment
n=565

l

Clinical parameters collected for statistical analyses
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Tobacco use

Alcohol use
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Fig. 1. The study scheme for retrospective neoadjuvant RT/CRT HNSCC patient selection. Electronic database screen was performed to include all patients diagnosed
and treated for new HNSCC in Southwest Finland region during years 2005-2015. Patients who received RT/CRT treatment and had paired cancer samples from the
tumor before and after (within six months of treatment) oncological treatment (RT/CRT) were selected for further analyses.
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Table 1
Clinical data of HNSCC patients (n = 53) before neoadjuvant RT/CRT.
Total
n %
Sex
Male 37 70
Female 16 30
Age at diagnosis
< 65 31 58
> 65 22 42
Smoking status
Current smoker 26 49
Former smoker 7 13
Non-smoker 19 36
Alcohol consumption
Yes 22 42
No 31 58
Primary tumor site
Oral cavity 31 58
Oropharynx 11 21
p16 positive 6
P16 negative 5
Larynx 5 10
Other 6 11
T Class
T1-2 21 40
T3-4 32 60
N class
NO 10 19
N+ 43 81
Stage
I-II 6 11
II-1V 47 89
Recidive in 5 years
Yes 25 47
No 28 53
Living at 5 years
Yes 16 30
No, died of HNSCC 31 58
No, died of other cause 6 11
Surgical treatment
No curative surgery 4 8
Local operation 40 75
Neck dissection 43 81
Treatment type
RT only 2 4
CRT only 2
RT + surgery 9 17
CRT + surgery 40 75

cut and stained with hematoxylin and eosin (H&E) using Ventana HE
600 (Roche Diagnostics, Basel, Switzerland). Evaluation of all tumor
samples was conducted independently by two pathologists (ARK, PV)
blinded for the patient outcome. Discrepancies were resolved by
consensus. The presence or absence of histologic coagulative necrosis
was analyzed according to established histologic criteria [26]. Tumor
necrosis was defined as the presence of microscopic coagulative necro-
sis, characterized by degenerating and dead cells. The proportion of
necrosis in the tumor was not evaluated but any amount of necrosis was
sufficient to score the necrosis present. As RT/CRT affects tumor his-
tology in many ways, histologic tumor necrosis was not analyzed on
posttreatment samples. Histological images used in the development of
the Al-based necrosis detection program were uploaded to the Aiforia
Create deep learning cloud-based platform (Aiforia Technologies, Hel-
sinki, Finland), a commercially available platform specifically designed
for histologic images.

Immunohistochemistry

Representative pre- and post-RT/CRT FFPE tissue blocks from the
same HNSCC patients were selected for immunohistochemical staining
and for further evaluation of immune landscape. Serial whole sections
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were immunohistochemically stained for CD8, CD68, CD206, Clever-1,
PD-L1 and pl6 using antibodies and dilutions presented in Supple-
mental Table 1. Staining was performed using The BenchMark ULTRA
(Ventana Medical Systems, Tucson, AZ) and proper control tissues
(tonsil, placenta and ovarian adenocarcinoma) were used. The staining
was assessed semi-quantitatively by two pathologists independently
(ARK and PV). Discrepancies were resolved by consensus.

Immunohistochemistry scoring

CD8 staining was assessed separately for intraepithelial tumor infil-
trating lymphocytes (iTIL) and stromal tumor infiltrating lymphocytes
(sTIL) presenting in stroma within % field of 20X view from the tumor
cell islands. CD68, CD206 and Clever-1 expressing macrophages were
scored by the average amount of positive cells close to the tumor or
regressed tumor areas. We performed a semi-quantitative scoring of TILs
and TAMs by measuring the density of CD8 +, CD68 +, CD206 + and
Clever-1 + cells in each sample as follows: no or sporadic positive cells
(pattern 0), low number of positive cells (pattern 1); high number of
positive cells (pattern 2). In final analyses staining patterns, 0 and 1
were considered as low expression and pattern 2 as high expression in
multivariable analysis for all the above-mentioned markers. PD-L1
staining was assessed for tumor proportion score (TPS) and combined
positive score (CPS) according to the FDA-approved method [27]. Cut-
offs TPS 0-9 %, 10-49 %, > 50 % and CPS < 1, 1-19 and > 20 were
used. In multivariable analysis CPS cut-offs < 20 and > 20 were used due
to low number of samples with CPS < 1. p16 was used as a surrogate
marker for HPV-association and was scored according to the WHO
guidelines [28].

Statistical analyses

Patient characteristics, histopathological variables, and results from
immunohistochemical analyses were entered into the Statistical Package
for Social Sciences (SPSS, version 25.0, IBM, Armonk, USA). For all
statistical analyses, the significance level was set at 0.05. For evaluation
of changes in the immune landscape, a Wilcoxon signed rank test was
used. Z values and p values are reported. For survival analysis, 5-year
overall survival (OS) was analyzed using Cox proportional hazards
method. For all multivariable analyses, based on our previous prognostic
model, the patient’s age, high T class, nodal positivity, and alcohol
history were entered as covariates [25]. Results of the regression ana-
lyses were used to plot survival curves for individual biomarkers. Hazard
ratios (HR) with 95 % CI and p value are reported.

Results
Patient characteristics

The overall goal of this research was to study the effect of neo-
adjuvant RT/CRT on the immunologic microenvironment of HNSCC by
comparing representative sample pairs from the same patient before and
after RT/CRT. Patients meeting inclusion criteria were identified from a
robustly validated retrospective and population-based patient cohort
including all newly diagnosed HNSCC (n = 1033) from a population of
697,000 people [23-25,29]. Among patients treated with RT/CRT (n =
618), all cases with neoadjuvant therapy and cancer samples available
before and after RT/CRT were identified for further analysis (n = 53,
Fig. 1). The main reasons for study exclusion were the absence of neo-
adjuvant RT/CRT treatment or lack of representative pre- or posttreat-
ment cancer samples. The primary tumor site in the neoadjuvant RT/
CRT cohort from most to least common was the oral cavity (31; 58 %),
the oropharynx (11; 21 %, pl6-positive n = 6 and pl6-negative n = 5),
the larynx (5; 10 %) and other (6; 11 %, Table 1). Most patients had
advanced HNSCC disease with one or more neck metastases (n = 43; 81
%) and were therefore classified as stage III-IV disease (n = 47; 89 %). Of
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the 53 patients, 42 were treated with CRT, and 11 patients received RT.
Almost half of the patients (n = 25) had one or more recurrent tumors
during the five-year follow-up. After five years, 16 (30 %) patients were
alive; 31 (58 %) had died of HNSCC and 6 (11 %) of other causes. In
conclusion, the selection of patients for the study cohort was successful
in terms of investigating immune landscape alterations in HNSCC pa-
tients receiving curative intended neoadjuvant RT/CRT treatment.

Immune landscape characteristics in pre and post RT/CRT HNSCC
specimens

For a reliable perspective on how RT/CRT influences individual
HNSCC tumor immune properties and how the immune landscape re-
flects RT/CRT outcome, all analyses were conducted using whole-tissue
sections. A set of five immunologic markers (CD8, CD68, CD206, Clever-
1, PD-L1) were selected for immunohistochemical analysis
(Supplemental Table 1 and Supplemental Fig. 1 and 2). CD8 expression
was scored for both intraepithelial (iTIL) and stromal (sTIL) lympho-
cytes. Samples that were not available or the staining was not reliably
successful were not included in the analyses. The most characteristic
immune landscape profile in the pretreatment samples was low CD8 +
iTILs (77 % n = 36/47), high CD8 + sTILs (61 % n = 28/46) and low
CD206 + TAMs (79 % n = 37/47, Table 2). PD-L1 TPS > 10 % was found
in 61 % of patients (n = 28/46) and TPS > 50 % in 24 % (n = 11/46).
PD-L1 expression as CPS was > 20 in 59 % of patients (n = 27/46).
Histological tumor necrosis (scored as present or absent) existed in 32 %
(n = 15/47) and was absent in 68 % (n = 32/47) of the pre-RT/CRT
tumors. Among posttreatment samples, most of the tumors had low
CD8 + sTILs (86 % n = 44/51), low CD206 + TAMs (62 % n = 31/50)
and low Cleverl + TAMs (72 % n = 36/50). The distribution of the
tumor properties examined is presented in Table 2.

Immune landscape alterations and association with survival after
neoadjuvant RT/CRT

Neoadjuvant RT/CRT induced several quantifiable changes in the
HNSCC immune landscape, when specimens before and after RT/CRT
were examined. Expression of immunological markers in the pre- and
posttreatment samples of the same patient was compared pairwise and
determined as decreased, unvaried or increased in response to RT/CRT

Table 2
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(Fig. 2A). The pairwise comparison of immune landscape (sTILs, CD68,
CD206 and Clever-1) was statistically applicable for 46 patients
(Fig. 2B). Changes in CD8 + iTILs and PD-L1 expression could not be
reliably statistically analyzed, as tumor cells were in many cases (n =
21/51; 41 %) favorably eliminated by RT/CRT in posttreatment sam-
ples. Observed changes were surprisingly similar regardless of primary
tumor locations and HPV status (Fig. 2B). In most cases, the presence of
CD8 + TILs in the tumor stroma decreased (52 % of cases) in response to
treatment, yielding a statistically significant result. For TAMs, the
amount of CD68 was statistically unchanged, but significant decrease in
Clever-1 expression (36 % of cases) and increase in CD206 expression
(36 % of cases) in response to RT/CRT was observed. Surprisingly,
although detectable and statistically significant changes in the immune
landscape after neoadjuvant RT/CRT were observed, none of these
changes were associated with OS (data not shown).

Immune landscape characteristics and association with survival before and
after neoadjuvant RT/CRT

To further analyze the potential association of TILs, TAMs and PD-L1
with prognosis in neoadjuvant RT/CRT-treated patients, the expression
levels of each immune marker was studied independently in pre- and
posttreatment samples. High amount of CD8 + sTILs in baseline HNSCC
tumors (61 % of samples) was significantly associated with improved
prognosis in multivariable survival analysis (Table 2 and Fig. 2C). In
addition, high amount of CD206 + TAMs in posttreatment samples (38
% of samples) was significantly associated with worse survival in
multivariable survival analysis (Table 2 and Fig. 2D). Interestingly, for
patients with residual tumors after RT/CRT, high PD-L1 expression in
the tumor cells (TPS > 10 % or > 50 %) of post-RT/CRT samples (60 %
and 32 % of samples respectively) was associated with better survival
(Table 2).

Histologic tumor necrosis predicted poor outcome in HNSCC treated with
neoadjuvant RT/CRT

In addition to immunohistochemical analyses, predictive power of
histologic tumor necrosis and its putative association with TILs, TAMs
and PD-L1 in baseline tumor samples were studied. The histologic
pattern of necrosis often presented in small foci inside tumor cell islands

Distribution of immune cells, PD-L1 and histologic tumor necrosis, and their significance in multivariable analysis, in the HNSCC tissue samples before and after

neoadjuvant RT/CRT.

PRE POST
N % HR P N % HR P
CD8 + iTIL Low 36 77 % 1 - 24 100 % 1 —
High 11 23 % 0.74 (0.28 to 1.90) 0.53 0 0% 0.64 (0.23 to 1.75) 0.39
CD8 + sTIL Low 18 39 % 1 - 44 86 % 1 -
High 28 61 % 0.35 (0.16 to 0.79) 0.011 7 14 % 0.31 (0.07 to 1.35) 0.12
CD68 + TAM Low 26 55 % 1 - 24 48 % 1 -
High 21 45 % 0.70 (0.32 to 1.53) 0.38 26 52 % 0.92 (0.43 to 1.94) 0.83
CD206 + TAM Low 37 79 % 1 - 31 62 % 1 -
High 10 21 % 0.91 (0.35 to 2.37) 0.86 19 38 % 2.63 (1.22 to 5.65) 0.013
Clever-1 + TAM Low 22 48 % 1 - 36 72 % 1 -
High 24 52 % 0.73 (0.32 to 1.63) 0.45 14 28 % 0.95 (0.36 to 2.49) 0.92
PD-L1 TPS <10 % 18 39 % 1 - 10 40 % 1 -
10-49 % 17 37 % 1.25 (0.51 to 3.07) 0.62 7 28 % 0.36 (0.11 to 1.16) 0.089
>50 % 11 24 % 1.66 (0.59 to 4.60) 0.33 8 32 % 0.36 (0.10 to 1.22) 0.10
Low (<10 %) 18 39 % 1 - 10 40 % 1 -
High (>10 %) 28 61 % 1.39 (0.62 to 3.09) 0.42 15 60 % 0.35 (0.12 to 0.97) 0.046
Low (<50 %) 35 76 % 1 - 17 68 % 1 -
High (>50 %) 11 24 % 1.49 (0.59 to 3.78) 0.39 8 32% 0.37 (0.14 to 0.94) 0.038
PD-L1 CPS Low (<20) 19 41 % 1 — 10 40 % 1 —
High (>20) 27 59 % 0.94 (0.42 to 2.08) 0.89 15 60 % 0.51 (0.20 to 1.30) 0.159
Tumor necrosis Absent 32 68 % 1 - NA
Present 15 32% 2.87 (1.23 to 6.66) 0.014 NA

For multivariable analysis, Hazard ratios (HR) with 95 % CI and p value are reported. The results yielding statistical significance (p < 0.05) are in bold.
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Fig. 2. Immune landscape characteristics and association with survival before and after neoadjuvant RT/CRT. A: Representative samples of pretreatment (upper
row) and post-treatment (lower row) sample pairs. (All images 20x). B: Heatmap of the immune landscape alterations for each patient (n = 53). Blue, expression
decreased by RT/CRT; Red, expression increased by RT/CRT. C: Association of pretreatment CD8 + sTILs with 5-year OS. D: Association of posttreatment CD206 +
TAMs with 5-year OS. The significance of the changes was evaluated using the Wilcoxon signed rank test.

rather than as large and extensive areas. Surprisingly, the presence of
tumor necrosis in pre-neoadjuvant HNSCC samples was a markedly
strong predictor of worse treatment response, with a 5-year OS of 14.3 %
with necrosis and 48.5 % without necrosis (Table 2 and Fig. 3A-C).
However, tumor necrosis was not associated with clinical prognostic
variables, nor with TILs, TAMs or PD-L1 expression (data not shown).
Relatively straightforward detection of histological necrosis from H&E-
stained sections raised the question of the applicability of histological
necrosis in an automated Al-based deep learning. For this, a total of 20
HNSCC H&E stained slides with or without necrotic areas were uploaded
to a commercial deep learning cloud-based platform (Fig. 3D). After Al-
training, —testing and —validation, the detection of necrotic areas in
H&E-stained samples proved to be almost as efficient and reliable as Al-
based detection of tissue outlines alone; for tissue and necrosis, the

prevalence of false positive regions was 0.02 % and 0.32 %, respectively,
while the detection rate of false negative regions was 0.07 % and 0.18 %.
In addition, to investigate the predictive utility of histological tumor
necrosis in non-neoadjuvant patients, we collected primary specimens
from three different HNSCC cancer cohorts for histological analyses. The
HNSCC groups in which histological necrosis grading was performed
were oral cavity SCC patients who underwent primary surgery alone (n
= 49, Supplemental Table 2), patients who underwent definitive RT/
CRT for OPSCC (n = 51 Supplemental Table 3) or oral cavity SCC (n =
71, Supplemental Table 4). However, tumor necrosis was not associated
with reduced survival in any of these primary cancer groups (data not
shown).
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Fig. 3. Association of tumor necrosis with survival. A-C: Representative pretreatment samples with histologic necrosis absent (A), necrosis present (B), and asso-
ciation of necrosis with 5-year OS (C). (Histologic images 10x). D: Cohort digitization and algorithm development for deep learning and artificial intelligence-based
histological necrosis detection. A total of 20 digitized H&E HNSCC samples were uploaded to the Aiforia Create deep learning cloud-based platform (Aiforia
Technologies, Helsinki, Finland). In the first step, the identification of the tissue boundaries of the histological samples (green color) was successfully implemented
(total area error: 0.09%). In the next step, necrosis was identified and marked on the histological sections by pathologist as either background tissue with no necrosis
(black circles) and true necrosis (black circles with yellow color; total area error: 0.50%). At the end, Al functionality was tested and validated with 20 histological
samples with or without histological necrosis. The occurrence of necrosis was visualized by Aiforia Create software in yellow color and specimens without detectable
necrosis showed no yellow color at all. In the final results, for tissue and necrosis, the prevalence of false positive regions was 0.02% and 0.32%, while the detection
rate of false negative regions was 0.07% and 0.18%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Discussion

The aim of this study was to clarify how neoadjuvant RT/CRT in-
fluence tumor immune landscape and how these changes affect HNSCC
survival and treatment response. Evaluation of the immune landscape in
HNSCC is a particularly topical issue, but the challenge has been to
identify the most important immunological phenomena in terms of
prognosis and treatment response [30-32]. To our knowledge, this is the
most extensive study cohort in which the head and neck cancer immune
landscape has been evaluated in whole sections of both baseline tumors
and samples of the same patients collected shortly after neoadjuvant RT/
CRT. The study cohort represented patients with advanced HNSCC who
were still under curative treatment at the time of diagnosis but had a 5-
year survival rate of only 30 %. Hence, this cohort represents patients

with HNSCC for whom effective novel methods are needed to implement
targeted cancer therapies.

The main finding of this work was that high amount of CD8 + sTILs
and, especially, the absence of necrosis in pretreatment cancer samples
significantly predicted a better response to RT/CRT with better OS. In
accordance, CD8 + cytotoxic T cells have been shown in previous studies
to play an important role in HNSCC and to predict good overall survival
in CRT-treated HNSCC patients [33-37]. Pretreatment PD-L1 expression
did not predict OS in our study, nor have such results been obtained in
previous reviews or meta-analyses [38,39]. An increased number of
protumorigenic CD206 + TAMs in posttreatment samples was associ-
ated with poor survival; thus, it seems that in some cases, immune
landscape is altered in an unfavorable way by RT/CRT. In conclusion,
although the clinical effect and molecular mechanism of regulation are
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unknown, these in-depth analyses of the changes in the immune land-
scape enhance our knowledge of the effect of RT/CRT on the HNSCC
immune landscape and may provide new opportunities for designing
more personalized cancer therapies in the future.

Our most surprising finding was that although several statistically
significant immunological changes after RT/CRT treatment was
observed, the strongest prognostic factor in neoadjuvant cohort was the
presence of necrosis in baseline HNSCC tumors. The association between
necrosis and reduced survival was not seen in the surgical or definitive
RT/CRT groups, strongly suggesting that the presence of necrosis in
HNSCC could be specifically used to identify patients who would benefit
from neoadjuvant cancer surgery, such as TORS surgery [3]. The pres-
ence and impact of necrosis for decreased OS was superior to all tested
immunologic markers independently of TNM classification, which is
currently the most commonly used clinical parameter in HNSCC prog-
nostication [40]. Evaluation of tumor necrosis for prognostic purposes is
already in clinical use in a wide variety of cancers, such as sarcoma,
renal cell carcinoma, malignant pleural mesothelioma and mucoepi-
dermoid carcinoma of the head and neck [40-43]. The negative prog-
nostic significance of histologic tumor necrosis is also very well
characterized in several other cancers, such as lung, thyroid, colorectal,
and bladder carcinomas [44-46]. For HNSCC, there are only a few
publications evaluating histological tumor necrosis, and to date, the
prognostic or predictive value of necrosis in HNSCC remains poorly
characterized [47]. Although the prognostic or predictive significance of
histologic tumor necrosis in HNSCC has been marginally studied, pre-
treatment necrosis detected in MRI or CT imaging has shown to have
negative impact on CRT response in HNSCC [48,49].

Al-based deep learning digital pathology is expected to bring new
updates to routine pathology reporting. However, the challenge has
been the wide range of Al platforms and the challenges of clinical
validation of Al-based histological analyses. Based on our results, Al-
aided identification of histological tumor necrosis was very promising
biomarker and method also in terms of predicting cancer treatment
outcomes. In addition, in terms of future validations, the clear advantage
in this study is that the automatic Al platform used is already clinically
validated in colorectal carcinoma [50]. Based on these very promising
results, a follow-up study has already been started, in which the func-
tionality of the artificial intelligence-based necrosis detection developed
in this work is tested in a larger prospective study.

The limitation of this study is the small number of patients who met
the inclusion criteria in the neoadjuvant cohort and the heterogeneity of
the primary tumor locations. However, it is noteworthy that the final
number of patients was reached by examining the clinical and tumor
sample data of more than a thousand HNSCC patients indicating that
these types of patient-specific pre- and posttreatment sample pairs is
particularly challenging to discover. Despite the limited number of pa-
tients, the strengths of this work are the thorough evaluation of the
sample material and the use of whole sections instead of tissue micro-
arrays, which allowed a more detailed and reliable analysis and also the
development of Al-based deep learning methods. Furthermore, despite
the limited number of patients and the heterogeneity of the primary
tumor locations, the observed changes in the immune landscape were
consistent and statistically significant also in multivariable analyses and
the predictive role of histological necrosis in neoadjuvant RT/CRT group
was validated in additional samples from 171 HNSCC patients untreated
with neoadjuvant therapy.

Conclusion

Recent studies have shown that conventional oncological therapies
can be utilized as neoadjuvant treatments for HNSCC; however, the
absence of effective and reliable biomarkers limits the ability to predict
treatment response [3]. Tumor necrosis in cancer is well known but
clinical use of histologic necrosis in HNSCC is surprisingly poorly stud-
ied. Tumor necrosis is noted neither in the College of American
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Pathologists’ Protocol for examination of HNSCC tumor specimens, the
UICC Manual of Clinical Oncology nor the WHO Classification of Head
and Neck Tumors as a predictive marker in HNSCC [51-53]. Based on
our results, the superior predictability of necrosis in neoadjuvant cohort
compared to other analyzed biomarkers and the possibility of using deep
learning artificial intelligence in the identification of histological tumor
necrosis increase the interest in a more thorough investigation of ne-
crosis in larger HNSCC datasets. As evaluated using routine H&E-stained
sections of FFPE tumor tissue, necrosis is accessible and easy to incor-
porate worldwide both into routine histopathological examinations and
novel Al-based deep learning platforms.

CRediT authorship contribution statement

A.R. Koskenniemi: Writing — original draft, Investigation, Funding
acquisition, Formal analysis, Conceptualization. T. Huusko: Writing —
original draft, Investigation, Data curation, Conceptualization. J. Rou-
tila: Writing — original draft, Visualization, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. S. Jalkanen: Writing
— original draft, Supervision, Resources, Project administration, Meth-
odology, Funding acquisition, Conceptualization. M. Hollmén: Writing
— original draft, Methodology, Investigation, Data curation, Conceptu-
alization. P. Vainio: Writing — original draft, Visualization, Supervision,
Project administration, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. S. Ventela: Writing — original draft,
Visualization, Supervision, Resources, Project administration, Method-
ology, Investigation, Funding acquisition, Formal analysis, Data cura-
tion, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank Heikki Irjala and Ilmo Leivo for critical revision of the
manuscript and for valuable scientific advice.

Author contributions

All authors contributed to the study conception and design. ARK, PV,
JR, TH and SV performed study concept and design and performed
development of methodology, original drafting, review, and revision of
the paper; SV provided acquisition of data; ARK, PV, JR, and SV pro-
vided analysis and interpretation of data; JR performed statistical
analysis of data; SJ and MH participated in the design of the study and
commented on the results and its interpretation; ARK, JR and SV ob-
tained funding supports; SV and PV supervised the study. ARK had full
access to all the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis. The datasets
used and analyzed during the current study are available from the cor-
responding author on reasonable request. The first draft of the manu-
script was written by ARK and all authors commented on previous
versions of the manuscript. All authors read and approved the final
manuscript.

Funding sources

This work was supported by Finnish National Research Funding,
Finnish Foundation for Promotion of Laboratory Medicine, Finnish ORL-
HNS Research Foundation, South-Western Finnish Cancer Society,
Finnish Medical Foundation, Jane and Aatos Erkko Foundation, Acad-
emy of Finland and the Finnish Cultural Foundation.



A.R. Koskenniemi et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.oraloncology.2025.107287.

References

[1] Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin 2018;68:394-424. https://doi.org/
10.3322/CAAC.21492.

Gatta G, Botta L, Sanchez MJ, Anderson LA, Pierannunzio D, Licitra L, et al.

Prognoses and improvement for head and neck cancers diagnosed in Europe in

early 2000s: The EUROCARE-5 population-based study. Eur J Cancer 2015;51:

2130-43. https://doi.org/10.1016/J.EJCA.2015.07.043.

Sadeghi N, Subramaniam T, Richardson K, Mascarella M, Zeitouni A, Shenouda G,

et al. Neoadjuvant Chemotherapy and Transoral Robotic Surgery for Human

Papillomavirus-Related Oropharyngeal Cancer. JAMA Otolaryngol Head Neck Surg

2025;151:128-34. https://doi.org/10.1001/JAMAOTO.2024.3303.

Bhatia A, Burtness B. Treating Head and Neck Cancer in the Age of

Immunotherapy: A 2023 Update. Drugs 2023;83:217-48. https://doi.org/

10.1007/540265-023-01835-2.

Smussi D, Mattavelli D, Paderno A, Gurizzan C, Lorini L, Romani C, et al. Revisiting

the concept of neoadjuvant and induction therapy in head and neck cancer with the

advent of immunotherapy. Cancer Treat Rev 2023;121. https://doi.org/10.1016/J.

CTRV.2023.102644.

[6] WuD, LiY, XuP, Fang Q, Cao F, Lin H, et al. Neoadjuvant chemo-immunotherapy

with camrelizumab plus nab-paclitaxel and cisplatin in resectable locally advanced

squamous cell carcinoma of the head and neck: a pilot phase II trial. Nat Commun

2024;15. https://doi.org/10.1038/541467-024-46444-7.

Leidner R, Crittenden M, Young K, Xiao H, Wu Y, Couey MA, et al. Neoadjuvant

immunoradiotherapy results in high rate of complete pathological response and

clinical to pathological downstaging in locally advanced head and neck squamous
cell carcinoma. J Immunother Cancer 2021;9:e002485. https://doi.org/10.1136/

JITC-2021-002485.

[8] Zhang Z, Wu B, Peng G, Xiao G, Huang J, Ding Q, et al. Neoadjuvant

Chemoimmunotherapy for the Treatment of Locally Advanced Head and Neck

Squamous Cell Carcinoma: A Single-Arm Phase 2 Clinical Trial. Clin Cancer Res

2022;28. https://doi.org/10.1158/1078-0432.CCR-22-0666.

Olotu O, Koskenniemi AR, Ma L, Paramonov V, Laasanen S, Louramo E, et al.

Germline-specific RNA helicase DDX4 forms cytoplasmic granules in cancer cells

and promotes tumor growth. Cell Rep 2024;43. https://doi.org/10.1016/J.

CELREP.2024.114430.

[10] Punovuori K, Bertillot F, Miroshnikova YA, Binner MI, Myllymaki SM, Follain G,
et al. Multiparameter imaging reveals clinically relevant cancer cell-stroma
interaction dynamics in head and neck cancer. Cell 2024;187. https://doi.org/
10.1016/J.CELL.2024.09.046.

[11] Almangush A, Leivo I, Mékitie AA. Overall assessment of tumor-infiltrating
lymphocytes in head and neck squamous cell carcinoma: time to take notice. Acta
Otolaryngol 2020;140:246-8. https://doi.org/10.1080/00016489.2020.1720284.

[12] Borsetto D, Tomasoni M, Payne K, Polesel J, Deganello A, Bossi P, et al. Prognostic
Significance of CD4+ and CD8+ Tumor-Infiltrating Lymphocytes in Head and Neck
Squamous Cell Carcinoma: A Meta-Analysis. Cancers (Basel) 2021;13:1-15.
https://doi.org/10.3390/cancers13040781.

[13] Kumar AT, Knops A, Swendseid B, Martinez-Outschoom U, Harshyne L, Philp N,
et al. Prognostic Significance of Tumor-Associated Macrophage Content in Head
and Neck Squamous Cell Carcinoma: A Meta-Analysis. Front Oncol 2019;9:656.
https://doi.org/10.3389/FONC.2019.00656/BIBTEX.

[14] Mantovani A, Bottazzi B, Colotta F, Sozzani S, Ruco L. The origin and function of
tumor-associated macrophages. Immunol Today 1992;13:265-70. https://doi.org/
10.1016/0167-5699(92)90008-U.

[15] Troiano G, Caponio VCA, Adipietro I, Tepedino M, Santoro R, Laino L, et al.
Prognostic significance of CD68 + and CD163 + tumor associated macrophages in
head and neck squamous cell carcinoma: A systematic review and meta-analysis.
Oral Oncol 2019;93:66-75. https://doi.org/10.1016/J.
ORALONCOLOGY.2019.04.019.

[16] FuE, Liu T, Yu S, Chen X, Song L, Lou H, et al. M2 macrophages reduce the
radiosensitivity of head and neck cancer by releasing HB-EGF. Oncol Rep 2020;44:
698-710. https://doi.org/10.3892/0R.2020.7628/HTML.

[17] Larionova I, Cherdyntseva N, Liu T, Patysheva M, Rakina M, Kzhyshkowska J.
Interaction of tumor-associated macrophages and cancer chemotherapy.
Oncoimmunology 2019;8:1596004. https://doi.org/10.1080/
2162402X.2019.1596004.

[18] Liu J, Geng X, Hou J, Wu G. New insights into M1/M2 macrophages: key
modulators in cancer progression. Cancer Cell Int 2021;21. https://doi.org/
10.1186/512935-021-02089-2.

[19] Palani S, Elima K, Ekholm E, Jalkanen S, Salmi M. Monocyte Stabilin-1 Suppresses
the Activation of Th1 Lymphocytes. J Immunol 2016;196:115-23. https://doi.org/
10.4049/JIMMUNOL.1500257.

[20] Burtness B, Harrington KJ, Greil R, Soulieres D, Tahara M, de Castro G, et al.
Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy
for recurrent or metastatic squamous cell carcinoma of the head and neck
(KEYNOTE-048): a randomised, open-label, phase 3 study. Lancet 2019;394:
1915-28. https://doi.org/10.1016/50140-6736(19)32591-7.

[2

—

[3

=

[4

=

[5

—

[7

—

[9

—

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Oral Oncology 165 (2025) 107287

Legrand AJ, Konstantinou M, Goode EF, Meier P. The Diversification of Cell Death
and Immunity: Memento Mori. Mol Cell 2019;76:232-42. https://doi.org/
10.1016/J.MOLCEL.2019.09.006.

Raudenska M, Balvan J, Masarik M. Cell death in head and neck cancer
pathogenesis and treatment. Cell Death Dis 2021;12:192. https://doi.org/10.1038/
s41419-021-03474-5.

Denissoff A, Huusko T, Ventela S, Niemela S, Routila J. Exposure to alcohol and
overall survival in head and neck cancer: A regional cohort study. Head Neck 2022;
44:2109-17. https://doi.org/10.1002/HED.27125.

Mylly M, Nissi L, Huusko T, Routila J, Vaittinen S, Irjala H, et al. Epidemiological
Study of p16 Incidence in Head and Neck Squamous Cell Carcinoma 2005-2015 in
a Representative Northern European Population. Cancers (Basel) 2022;14:5717.
https://doi.org/10.3390/CANCERS14225717/S1.

Routila J, Leivo I, Minn H, Westermarck J, Venteld S. Evaluation of prognostic
biomarkers in a population-validated Finnish HNSCC patient cohort. Eur Arch
Otorhinolaryngol 2021;278:4575-85. https://doi.org/10.1007/s00405-021-
06650-7.

Kumar V, Abbas AK, Necrosis AJ. Robbins & Cotran Pathologic Basis of Disease.
10th ed. Elsevier; 2020. p. 1392.

U.S. Food and Drug Administration. Approval For The PD-L1 IHC 22C3 PharmDx
2019. https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?
id=P150013s016.

Lewis JS, Beadle B, Bishop JA, Chernock RD, Colasacco C, Lacchetti C, et al.
Human Papillomavirus Testing in Head and Neck Carcinomas: Guideline From the
College of American Pathologists. Arch Pathol Lab Med 2018;142:559-97. https://
doi.org/10.5858/ARPA.2017-0286-CP.

Routila J, Qiao X, Weltner J, Rantala JK, Carpén T, Hagstrom J, et al. Cisplatin
overcomes radiotherapy resistance in OCT4-expressing head and neck squamous
cell carcinoma. Oral Oncol 2022;127:105772. https://doi.org/10.1016/J.
ORALONCOLOGY.2022.105772.

Boustani J, Grapin M, Laurent PA, Apetoh L, Mirjolet C. The 6th R of Radiobiology:
Reactivation of Anti-Tumor Immune Response. Cancers (Basel) 2019;11. https://
doi.org/10.3390/CANCERS11060860.

Chen S, Yang Y, Wang R, Fang J. Neoadjuvant PD-1/PD-L1 inhibitors combined
with chemotherapy had a higher ORR than mono-immunotherapy in untreated
HNSCC: Meta-analysis. Oral Oncol 2023;145. https://doi.org/10.1016/J.
ORALONCOLOGY.2023.106479.

Qian JM, Schoenfeld JD. Radiotherapy and immunotherapy for head and neck
cancer: current evidence and challenges. Front Oncol 2021;10. https://doi.org/
10.3389/fonc.2020.608772.

Balermpas P, Michel Y, Wagenblast J, Seitz O, Weiss C, Rodel F, et al. Tumour-
infiltrating lymphocytes predict response to definitive chemoradiotherapy in head
and neck cancer. Br J Cancer 2014;110:501-9. https://doi.org/10.1038/
BJC.2013.640.

Balermpas P, Rodel F, Rodel C, Krause M, Linge A, Lohaus F, et al. CD8+ tumour-
infiltrating lymphocytes in relation to HPV status and clinical outcome in patients
with head and neck cancer after postoperative chemoradiotherapy: A multicentre
study of the German cancer consortium radiation oncology group (DKTK-ROG). Int
J Cancer 2016;138:171-81. https://doi.org/10.1002/1JC.29683.

Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, et al. Assessing
Tumor-Infiltrating Lymphocytes in Solid Tumors: A Practical Review for
Pathologists and Proposal for a Standardized Method from the International
Immuno-Oncology Biomarkers Working Group: Part 2: TILs in Melanoma.
Gastrointestinal Tract Carcinom Adv Anat Pathol 2017;24:311-35. https://doi.
org/10.1097/PAP.0000000000000161.

Oguejiofor K, Hall J, Slater C, Betts G, Hall G, Slevin N, et al. Stromal infiltration of
CD8 T cells is associated with improved clinical outcome in HPV-positive
oropharyngeal squamous carcinoma. Br J Cancer 2015;113:886-93. https://doi.
org/10.1038/BJC.2015.277.

Vassilakopoulou M, Avgeris M, Velcheti V, Kotoula V, Rampias T, Chatzopoulos K,
et al. Evaluation of PD-L1 Expression and Associated Tumor-Infiltrating
Lymphocytes in Laryngeal Squamous Cell Carcinoma. Clin Cancer Res 2016;22:
704-13. https://doi.org/10.1158/1078-0432.CCR-15-1543.

Li J, Wang P, Xu Y. Prognostic value of programmed cell death ligand 1 expression
in patients with head and neck cancer: A systematic review and meta-analysis.
PLoS One 2017;12:e0179536. https://doi.org/10.1371/JOURNAL.
PONE.0179536.

Yang W-F, Wong MCM, Thomson PJ, Li K-Y, Su Y-X. The prognostic role of PD-L1
expression for survival in head and neck squamous cell carcinoma: A systematic
review and meta-analysis. Oral Oncol 2018;86:81-90. https://doi.org/10.1016/j.
oraloncology.2018.09.016.

Brierley JD, Gospondarowicz MK, Wittenkind C, editors. TNM Classification of
Malignant Tumours. 8th ed. Union for International Cancer Control; 2017.

[41] Leivo I, Bishop JA, Vielh P, Inagaki H, Cipriani NA, Costes-Martineau V.
Mucoepidermoid carcinoma. WHO Classification of Tumours Editorial Board. Head
and neck tumours. Lyon (France): International Agency for Research on Cancer;
WHO classification of tumours series, 5th ed.; vol. 9. https://tumourclassification.
iarc.who.int/chapters/52, 2022.

Sauter J, Schmitt F, Ladanyi M, Dacic S, Bueno R, Gill R, et al. Diffuse pleural
mesothelioma. WHO Classification of Tumours Editorial Board. Thoracic tumours.
Lyon (France): International Agency for Research on Cancer; WHO classification of
tumours series, 5th ed.; vol. 5. https://tumourclassification.iarc.who.int/chapters/
35., 2021.

WHO Classification of Tumours Editorial Board, editor. Soft Tissue and Bone
Tumours, WHO Classification of Tumours, Lyon (France) Vol. 3 2020. https://
tumourclassification.iarc.who.int/chapters/33.


https://doi.org/10.1016/j.oraloncology.2025.107287
https://doi.org/10.1016/j.oraloncology.2025.107287
https://doi.org/10.3322/CAAC.21492
https://doi.org/10.3322/CAAC.21492
https://doi.org/10.1016/J.EJCA.2015.07.043
https://doi.org/10.1001/JAMAOTO.2024.3303
https://doi.org/10.1007/S40265-023-01835-2
https://doi.org/10.1007/S40265-023-01835-2
https://doi.org/10.1016/J.CTRV.2023.102644
https://doi.org/10.1016/J.CTRV.2023.102644
https://doi.org/10.1038/S41467-024-46444-Z
https://doi.org/10.1136/JITC-2021-002485
https://doi.org/10.1136/JITC-2021-002485
https://doi.org/10.1158/1078-0432.CCR-22-0666
https://doi.org/10.1016/J.CELREP.2024.114430
https://doi.org/10.1016/J.CELREP.2024.114430
https://doi.org/10.1016/J.CELL.2024.09.046
https://doi.org/10.1016/J.CELL.2024.09.046
https://doi.org/10.1080/00016489.2020.1720284
https://doi.org/10.3390/cancers13040781
https://doi.org/10.3389/FONC.2019.00656/BIBTEX
https://doi.org/10.1016/0167-5699(92)90008-U
https://doi.org/10.1016/0167-5699(92)90008-U
https://doi.org/10.1016/J.ORALONCOLOGY.2019.04.019
https://doi.org/10.1016/J.ORALONCOLOGY.2019.04.019
https://doi.org/10.3892/OR.2020.7628/HTML
https://doi.org/10.1080/2162402X.2019.1596004
https://doi.org/10.1080/2162402X.2019.1596004
https://doi.org/10.1186/S12935-021-02089-2
https://doi.org/10.1186/S12935-021-02089-2
https://doi.org/10.4049/JIMMUNOL.1500257
https://doi.org/10.4049/JIMMUNOL.1500257
https://doi.org/10.1016/S0140-6736(19)32591-7
https://doi.org/10.1016/J.MOLCEL.2019.09.006
https://doi.org/10.1016/J.MOLCEL.2019.09.006
https://doi.org/10.1038/s41419-021-03474-5
https://doi.org/10.1038/s41419-021-03474-5
https://doi.org/10.1002/HED.27125
https://doi.org/10.3390/CANCERS14225717/S1
https://doi.org/10.1007/s00405-021-06650-7
https://doi.org/10.1007/s00405-021-06650-7
http://refhub.elsevier.com/S1368-8375(25)00116-2/h0130
http://refhub.elsevier.com/S1368-8375(25)00116-2/h0130
https://doi.org/10.5858/ARPA.2017-0286-CP
https://doi.org/10.5858/ARPA.2017-0286-CP
https://doi.org/10.1016/J.ORALONCOLOGY.2022.105772
https://doi.org/10.1016/J.ORALONCOLOGY.2022.105772
https://doi.org/10.3390/CANCERS11060860
https://doi.org/10.3390/CANCERS11060860
https://doi.org/10.1016/J.ORALONCOLOGY.2023.106479
https://doi.org/10.1016/J.ORALONCOLOGY.2023.106479
https://doi.org/10.3389/fonc.2020.608772
https://doi.org/10.3389/fonc.2020.608772
https://doi.org/10.1038/BJC.2013.640
https://doi.org/10.1038/BJC.2013.640
https://doi.org/10.1002/IJC.29683
https://doi.org/10.1097/PAP.0000000000000161
https://doi.org/10.1097/PAP.0000000000000161
https://doi.org/10.1038/BJC.2015.277
https://doi.org/10.1038/BJC.2015.277
https://doi.org/10.1158/1078-0432.CCR-15-1543
https://doi.org/10.1371/JOURNAL.PONE.0179536
https://doi.org/10.1371/JOURNAL.PONE.0179536
https://doi.org/10.1016/j.oraloncology.2018.09.016
https://doi.org/10.1016/j.oraloncology.2018.09.016

A.R. Koskenniemi et al.

[44]

[45]

[46]

[471

[48]

Alzumaili B, Xu B, Spanheimer PM, Tuttle RM, Sherman E, Katabi N, et al. Grading
of medullary thyroid carcinoma on the basis of tumor necrosis and high mitotic
rate is an independent predictor of poor outcome. Modern Pathology 2020 33:9
2020;33:1690-701. doi: 10.1038/541379-020-0532-1.

Caruso R, Parisi A, Bonanno A, Paparo D, Emilia Q, Branca G, et al. Histologic
coagulative tumour necrosis as a prognostic indicator of aggressiveness in renal,
lung, thyroid and colorectal carcinomas: A brief review. Oncol Lett 2012;3:16-8.
https://doi.org/10.3892/0L.2011.420/HTML.

Ord JJ, Agrawal S, Thamboo TP, Roberts I, Campo L, Turley H, et al. An
Investigation Into the Prognostic Significance of Necrosis and Hypoxia in High
Grade and Invasive Bladder Cancer. J Urol 2007;178:677-82. https://doi.org/
10.1016/J.JURO.2007.03.112.

Ou D, Garberis I, Adam J, Blanchard P, Nguyen F, Levy A, et al. Prognostic value of
tissue necrosis, hypoxia-related markers and correlation with HPV status in head
and neck cancer patients treated with bio- or chemo-radiotherapy. Radiother Oncol
2018;126:116-24. https://doi.org/10.1016/j.radonc.2017.10.007.

Chen TC, Wu CT, Wang CP, Hsu WL, Yang TL, Lou PJ, et al. Associations among
pretreatment tumor necrosis and the expression of HIF-1a and PD-L1 in advanced

[49]

[50]

[51]

[52]

[53]

Oral Oncology 165 (2025) 107287

oral squamous cell carcinoma and the prognostic impact thereof. Oral Oncol 2015;
51:1004-10. https://doi.org/10.1016/J.O0RALONCOLOGY.2015.08.011.

Yung AT, Jun HH, Meng HL, Ming HT. Analysis of Prognostic Factors of
Chemoradiation Therapy for Advanced Hypopharyngeal Cancer — Does Tumor
Volume Correlate with Central Necrosis and Tumor Pathology? ORL 2006;68:
206-12. https://doi.org/10.1159/000091803.

Pai RK, Banerjee I, Shivji S, Jain S, Hartman D, Buchanan DD, et al. Quantitative
Pathologic Analysis of Digitized Images of Colorectal Carcinoma Improves
Prediction of Recurrence-Free Survival. Gastroenterology 2022;163:1531-1546.e8.
https://doi.org/10.1053/J.GASTRO.2022.08.025.

College of American Pathologist. Cancer Protocol Templates 2021. https://www.
cap.org/protocols-and-guidelines/cancer-reporting-tools/cancer-protocol-
templates#protocols.

O’Sullivan B, Brierley JD, D’Cruz A, Fey M, Pollock RE, Vermorken J, editors. UICC
Manual of Clinical Oncology. 9th ed. Union for International Cancer Control; 2015.
WHO Classification of Tumours Editorial Board. Head and neck tumours. Lyon
(France): International Agency for Research on Cancer; 2023. (WHO classification
of tumours series, 5th ed.; vol. 9). https://publications.iarc.who.int/629. 20AD.


https://doi.org/10.3892/OL.2011.420/HTML
https://doi.org/10.1016/J.JURO.2007.03.112
https://doi.org/10.1016/J.JURO.2007.03.112
https://doi.org/10.1016/j.radonc.2017.10.007
https://doi.org/10.1016/J.ORALONCOLOGY.2015.08.011
https://doi.org/10.1159/000091803
https://doi.org/10.1053/J.GASTRO.2022.08.025
http://refhub.elsevier.com/S1368-8375(25)00116-2/h0260
http://refhub.elsevier.com/S1368-8375(25)00116-2/h0260

	Histological tumor necrosis predicts decreased survival after neoadjuvant chemotherapy in head and neck squamous cell carcinoma
	Introduction
	Patients and methods
	Data collection
	Tumor specimens and histology review
	Immunohistochemistry
	Immunohistochemistry scoring
	Statistical analyses

	Results
	Patient characteristics
	Immune landscape characteristics in pre and post RT/CRT HNSCC specimens
	Immune landscape alterations and association with survival after neoadjuvant RT/CRT
	Immune landscape characteristics and association with survival before and after neoadjuvant RT/CRT
	Histologic tumor necrosis predicted poor outcome in HNSCC treated with neoadjuvant RT/CRT

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Author contributions
	Funding sources
	Appendix A Supplementary data
	References


