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ABSTRACT

Background: Human papilloma virus (HPV)-related head and neck squamous cell carcinoma (HNSCC) incidence is rising. Despite the prognostic and therapeutic
implication of HPV status, standardised detection methods are lacking. This study compared multiple HPV detection methods and evaluated the prognostic value of
viral transcriptional activity in archival HNSCC tissues.

Methods: HPV-DNA status and subtyping was determined by GP5+/GP6 + PCR. Multiplex immunohistochemistry (p16™<*) and chromogenic in-situ hybridization
(CISH for E6/E7 mRNA) was performed on tissue microarrays (TMAs) from a retrospective cohort of HNSCC (n = 207). Viral load was quantified using QuPath and
an independent deep-learning HPV prediction algorithm was validated on H&E-stained tissue cores.

Results: The multiplex approach accurately detected active HPV in HNSCC primary tumours and metastases, including archival tissue > 20 years old. HPV-DNA was
detected exclusively in oropharyngeal SCC and was absent in all other head and neck subsites. Receiver operating curve analysis confirmed all three tested methods
match the diagnostic performance of the gold standard HPV-DNA PCR. Furthermore, viral load was identified as an independent predictor of overall survival,
maintaining prognostic significance even after adjusting for age, stage and lifestyle factors.

Conclusions: This study underscores the importance of detecting transcriptionally active HPV to better clinical decision-making of HNSCC patients and supports
broader adoption of CISH alongside emerging Al-based analysis in clinical practice.

Various methods can identify HPV-related HNSCC. While p16™ 4
(p16) immunohistochemistry (IHC) is a common surrogate marker, its

Background

High-risk human papilloma viruses (HPV), particularly HPV-16 and
HPV-18 types, are established drivers of the rising global incidence of
head and neck squamous cell carcinoma (HNSCC) [1,2]. While HPV
positivity, particularly in oropharyngeal squamous cell carcinoma
(OPSCC), generally signals a favourable prognosis and suitability for
treatment de-intensification [3], a subset of patients still experience
poor outcomes [4]. Identifying these high-risk individuals currently
requires advanced molecular techniques like digital droplet PCR
(ddPCR); however, such methods remain cost-prohibitive and logisti-
cally challenging for routine practice [5].

* Corresponding authors.

moderate specificity limits its accuracy in predicting OPSCC outcomes
when used in isolation [6,7]. Consequently, p16 IHC alone is not rec-
ommended for selecting patients for treatment de-escalation [7]. Precise
OPSCC diagnosis, particularly in pl6+ cases, requires HPV-specific
testing [8], and there is strong evidence that combining p16 IHC with
HPV DNA PCR enhances specificity while maintaining sensitivity [9]. A
meta-analysis showed that HPV DNA+/pl6+ patients demonstrate
significantly improved five-year overall-survival (OS) and disease-free-
survival (DFS) compared to discordant (DNA—/pl16+ or HPV DNA+/
pl6—) subgroups [10].

E-mail addresses: daniela.costea@uib.no (D.E. Costea), harsh.dongre@uib.no (H.N. Dongre).

! These authors contributed equally.

https://doi.org/10.1016/j.oraloncology.2026.108123

Received 20 April 2026; Received in revised form 3 July 2026; Accepted 31 August 2026

Available online 4 September 2026

1368-8375/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-0378-9380
https://orcid.org/0000-0002-0378-9380
https://orcid.org/0000-0003-4378-2869
https://orcid.org/0000-0003-4378-2869
mailto:daniela.costea@uib.no
mailto:harsh.dongre@uib.no
www.sciencedirect.com/science/journal/13688375
https://www.elsevier.com/locate/oraloncology
https://doi.org/10.1016/j.oraloncology.2026.108123
https://doi.org/10.1016/j.oraloncology.2026.108123
http://creativecommons.org/licenses/by/4.0/

S. Tornaas et al.

However, identifying HPV-infection by DNA analysis does not
confirm an active oncogenic infection. Biologically significant HPV-
related HNSCC is best defined by identifying cellular transformation
driven by E6/E7 viral oncogenes [11,12]. Until recently, RT-qPCR was
used for detection of E6/E7 mRNA, however, with the development of
RNAscope technology, detection of E6/E7 mRNA by in situ hybrid-
isation (ISH) has become more feasible for use even in clinical settings.
ISH can also provide valuable information about the spatial localisation
and abundance of viral infection.

We established a dual IHC (p16) and ISH (E6/E7 mRNA) protocol to
quantify viral load in a well-characterised retrospective HNSCC cohort
from a Norwegian cohort. We also aimed to determine if ISH-based viral
load quantification improves risk stratification. Additionally, we vali-
dated a deep-learning HPV-prediction algorithm, originally developed
for whole-slide H&E images, on tissue microarray cores [13]. Together,
these approaches seek to refine HPV-related HNSCC classification and
identify novel predictive tools for clinical outcome stratification.

Methods
Tumour samples

A retrospective cohort of 207 patients older than 18 years, diagnosed
with HNSCC and treated with surgery and/or chemoradiotherapy at
Haukeland University Hospital, Bergen, Norway between 2000-2016
was included in the study. Patients without informed consent, with
neoadjuvant treatment, missing tissue blocks, and missing clinical in-
formation were excluded from the study. The clinical information (age,
gender, smoking and alcohol use, localization, TNM stage (based on 7%
Edition Union for International Cancer Control (UICC)/American Joint
Committee on Cancer (AJCC) guidelines), co-morbidities, recurrence,
last date of follow-up, survival) was obtained from patients’ medical
electronic journal. Formalin fixed paraffin embedded (FFPE) tissue
blocks containing the tumour front with surrounding stroma and adja-
cent normal mucosa were selected for the study. Two cores of 1 mm? per
patient were chosen for constructing tissue microarrays (TMAs). TMA
sections of 3-4 um thickness were cut using a microtome (HistoCore
Biocut, Leica Biosystems, UK) and mounted on glass slides (Thermo
Scientific Superforst Plus, USA). Further, the sections were allowed to
adhere to the slides by incubating at 57°C for 2 hours and stored at 4°C
until use. This study was approved by the Regional Ethical Committee
for Western Norway (REKVest 2010/481 and 680158) and followed
REMARK criteria [14].

HPV DNA detection and subtyping

HPV DNA was detected using a protocol well established in our
laboratory [15]. Briefly, three ten um thick FFPE sections were collected
in microcentrifuge tubes, deparaffinized using deparaffinization solu-
tion (Qiagen Gmbh, Hilden, Germany), digested overnight in ATL buffer
and Proteinase K (Qiagen) at 56°C. DNA was extracted using E.Z.N.A.
tissue DNA Kit (Omega BioTek, Norcross, GA, USA) followed by DNA
quantification using Qubit dsDNA BR assay kit (Thermo Fisher Scienti-
fic, Waltham, MA, USA) according to manufacturer’s protocol. Extracted
DNA was added to a PCR reaction mixture with standard Gp5-+/Gp6+
primers, followed by DNA sequencing to determine HPV subtypes.
Detailed protocol can be found in supplementary materials.

p16 immunohistochemistry (IHC) and RNA in situ hybridization
(ISH)

Four-micron TMA sections were evaluated for the expression of p16
by IHC. In brief, the sections were deparaffinized followed by antigen
retrieval using Tris-EDTA pH 9 buffer (92°C for 20 min using a micro-
wave). The expression of pl6 in tissue was detected using anti-pl6
antibody (clone BC42, Biocare, Concord, CA, USA). EnVision™ FLEX
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HRP Magenta Substrate Chromogen (Agilent, Santa Clara CA, USA) was
used for visualization.

Chromogenic RNA in situ hybridization (RNA CISH) for detection of
high-risk HPV-7 mRNA (detecting HPV types 16, 18, 31, 33, 35, 52, and
58; E6/E7 mRNA; Cat. No. 312351, Advanced Cell Diagnostics (ACD),
Hayward, CA, USA) was performed using the RNAscope® 2.5 HD Re-
agent Kit - Brown (Cat. No. 322310, ACD). The manufacturer’s protocol
was followed, including boiling of 4-um TMA sections to unmask RNA
targets followed by protease treatment. Samples were then incubated
with HPV HR-7 probe for E6/E7 detection, along with positive (pepti-
dylprolyl isomerase B - PPIB) and negative (a transcript from Bacillus
Subtilis, DapB) controls. After six rounds of signal amplification, signals
were visualized and digitally quantified as described previously [15].

Combined IHC and ISH and digital quantification

To simultaneously visualize HPV E6/E7 mRNA transcripts together
with p16 protein expression, we employed the integrated co-detection
protocol, combining RNAScope ISH with IHC according to the manu-
facturer’s recommendations. Target retrieval was performed in a beaker
on a hotplate using co-detection target retrieval solution (ACD) for 15
minutes at 98-102 °C. The slides were then incubated at 4°C overnight
with p16 primary antibody (clone BC42) diluted 1:20 in Co-Detection
Antibody Diluent (ACD). The next day, slides were washed in PBS-T
and then fixed in 10 % neutral buffered formalin for 30 minutes at
room temperature (RT). The slides were then treated with protease plus
for 30 minutes at 40 °C and incubated with the HPV HR-7 probes for 2
hours at 40 °C, before signal amplification and visualization with DAB
chromogen. After this, the co-detection blocker (ACD) was applied to the
sections for 15 minutes at 40 °C, and then EnVision FLEX Mouse Linker
(Agilent Dako) was applied for 15 minutes at RT, followed by EnVision
FLEX HRP secondary antibody (Agilent Dako) for 20 minutes at RT. The
antibody signal was developed using EnVision FLEX Magenta chro-
mogen (Agilent Dako), and Haematoxylin was used as counterstaining.

Stained slides were digitally scanned using a Hamamatsu
NanoZoomer-XR whole slide scanner (Hamamatsu Photonics) at x40
magnification and analysed using QuPath (version 0.3.2, Queen’s Uni-
versity Belfast, UK) [16]. Tumour areas were manually annotated, and
E6/E7 mRNA-positive cells were detected using colour deconvolution
and threshold-based analysis. Viral load (VL) was quantified as the
number of E6/E7 mRNA positive cells per ym? of tumour tissue using a
QuPath groovy script (Supp material).

Deep learning algorithm for HPV prediction - external validation

The deep learning framework was based on the methodology
established by Wang et al. [13], which employs a convolutional neural
network to predict HPV status from routine H&E-stained histological
images. The original model was developed and trained using two inde-
pendent cohorts: the TCGA- HNSC cohort (431 diagnostic whole-slide
images (WSIs) from 412 patients across 26 U.S. medical centres) and
the Sheffield-OPSCC cohort (72 WSIs from 69 patients). In both training
cohorts, HPV infection status was confirmed using combined p16 IHC
and high-risk HPV DNA ISH as the reference standard. In the current
study, we performed external validation of this trained model on 131
tissue microarray (TMA) cores from the Bergen HNSCC cohort, repre-
senting a different population (Norwegian vs. U.S./U.K.), tissue format
(TMA cores vs. whole slides), and clinical setting. H&E-stained TMA
sections (3-4 pm) were digitally scanned at 20 x magnification using a
Hamamatsu NanoZoomer scanner. Image preprocessing followed the
original protocol: background removal using TIAToolbox [17] to
exclude non- tissue areas, pen marks, and artifacts; extraction of 256 x
256 pixel image patches at 10x equivalent magnification from tissue
regions; and application of Macenko stain normalization [18] to account
for inter- slide and inter-scanner colour variability. The deep learning
model architecture consists of a ResNet-based feature extractor followed



S. Tornaas et al.

by an attention-based aggregation layer, trained using PyTorch 1.11.0
and Python 3.10 as described in Wang et al. [14]. The model outputs a
probability score (0-1) for HPV-positive status, with a classification
threshold of 0.5. For TMA cores, the entire core was processed as a single
instance. Model performance was evaluated using area under the
receiver operating characteristic curve (AUC), sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV),
with HPV DNA PCR as the reference standard. This external validation
approach tests both the generalizability of the model to a new popula-
tion and its robustness to different tissue sampling formats. The study
followed TRIPOD AI guidelines for reporting clinical prediction models
[19].

Statistical analysis

Cohort description and correlations of clinicopathological parame-
ters were performed using Descriptive Statistics and Cross tabs in Sta-
tistical Package for Social Sciences (SPSS), version 28 (IBM, NY, USA).
Data are presented as mean + standard error of mean. Survival curves
were plotted using Kaplan-Meier (KM) method. Test of equality for
survival distribution of the variables within the parameters was carried
using Log Rank (Mantel-Cox). Risks of clinic-pathological parameters for
OS (5 years) of HNSCC patients were further examined by univariate
survival analysis using Cox’s proportional regression. Tests of indepen-
dence of clinicopathological parameters with VL were assessed using
Pearson’s chi-squared test. Tests of normality for the VL were checked
by Kolmogorov-Smirnov and Shapiro-Wilk test, histogram and Q-Q
plots. VL was dichotomized into higher and lower based on the mean
expression value. Mann-Whitney U test was performed to find signifi-
cant difference in VL in between high and low groups.

Results
Cohort description

A total of 207 cases of HNSCC cases (age range: 28-90; mean=61.7;
median=62) were included in the final analysis comprising 153 males
(73.9%) and 54 females (26.1%) (Table 1). Univariate Cox regression
identified significantly lower 5-year OS for patients aged > 65 years,
those with advanced tumour stage (stages III/IV), smokers and heavy
alcohol consumers. Recurrence and HPV status (regardless of testing
method i.e. p16 IHC, HPV mRNA ISH, HPV DNA PCR or HPV Al score)
were also significantly associated with reduced survival (Fig. 1A and B).

Multivariate Cox regression analysis of the significant univariate
parameters revealed age >65, lymph node metastasis, recurrence and
higher tumour stage as independent predictors of OS (p<0.05). When
adjusted for age and tumour stage, only recurrence (p=0.003), and HPV
status remained independent prognostic indicators, the latter across all
modalities (DNA PCR- p=0.044, p16 IHC- p=0.007 and mRNA ISH-
p=0.05) (Table 2).

Detection of HPV by various methods

HPV DNA was detected in 86 samples, all from oropharyngeal tu-
mours, accounting for 41.5% of total HNSCC cases and 58.9% of total
OPSCC cases (Fig. 2A). HPV DNA genotyping revealed presence of HPV
16/18 in 84 cases, and HPV 33 and HPV 58 in one case each. All oral
cavity and tongue SCC lesions were HPV DNA-negative and hence were
excluded from comparative HPV analysis. Considering only OPSCC, IHC
for p16 was positive in 98/146 cases (67.1%) while E6/E7 mRNA ISH
was positive in 76 cases (52.1%) (Fig. 2A). When p16 IHC and HPV
mRNA detection were combined, 98.7% (75/76) of mRNA-positive
cases were also pl6-positive. A single discordant case (p16-negative/
mRNA-positive) was HPV DNA-positive, suggesting an alternative pl6
inactivation mechanism. Deep learning analysis of 91 cases categorised
39 (42.9%) as HPV-positive and 52 (57.1%) as negative. This model,
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Table 1

Cohort description. TNM: Tumour Node Metastasis staging from American
Joint Committee on Cancer (AJCC 7th Edition); HPV: human papilloma virus;
ISH: in-situ hybridization; IHC: Inmunohistochemistry.

Parameters Values (N = 207)

Age at diagnosis in years, median (range) 62 (28-90)

Gender Male 153 (73.9 %)
Female 54 (26.1 %)

TNM stage Stage [ 23 (11.1 %)
Stage II 80 (38.5 %)
Stage III 36 (17.3 %)
Stage IV 68 (32.7 %)

10 (4.8 %)
133 (63.9 %)
64 (30.8 %)

Treatment Surgery alone
Surgery + radiotherapy
Surgery + radio-chemotherapy

Site Oropharynx 146 (70.2 %)
Oral cavity 45 (21.6 %)
Other 16 (7.7 %)

Lymph node metastasis No 75 (36.2 %)
Yes 132 (63.8 %)

Alcohol No 150 (72.1 %)
Yes 57 (27.4 %)

Smoking No 98 (47.1 %)
Yes 78 (37.5 %)

Yes (>20 cigarettes/day) 31 (14.9 %)
Recurrency No 143 (69.1 %)
Yes 64 (30.9 %)

HPV DNA No 121 (58.5 %)
HPV 16/18 84 (40.5 %)
HPV 33 01 (0.5 %)
HPV 58 01 (0.5 %)

High-risk HPV mRNA ISH No 131 (63.0 %)
Yes 76 (37.0 %)

p16 IHC Negative/Low 109 (52.4 %)
Positive 98 (47.1 %)

originally developed by Wang et al. [14] on whole-slide images,
demonstrated robust generalisation to the Norway TMA cohort.

KM survival analysis confirmed that HPV detection by all methods
predicted superior 5-year OS (p<0.001 for DNA, p16 IHC, mRNA ISH,
IHC+ISH combination, and AI detection) (Fig. 2B-F). Multivariate Cox
regression demonstrated that the prognostic value of each test remained
significant after adjusting for age, smoking, alcohol consumption, stage
and recurrence (p<0.05 for all). ROC analysis showed high concordance
across all detection methods (Fig. 2G). Using HPV DNA PCR as the
reference standard, p16 IHC, mRNA ISH and the multiplex combination
achieved areas under the curve (AUC) of 0.855, 0.938 and 0.929,
respectively. The Al model yielded an AUC of 0.793 (95% CI: 0.698-
0.888), with a sensitivity of 68.6% and specificity of 90%. Notably,
mRNA ISH alone achieved the highest Youden index (Table S1). While
the Al model’s AUC was lower than other detection methods, its ability
to utilise routine H&E sections without consuming additional tissue,
presents a distinct advantage for small biopsies or limited archival
material.

Discordant cases between HPV detection methods

Across the various detection modalities, excellent concordance was
observed in 87% (180/207) of cases; 74 were consistently HPV-positive
and 106 consistently negative. Discordance was identified in 27 cases
(13%), the majority of which (n=14; 6.7% of the total cohort) were p16-
positive but mRNA- and DNA-negative, representing false-positive p16
immunostaining. Conversely, false-negative pl6 staining was rare,
occurring in only one case (0.5%) that remained mRNA- and DNA-
positive. Two cases (1.0%) were negative for both p16 and mRNA but
DNA-positive, potentially indicating latent HPV infection. A single case
(0.5%) was positive for both mRNA and p16 but DNA-negative. Notably,
nine cases (10.5% of DNA-positive samples) were pl6-positive but
mRNA-negative, categorising them as transcriptionally inactive HPV
HNSCC (Fig. 3A-C). Survival analysis of these discordant groups
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Fig. 1. Prognostic impact of clinicopathological and HPV-related parameters on overall survival (OS) in HNSCC. (A) Forest plot showing univariate Cox
proportional hazards for 5-year OS in the HNSCC cohort. Hazard ratios (HRs) with 95 % confidence intervals (CIs) are shown for age, tumour stage, lymph node
status, smoking, alcohol consumption, recurrence, and HPV status determined by different detection methods. (B) Kaplan-Meier survival curves illustrating 5-year OS
stratified by selected prognostic factors: age at diagnosis (<65 vs > 65 years); recurrence status; lymph node metastasis; and tumour stage. Numbers indicate the
number of patients in each group. Survival differences were assessed using the log-rank (Mantel-Cox) test, with corresponding p-values displayed in each panel.

Table 2

Multivariate Cox regression analysis of significant parameters in univariate
Cox regression for overall survival. Adjusted for tumour stage and age. Sig-
nificant values are presented in bold.

Parameters Hazard Ratio 95 % CI p value

Smoking 1.37 0.846-2.219 0.201
(yes)

Alcohol 1.602 0.99-2.591 0.055
(yes)

Recurrency 2.045 1.276-3.280 0.003
(yes)

HPV DNA PCR 0.566 0.326-0.984 0.044
(yes)

pl6 IHC 0.498 0.300-0.829 0.007
(yes)

HPV mRNA ISH 0.565 0.314-1.01 0.05
(yes)

Combined mRNA ISH + p16 IHC 0.578 0.322-1.04 0.06

revealed that pl6-positive cases lacking HPV DNA or mRNA (pl16+/
HPV-) had significantly worse overall survival compared to truly HPV-
positive (p16+/HPV+) cases (Log-rank, p = 0.038; Fig. 3D).

HPV viral load and patient survival

HPV viral load (VL) was quantified for all E6/E7 mRNA ISH-positive
cases. The density of positive cells, normalised per pm?, ranged from
2.52 t0 92.60 (mean: 30.43 + 21.11; median: 28.96; Fig. 4A-B). Kaplan-
Meier analysis demonstrated that a high VL (>30.43 cells/pmz) was
significantly associated with increased 5-year mortality (p = 0.024;
Fig. 4C). Furthermore, multivariate Cox regression identified high VL as
an independent predictor of death in HPV-positive OPSCC after adjust-
ing for age, smoking, alcohol consumption, stage, and recurrence (p =
0.03). These findings suggest that VL is a clinically relevant biomarker
for risk stratification and may serve as a tool to guide treatment de-
escalation in HPV-positive OPSCC.

Discussion

The increasing incidence of HPV-induced HNSCC necessitates robust
and accurate detection methods for prognosis and treatment planning.

While various HPV detection techniques exist, including DNA-based
PCR, pl16 IHC and high-risk HPV E6/E7 mRNA ISH, the integration of
Al-based prediction from routine H&E-stained sections represents a
novel diagnostic frontier. This study compared these diverse modalities,
evaluating the feasibility of multiplex IHC-ISH and Al-based analysis on
archival OPSCC tissue, while exploring the prognostic significance of
viral load quantified via ISH.

The development of a multiplex IHC-ISH approach was motivated by
the clinical requirement for improved screening of transcriptionally
active HPV-infection. Precise identification of active infection is critical,
as it directly informs the selection of patients who may benefit from
treatment de-escalation or more specific therapeutic interventions.
Despite the generally superior prognosis of HPV-positive OPSCC, a sig-
nificant subset of patients experiences unfavourable outcomes. Conse-
quently, there is an urgent need for biomarkers capable of refined risk
stratification. We propose that the presence of active viral transcription
and the specific VL may provide the granular data necessary for
informed, personalised treatment decisions that are currently lacking in
standard OPSCC management. By integrating molecular, histopatho-
logical, and computational approaches, this study addresses both diag-
nostic accuracy and the biological relevance of HPV in clinical risk
stratification.

Clinical implications of multiplex HPV detection

The multiplex pl6 IHC-mRNA ISH assay represents a refined
approach to identifying high-risk HPV in OPSCC. While p16 IHC is a
highly sensitive and cost-effective surrogate for transcriptionally active
high-risk HPV infection [20,21], overexpression is not pathognomonic
for HPV-driven carcinogenesis [22]. We successfully optimised a
multiplex protocol for the simultaneous detection of E6/E7 transcripts
and pl6 protein on a single slide. A key practical advantage of this
method is its seamless integration into routine pathology workflows,
utilising FFPE material and standard chromogenic readouts via bright-
field microscopy. Our findings demonstrate that this approach is com-
parable to the HPV DNA “gold standard”. While a previous study
involving 38 cases suggested that such multiplexing could enhance
OPSCC stratification [23], our larger cohort indicates that the multiplex
method does not significantly outperform individual DNA, p16 IHC, or
mRNA ISH tests in predicting 5-year OS. Nevertheless, while the
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Fig. 2. Comparison of HPV detection methods and their prognostic performance in OPSCC. (A) Pie charts illustrating the proportion of HPV-positive (red) and
HPV-negative (blue) cases in the OPSCC cohort as determined by different detection methods: HPV DNA PCR, p16 IHC, HPV E6/E7 mRNA CISH, combined p16 IHC
and HPV E6/E7 mRNA ISH, and Al-based prediction. (B-F) Kaplan-Meier survival analyses showing 5-year overall survival (OS) stratified by HPV status according to
each detection method: HPV DNA PCR, p16 IHC, HPV E6/E7 mRNA CISH, combined p16 IHC and HPV E6/E7 mRNA ISH, and Al-based HPV prediction. Numbers
indicate the number of patients in each group. Survival differences were assessed using the log-rank (Mantel-Cox) test, with p-values shown in each panel. (G)
Receiver operating characteristic (ROC) curve analysis comparing the performance of different HPV detection methods, using HPV DNA PCR as the reference
standard. The area under the curve (AUC) illustrates the discriminatory ability of each method. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

predictive efficiency for overall survival may not be superior to indi-
vidual tests, the multiplex assay remains clinically significant. It pro-
vides biologically definitive confirmation of active viral integration and
transcription, potentially reducing the risk of misclassification in clinical
decision-making, a critical factor as the field moves towards treatment
de-escalation for HPV-positive patients.

Applying AI for clinical HPV stratification

The application of deep learning to predict HPV status from routine
histology represents an emerging approach that complements molecular
testing. In our external validation, the AI model achieved an AUC of
0.793 and demonstrated significant prognostic stratification (p=0.002
for 5-year OS). While this performance is lower than that of more so-
phisticated molecular methods, several factors contextualize this
finding.

Firstly, the model was originally optimized for whole-slide images
but was applied here to 1 mm? TMA cores, which provide limited

architectural context and reduced sampling of tumour heterogeneity.
Secondly, this study represents a rigorous external validation across a
different population and tissue format, demonstrating model robustness
despite a clear domain shift. Most significantly, the AI approach offers
distinct practical advantages: (i) it requires only standard H&E sections
without consuming additional tissue, which is critical for small biopsies;
(ii) it provides rapid results without specialised molecular laboratory
infrastructure; and (iii) it captures biologically relevant morphological
features, as evidenced by its independent prognostic value.

We propose that Al-based HPV prediction serves not as a replace-
ment for molecular confirmation, but rather as a first-pass screening tool
or triage mechanism. In resource-limited settings or when tissue is
scarce, the high sensitivity (93.8%) makes it suitable for ruling out HPV-
negative cases, while positive predictions could subsequently be
confirmed with molecular testing. The significant association with
clinical outcome suggests that the model captures morphological sur-
rogates of HPV-driven biology beyond the limits of conventional H&E
histopathological assessment. Future work should validate the model on
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Fig. 3. Discordant HPV detection cases and associated survival outcome. (A-C) Representative haematoxylin and eosin (H&E)-stained images from discordant
cases. Scale bars, 50 um. (D) Kaplan-Meier analysis of 5-year OS comparing discordant p16-positive/HPV-negative cases (p16+/HPV-; n = 14) with concordant HPV-
positive cases (p16+/HPV+; n = 84). Survival differences were assessed using the log-rank (Mantel-Cox) test.

full tissue sections from this cohort to determine whether performance
approximates molecular assays when complete architectural informa-
tion is available. Additionally, integration of Al predictions with clinical
parameters may yield multi-modal risk stratification tools that combine
computational pathology with traditional biomarkers.

Clinical significance of HPV transcriptional activity

A recent study demonstrated that E6 mRNA expression is ubiquitous
in HPV16 DNA-medium/high OPSCCs but absent in DNA-low cases
[24]. This supports our observation of discordant cases and highlights
the critical biological distinction between viral presence and transcrip-
tional activity. Together, these findings underscore the importance of
assessing not only the presence of HPV, but also the magnitude of viral
oncogene expression within tumour cells.

ISH for E6/E7 enables refined stratification of HPV-positive OPSCC
patients by allowing for direct assessment of transcriptional VL. While
traditionally VL is measured via DNA-based techniques such as qPCR or
digital PCR (where high VL often correlates with improved prognosis in
cervical, anal, and oropharyngeal cancers (5, 20, 22-24), our results
present a notable contradiction. In our cohort, a high transcriptional VL
(>30 positive cells/um?) was associated with significantly lower 5-year
survival.

This discrepancy likely reflects the difference between genomic
presence (DNA copy number) and active oncogenic signalling (mRNA
levels). High transcriptional activity may indicate sustained oncogenic
drive, increased tumour aggressiveness, or reduced dependence on host

regulatory mechanisms, thereby identifying a biologically distinct high-
risk subgroup within the HPV-positive population. Although the use of
ISH for VL quantification is relatively nascent [21], our findings suggest
it may offer superior biological relevance compared to DNA-based
metrics.

Limitations

This study has several limitations. First, as a single-centre retro-
spective analysis spanning nearly two decades, our findings may be
subject to temporal and selection biases arising from evolving diagnostic
practices and treatment protocols. Second, the RNA in situ hybridization
assay targeted only selected high-risk HPV subtypes, potentially missing
individually very uncommon subtypes [25]. Third, HPV DNA positivity
was restricted to oropharyngeal tumours, limiting the generalisability of
these findings to non-oropharyngeal HNSCC subsites. Fourth, the use of
archival formalin-fixed paraffin-embedded (FFPE) tissue and Tissue
Microarray (TMA) cores (while practically advantageous), may under
sample tumour heterogeneity and introduce pre-analytical variability
inherent to older material. Specifically, the external validation of the Al
model on TMA cores rather than WSIs represents a significant domain
shift; this reduced architectural context likely contributed to the model’s
lower AUC relative to molecular assays.

Furthermore, viral load was quantified using a threshold-based dig-
ital pipeline and dichotomised based on the cohort mean. Consequently,
these results may be sensitive to specific parameter settings, cut-point
selection, and observer-dependent annotations. Finally, the small
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Fig. 4. HPV viral load assessed by E6/E7 mRNA ISH and association with overall survival (OS). (A-B) Representative chromogenic in situ hybridization (ISH)
images showing HPV E6/E7 mRNA expression in OPSCC with low viral load (A) and high viral load (B), illustrating differences in the number of transcriptionally
active HPV-positive tumour cells. Brown punctate signals indicate E6/E7 mRNA expression. Scale bars, 50 um. (C) Kaplan-Meier analysis of 5-year OS in HPV-
positive OPSCC stratified by viral load. Patients were categorized into low and high viral load groups based on the mean E6/E7 mRNA-positive cell density
(30.43 cells/um?). High viral load was associated with significantly reduced OS. Survival differences were assessed using the log-rank (Mantel-Cox) test.

sample sizes within certain discordant HPV-status subgroups limit sta-
tistical precision, necessitating cautious interpretation of these specific
clinical outcomes.

Conclusions

In summary, this study demonstrates that multiple HPV detection
modalities (including DNA PCR, pl6 IHC, E6/E7 mRNA ISH, and
Al-based prediction) provide valuable and largely concordant data for
identifying HPV-driven OPSCC. While molecular assays remain the
most accurate diagnostic approach, the multiplex IHC-ISH assay offers
biologically definitive confirmation of transcriptionally active infection.
Furthermore, Al-based analysis shows significant promise as a practical,
tissue-sparing, low-cost and rapid screening tool in resource-limited
settings. Crucially, viral load from mRNA ISH emerged as an indepen-
dent prognostic marker, with high transcriptional activity identifying a

higher risk group. This underscores the clinical necessity of assessing the
magnitude of viral load rather than mere viral presence. Together, these
complementary methods enable more granular risk stratification in
HNSCC and highlight the potential of integrating digital pathology with
molecular diagnostics to inform future personalised treatment
strategies.
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