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ABSTRACT

Purpose: Treatment of Locally Advanced Cervical Cancer (LACC) is guided notably by the
European Society of Gynaecological Oncology (ESGO) guidelines; unfortunately, relapse remains
frequent despite standard chemoradiotherapy and brachytherapy. We evaluated whether
histological assessment of non-metastatic para-aortic lymph node (PAoLN) provides prognostic

value in LACC.

Experimental design: Primary tumor and PAOLNSs from 137 non-metastatic LACC patients were
stratified by pre-therapeutic 18F-FDG PET/CT into pelvic PET-positive (pPET+, N= 72) and
negative (pPET-, N=65) groups. Immunohistochemistry on whole sections assessed germinal
centers, CD4+, CD8+, FOXP3+ cells, neutrophils (CD66b+, neutrophil extracellular traps: NETS)
and high-endothelial venules (HEVs). Associations with progression-free survival (PFS) were

examined via univariate and multivariate analyses after a median follow-up of 55.4 months.

Results: Primary tumor profile was not associated with outcome, whereas PAoLN features were
strongly predictive. In pPET- patients, higher NETs were associated with shorter PFS (p=0.015;
HR=2.768), while elevated CD4/CD8 ratio improved outcomes (p=0.047, HR=0.497). In pPET+
patients, shorter PFS was linked to FOXP3+ (p=0.04, HR=1.918) and proliferating FOXP3+ cells
(p=0.018, HR=1.668) density. Across the full cohort, abundant germinal centers (p=0.0355,
HR=0.273) and elevated CD4/CD8 ratio (p=0.001, HR=0.490) independently correlated with
lower recurrence risk. Internal validation was conducted through a bootstrap resampling method.
Combinatorial analyses revealed distinct predictive signatures according to pPET status: higher

NETSs, fewer germinal centers and FIGO-I1A1-111B status predicted relapse in pPET- patients.

Conclusions: Integrating pPET status with PAOLN histological analyses improves recurrence risk
stratification in LACC. PAOLN evaluation may serve as a complementary tool to guide treatment

intensification and surveillance strategies.
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TRANSLATIONAL RELEVANCE

Despite multimodal therapy, patients with Locally Advanced Cervical Cancer (LACC) face a high
risk of relapse, and current International Federation of Gynaecology and Obstetrics (FIGO) 2018
staging provides limited prognostic discrimination. Our study demonstrates that histologic
evaluation of para-aortic lymph nodes (PA0LNSs), when integrated with pelvic 18F-FDG PET/CT
status, refines recurrence risk assessment beyond conventional staging. Distinct immune
signatures in PAoLNs—particularly germinal center activity, FOXP3+ T-cell expansion,
CD4/CD8 ratio and neutrophil extracellular trap (NET) density—identified subgroups of patients
with differential relapse risk. The global multivariate model was translated into a nomogram
incorporating three factors to facilitate individualized risk assessment in clinical practice. These
findings highlight the clinical value of PAOLN immune profiling as a complementary biomarker
strategy, which may enable more precise stratification of patients for treatment intensification or

tailored surveillance.
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INTRODUCTION

Cervical cancer accounts for approximately 660,000 new cases and 350,000 deaths annually,
ranking as the fourth most common malignancy and cause of cancer-related mortality among
women worldwide (1). Notably, it is the second leading cause of cancer death among women
aged 18 to 44 years across both high-income and low- to middle-income countries
(GLOBOCAN 2022). The clinical management and prognosis of cervical cancer are guided by
the disease stage as defined by the International Federation of Gynaecology and Obstetrics
(FIGO) classification system (2). The disease progresses from early-stage, defined by tumors
<4cm confined to the cervix, to locally advanced cervical carcinoma (LACC), characterized by
tumors >4cm and/or extension into adjacent pelvic structures. In 2018, the FIGO staging system
was revised to incorporate imaging and pathological findings, including the lymph node (LN)
status (not metastatic [MO]/metastatic [M+]) due to their prognostic significance. The detection
of LN metastases by imaging modalities automatically upstages the FIGO stage 111C1 for pelvic
LN to stage I11C2 for para-aortic LNs (PAOLNS), irrespective of primary tumor size or local
spread. Indeed, LN involvement is a strong prognostic factor, associated with higher recurrence
risk and poorer overall survival (3-6). According to European Society of Gynaecological
Oncology (ESGO)/European Society for Radiotherapy and Oncology (ESTRO)/European
Society of Pathology (ESP) guidelines, the standard treatment for LACC (FIGO 2018 stage 1B3
to IVA) consists of cisplatin-based concurrent chemoradiotherapy followed by brachytherapy.
Treatment is further tailored according to the nodal status assessed either by pre-therapeutic
positron  emission  tomography/computed  tomography  using BBE_2"_deoxy-2’
fluorodeoxyglucose (**F-FDG PET/CT) imaging (referred below as PET) or by LN surgical
staging. In cases of nodal involvement, management may include an external beam radiotherapy
boost (EBR) to the affected LN, and extended-field of radiotherapy to the para-aortic (PA0)
area

(7). In the current era of treatment de-escalation and precision surgery, the role of PAo
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lymphadenectomy is increasingly being questioned, particularly in patients with negative PET
findings. Indeed, this surgical procedure is associated with increased complications and
morbidity, and its diagnostic and therapeutic benefit remains unclear (8-11). Despite advances
in multimodal treatment, including surgical staging, about one-third of LACC patients treated
with concurrent chemoradiotherapy and brachytherapy experience recurrence (12,13).

The persistent risk of relapse highlights the need to identify reliable risk-signatures at
diagnosis, ideally within primary tumors and/or within PAoLNSs, to improve recurrence risk
stratification in patients with LACC and individualize their treatment. In this study, we
investigated immunological modulation within the primary tumor and PAoLN at the time of
diagnosis, focusing on key immune variables including B-cell germinal centers, CD4+, CD8+,
and FOXP3+ T cells, neutrophils, neutrophil extracellular traps (NETSs), and high-endothelial
venules (HEVs) as a critical regulator of lymphocyte trafficking and immune surveillance. We
evaluated whether immunological alterations varied within PAoLN of patients with positive vs
negative pelvic PET (pPET) findings and correlated with clinical outcomes. Primary tumors
were also analyzed to assess corresponding histopathological features. We provide evidence
that pelvic PET scan status, when integrated with PAOLN analyses, but not primary tumor
features, is a reliable predictor of recurrence risk. Our study highlights the added value of
PAOLN staging to identify LACC patients most likely to benefit from treatment intensification

and/or more cautious follow-up.
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MATERIEL AND METHODS

Human tissue samples

The retrospective single-center cohort included 155 female patients diagnosed with LACC
and treated at the University Hospital of Liege (Belgium) between May 2010 and April
2022. Median age was 52 years. LACC stage was defined according to FIGO 2018
classification (IB3 to IVA). To be eligible, patients must (i) have received a diagnostic/pre-
treatment PET scan (ii) have undergone laparoscopic para-aortic lymphadenectomy, (iii)
have been treated with concomitant chemoradiotherapy (CCRT) followed by brachytherapy,
and (iv) have no detectable metastasis in PAOLNSs through histological examination. The
overall prevalence of HPV-positivity was 98%. Given this minimal variability in HPV
status, particularly within the SCC subgroup, in which all tumors were HPV+, HPV
infection was not included as an independent covariate in the multivariable models, as its
near-uniform distribution precluded meaningful stratified or adjusted analyses
(Supplementary Table S1).

Formalin-fixed, paraffin-embedded (FFPE) LNs and/or primary tumor samples
collected before treatment were available for all patients and provided by the Biobank of the
University Hospital of Liege (Belgium). All specimens were reviewed by experienced
pathologists and classified as metastatic or non-metastatic. Clinical and pathological data were
retrieved from electronic medical records. Patients with incomplete clinical data or unavailable
tissue material were excluded.

The study protocol was approved by the Institutional Ethics Committee of the
University Hospital of Liége (2024-438). The use of human body material from the biobank
does not require consent forms (Belgian law of 19 December 2008).

Immunofluorescence on human LN sections

PAOLN and primary tumor biopsies from patients with LACC were fixed in formaldehyde 4%

directly after lymphadenectomy or tumor biopsy, respectively. Then, they were paraffin-
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embedded and sectioned at 4um. Tissue sections were rehydrated through successive xylene,
alcohol and water baths. Heat-induced antigen retrieval was performed using Dako target
retrieval buffer at pH 9.0 (Dako, S2367). After cooling for 20 min and rinsing with water, non-
specific background noise was reduced using TrueBlack (Cell Signaling, 92401 S). Slides were
then blocked with animal-free blocking solution (Cell Signaling, 15019 L) for 30min, followed
by incubation with the primary antibody of interest diluted in antibody diluent (Dako, S2022)
for 1h at room temperature or overnight at 4°C, in a humidified darkroom. Samples were
washed with PBS and incubated with the appropriate secondary antibody. These steps were
repeated for combined stainings. Slides were mounted with DAPI mounting media
(SouthernBiotech, 0100-20).

Different combinations of antibodies were applied on serial sections of primary tumors
and PAOLNs. Primary tumor sections were labeled with combinations of
CD4/CD8/aSMA/cytokeratin, CD66b/FOXP3/cytokeratin/aSMA, and
PNAd/cytokeratin/aSMA.  For  PAOLNs, stainings included PNAd, CD4/CDS8,
CD66b/FOXP3/Ki67, and H3cit/MPO.

The antibodies and all associated informations are listed in Supplementary Table S2.

Virtual image acquisition and quantification

Virtual images were acquired with SLIDEVIEW VS200 from Olympus at 20x magnification
(Olympus, Anvers, Belgium) equipped with a UPlan-XApo 20x 0.8x objective (Olympus) and
with a Hamamatsu ORCA-Flash camera, using DAPI, FITC, Cy3, Cy5 and Cy7 filter sets. All
quantitative analyses were conducted on whole tissue sections using QuPath software v0.5.1
(RRID: SCR_018257) to determine either the stained area or the number of positive
cells/structures (HEV, germinal center). For CD4 and CD8 positive cell evaluation, density was
defined as the ratio of the stained area to the stromal section area. For FOXP3+ cells, CD66b+

cells, NETs, germinal centers and HEVs, density represents cell/structure number/mm?.

Regarding primary tumor samples, stromal vs tumor segmentation was computationally
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performed based on cytokeratin positivity. Tumor-Associated High Endothelial Venules (TA-
HEVs) were defined as an object displaying a lumen and covered by aSMA+ cells and PNAd
detection in the lumen side.

For PAOLN samples, the total number of HEVs was automatically counted by detecting
every PNAd+ structures larger than 100um? to omit putative artefactual objects. Lumenized
HEVs were hand-detected and their lumen were measured manually. To decrease the slice
sectioning bias, the smallest diameter was considered for complex vessels. Dilated HEVs are
defined as HEVs displaying a lumen over 20um. 36841 HEVs and 2475 dilated HEVs were
analyzed for pPET- and 52748 HEV's and 2204 dilated HEVs for pPET+ patient groups. Results
were expressed as percentage of dilated HEVs. NETs were quantified based on the
colocalization of myeloperoxidase and citrullinated histone H3 staining.

Statistical methods

All the data were tested for normality by the Shapiro-Wilk test. Some parameters were log-
transformed (LN) or square-root transformed (SQ) before their use in statistical models.
Comparisons between groups were done with the Kruskal-Wallis H test followed by Dunn's
multiple comparison or the Mann-Whitney U test as specified in the figure legends. Data are
shown using the median with interquartile ranges. Statistical significance was determined at
p<0.05, denoted as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

The association between continuous variables was assessed using Spearman’s Rank
correlation coefficient (rs). To identify the most predictive signatures of relapse derived from
multiple parameters, we applied an unbiased, combinatorial Cox regression-based predictive
model approach. First, each parameter was evaluated individually (univariate analysis). Next,
all possible pairwise (2X2) and triplet (3X3) combinations were assessed. To prevent the

generation of subgroups too small for meaningful statistical interpretation, we applied a

minimum threshold of 6 patients per group (approximately 10% of both the pPET- and pPET+

population). For each tested combination, two subgroups were generated: (i) patients meeting

8
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all combined criteria, and (ii) all remaining patients. For every subgroup, we recorded the total
number of patients, the number of relapse events and the corresponding p-value. Table A
(Supplementary Figures S1, S2) reports the data for each variable analyzed independently,
while Tables B and C present only the data those parameter combinations that significantly
predicted relapse of the respective subgroups. All the used cut-off values are indicated in the
figures, which correspond to the median of each patient group (pPET- and pPET+) when
considering continuous variables.

Progression-free survival (PFS) was analyzed according to the studied continuous
variables (group-related) using Cox proportional hazards regression. The Schoenfeld residuals
test was performed for each model to assess the proportional hazards (PH) assumption. In cases
where the PH assumption was not met (in red in the tables), the model was corrected by adding
an interaction term between the parameter and time (interval between staging and relapse/last
follow-up). Variables with a p-value <0.10 in univariate analysis were then included in the
multivariate model. When the PH assumption was not met in univariate analysis, both the
variable and the variable x time interaction were entered into the model if the variable
remained significant after correction. Multivariate Cox regression with stepwise selection was
subsequently applied to the selected variables. In some instances, Firth’s correction was used.
For univariate and multivariate analyses, the p-value, the hazard ratio (HR) with its 95%
confidence interval (Cl), the results of the PH test, and the adjusted p-values were reported for
each variable. Multivariate analyses display only the statistically significant variables (p<0.05).
Statistical significance was set at a two-sided 5% level (p<0.05). The dataset was
bootstrapped 500 times to check the stability of the multivariate models. The model was
applied on each resampling and the Harrel’s C-index was derived. The mean and standard
deviation of the 500 obtained C-indexes were calculated to give an estimation of the mean and
the precision (standard error) of the original model. Multivariate Cox proportional hazards

models were constructed by integrating clinical parameters, PET imaging status, and PAoLN
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immune/vascular features identified as significant in univariate analyses. Area under the curve
(AUC) over time was graphically reported to assess prognostic performance throughout
follow-up. Nomogram was generated from the final multivariable models to provide
individualized estimates of progression-free survival at 12, 24, and 36 months. Cumulative
incidence functions (CIFs) were estimated within a competing risks framework. Local-
regional (LRR) and distant recurrences (DR) were considered as distinct failure types, while
patients without recurrence were treated as censored. CIFs were computed using the Fine and
Gray subdistribution hazard approach, providing direct estimates of the probability of each
recurrence type over time. These time-dependent incidence estimates were subsequently
combined with recurrence site information to construct time-resolved failure maps, allowing
spatial visualization of recurrence patterns across follow-up.

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software,
RRID: SCR_002798), SAS version 9.4 (RRID: SCR_008567) and R version 4.5.1 (RRID:

SCR-001905).

Data availability statement

Material used to conduct the research and all data supporting the findings of this study are included in
this article and its Supplementary Materials. Whole-slide immunohistochemical images are not
publicly deposited due to their substantial file size and ethical restrictions associated with patient-
derived material. Access to these data may be considered for academic research purposes upon
reasonable request to the corresponding author and subject to institutional review and applicable data
protection regulations. Quantitative image analyses were performed using the publicly available
software QuPath. No custom code or proprietary algorithms were generated for this study.
Deidentified clinical summary data may be shared for academic, non-commercial research purposes,
upon request to the corresponding author, and in accordance with institutional review board approval

and relevant data protection legislation.
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RESULTS

Workflow of the study

In cervical cancer, most metastases typically progress stepwise, spreading from the pelvic
region (primary tumor and pelvic LNs) to the PAoLNs. Patient cohort and sample overview are
schematically illustrated in Figure 1, with PAOLN metastasis assessed histologically (PAoLN+
vs PAOLN-) (Figure 1A) and PET scan used to classify patients as negative (pPET-) or positive
(pPET+) pelvic nodes (Figure 1B). Primary tumor and PAOLN samples were subsequently
analyzed via immunohistochemistry (IHC) (Figure 1C) for key immune and stromal markers
to identify microenvironmental signatures associated with recurrence risk. To ensure an
unbiased approach and consider tissue heterogeneity, stained samples were whole-scanned and
subjected to semi-automatic computerized quantification (Figure 1C).

Between 2010 and 2022, 155 patients with LACC were treated at the University
Hospital of Liege (Figure 1D). Eighteen patients with para-aortic metastases at diagnosis were
excluded, resulting in 137 eligible patients. The cohort was divided into two subgroups: 72
patients classified as pPET— (no pelvic node uptake) and 65 as pPET+ (pelvic node uptake).
Biomarker analyses were performed in all 137 patients using pretreatment samples obtained at
diagnosis. For survival analyses, 7 patients who received additional treatments were excluded
to obtain a final cohort of 130 patients uniformly treated with CCRT followed by image-guided
brachytherapy (IGBT).

The clinical and pathological characteristics of the patients are summarized in
Supplementary Table S3. Median age was 52 years. All patients underwent para-aortic
staging allowing to confirm para-aortic negative status (PAoLN-). Squamous cell carcinoma
(SCC) was the predominant histological subtype (84.7%). FIGO stages IIIC1 to IVA
represented 50% of cases, followed by 1HA1-111B (35.8%) and I1B3 (13.1%). Median tumor size
on MRI was 48 mm (interquartile range: 39-56 mm). The median interval time from staging

to treatment completion was 2.4 months. On PET scan, pelvic LNs were considered positive
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and negative in 52.5% and 47.4%, respectively. pPET scan positivity in patients treated with
combined CCRT and IGBT conferred a two-fold higher risk of recurrence (HR [95% CI]:
2.251 [1.139-4.451]) (Figure 1E), underscoring its association with adverse prognosis in
LACC patients. Given that pPET scan status was predictive of recurrence and patient
characteristics were well-balanced (Supplementary Table S3), all analyses were stratified
according to pPET+ and pPET- groups.

The median follow-up was 55.4 months. The five-year overall survival (OS) and

progression-free survival (PFS) were 73.83% and 72.53%, respectively. During follow-up,
recurrence was observed in 34 patients (26.2%), and 28 patients (21.5%) died from cancer.
T cell infiltration profile differs in primary tumors of patients according to pPET status.
IHC were conducted on the available primary tumor samples obtained from patients with non-
metastatic PAOLN disease (PAOLN-) (N=91). Immune markers were quantified within the
stromal compartment delineated through cytokeratin staining (Figure 2A-C). The CD4/CD8
ratio was significantly reduced in patients with positive pPET scan (Figure 2D). This may be
explained by CD8 density that tended to increase in these patients, while CD4 density was
similar in pPET+ and pPET- patients (Figure 2E, F). Densities of FOXP3+ cell and CD66b+
cells were indistinguishable between the two patient groups (Figure 2G, H). These results
reflect a differential profile of CD8-T cell infiltration in the tumor stroma of patients according
to pPET status.

The pattern of tumor-associated HEVs differs according to pPET status.

Given their established role in immune cell recruitment, we also quantified the density of
Tumor-Associated HEVs (TA-HEVSs), defined as lumenized peripheral node addressin positive
vascular structures (PNAd+ vessels) covered by alpha smooth muscle actin-positive (aSMA+)
cells, within the tumor stroma (Figure 21). Based on the median and quartile distribution of
TA-HEV density, samples were classified into four categories: class I (0 vessels/mm?), class 11

(0-1.173 vessels/mm?), class 1l (1.173-4.362 vesselss/mm?) and class 1V (4.362-22.644

12
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vessels/mm?) (Figure 2J). Overall, PNAd+ vessel density tended to decrease in pPET+ group
compared to pPET-, although this difference did not reach statistical significance (Figure 2K).
When stratifying by TA-HEV class, tumors from pPET+ patients display a shift toward lower
TA-HEV classes, with an enrichment in classes I and 11 (58%) and a relative reduction in classes
Il and 1V (32%) (Figure 2L). In contrast, tumors of pPET- patients showed the opposite

distribution (43.5% of classes | + 1l and 56.5% of classes 1l + IV).

We next examined the relationship between TA-HEV classes and immune cell
infiltration (Figure 2M-P). In pPET- patients, higher TA-HEV classes were associated with
increased densities of both CD8 and CD4 (p<0.05) (Figure 2M, N). In contrast, in pPET+
patients, T cell densities remained stable across all vessel classes. CD66b+ or FOXP3+ cell
infiltration did not vary significantly across TA-HEV classes or between patient groups (Figure
20, P). Nonetheless, TA-HEV density showed a weak but significant positive correlation with
CD4+ cell density (Spearman’s rs= 0.2467, p= 0.0191), whereas no such correlation was found
with CD66b, FOXP3, or CD8 cell densities. Collectively, these findings indicate that TA-HEVs
exhibit distinct patterns in the tumor stroma of pPET+ vs pPET- patients, but their relationship
with immune cell infiltration remains limited.

Primary tumor profiles are not associated with relapse risk in univariate analyses

PFS was evaluated using Cox regression for each parameter assessed on the primary tumor. All
biological variables and clinical characteristics were included in the analysis (Supplementary
Table S4). Univariate analyses of the primary tumor did not identify any variables as prognostic
indicators of relapse when patients were stratified according to pPET status (Supplementary
Table S4). Univariate followed by multivariate analyses were performed on all available
primary tumor samples uniformly treated with CCRT + IGBT (N=87). The multivariate analysis
revealed that tumor size was negatively correlated with PFS (p=0.0147; HR [95% CI]: 1.071
[1.014-1.132]), while elevated FOXP3+ cell density was protective (p=0.0267; HR [95% CI]:

0.623 [0.410-0.947]). Therefore, we decided to apply a similar methodology to PAOLNSs- to
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assess their impact. The clinical and pathological characteristics of the patients for these

analyses are summarized in Supplementary Table S5.

PAOLNSs of pPET+ patients display a more dynamic immune response

We next focused our study on non-metastatic PAOLNs of pPET+ and pPET- LACC patients
(n=129) (Supplementary Figure S1). The number of germinal centers was higher in pPET+
patients compared to pPET- patients, suggesting a more dynamic immune response in the former
group (Figure 3A). The density of CD4+ cells was comparable between the two patient groups.
However, the CD4/CD8 ratio tended to be lower in PET+ samples, likely driven by a modest,
though not statistically significant, increase in CD8+ cell density (p>0.05, Figure 3B-D). In
contrast, FOXP3+ cells and proliferating FOXP3+Ki67+ cells were significantly enriched in
pPET+ patients (p<0.01 and p<0.05, respectively) (Figure 3E, F). To accurately assess neutrophil
involvement (infiltration and activity), we immunostained CD66b+ cells and detected NETs
through both citrullinated histone 3 (H3Cit) and myeloperoxidase (MPO) stainings, on serial
sections (Figure 3G-H). CD66b+ cell density was significantly enhanced in pPET+ patients
(p<0.05), accompanied by a trend towards increased NET formation (Figure 3G, H).

Finally, we evaluated HEVs, specialized vascular structures within LNs that facilitate
lymphocyte trafficking. Under inflammatory or tumoral conditions, HEVs can become dilated
(lumen > 20um), a change thought to impair immune cell recruitment (14). The proportion of
dilated HEVs did not differ significantly between the two patient groups (p=0.055) (Figure 3l).
Notably, the frequency of dilated HEV correlated negatively with CD8+ cell density
(Spearman’s rs= 0.2319, p= 0.0098), but showed no significant association with CD4+, CD66b+

cell or FOXP3+ cell densities (p>0.05, Figure 3J-M). In conclusion, non-metastatic PAOLNSs

of pPET+ patients display features of increased immune activity—including increased germinal
center formation, FOXP3+ cell expansion, neutrophil infiltration—while preserving HEV

architecture that likely supports sustained lymphocyte recruitment.
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Multivariate and univariate analyses in the PAoLN

PFS was evaluated in relation to clinical parameters (pPET, histology, FIGO stage, age,
tumor size) and PAOLN biological features (neutrophils, NETs, FOXP3+ cells,
FOXP3+Ki67+ cells, germinal centers, CD4/CD8 ratio, dilated HEVS). The corresponding
clinical and pathological characteristics of patients are summarized in Supplementary Table
S5. For pPET- patients, univariate analyses identified NETs (p=0.015; HR [95% CI]: 2.768
[1.215-6.304]) and CD4/CD8 ratio (p=0.047; HR [95% CI]: 0.497 [0.250-0.989]) as
prognostic markers (Table 1). In contrast, the relapse risk of pPET+ patients were found to
be significantly associated with FOXP3+ (p=0.04; HR [95% CI]: 1.918 [1.029-3.575]),
FOXP3+Ki67+ (proliferating FOXP3+ cells) (p=0.018; HR [95% CI]: 1.668 [1.093-2.544])
cell densities, as well as CD4/CD8 ratio (p=0.0097; HR [95% CI]: 0.506 [0.302-0.848])
(Table 1).

We then performed a multivariate analysis on the available samples from the global
cohort independently of pPET status (N=123), selecting variables with p<0.1 from the
univariate analyses (Table 1). pPET positivity emerged as an independent predictive factor,
(p=0.0033; HR [95% CI]: 3.299 [1.488-7.315]), being significantly associated with an
increased risk of relapse. Conversely, a high number of germinal centers (p=0.0355; HR [95%
Cl]: 0.273 [0.081-0.915]) and a high CD4/CD8 ratio (p=0.001; HR [95% CI]: 0.490 [0.320-
0.748]) were independently associated with a better PFS. For pPET+ subgroup, we explored
the use of continuous PET parameters including Standardized Uptake Value maximum
(SUVmax), Metabolic Tumor Volume (MTV), Total Lesion Glycolysis (TLG). This approach
did not improve model performance compared to the binary pPET+ vs pPET- classification
(Supplementary Figure S6). Internal validation of our model was performed using the
bootstrap resampling method with 500 iterations to assess model stability and correct for
optimism. The apparent model performance yielded a Harrel’s C-index of 0.7434. After bootstrap

validation, the optimism-corrected mean (SE) C-index was 0.7536 (0.045), indicating a stable

15

920z Yoien 1| uo 3senb Aq Jpd y68€-GZ-100/2. 61 LE/¥68E-GZ-HDD ZEY0-8L01/85 | L0 L/10p/ipd-ajoNe/saeouedulo/B10"s|euINOfIoe.)/:dY WOl papeojumoq



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

discriminating performance with minimal overfitting.

Integrated predictive model and clinical applicability

Time-dependent AUC analysis (Figure 4A) showed that the model displayed a good and
stable discriminative ability over time. After an initial period of instability during the early
follow-up, likely related to a limited number of events, the AUC rapidly increased and
remained consistently around 0.75-0.80 throughout follow-up, indicating a robust capacity to
discriminate patients according to their risk of recurrence. To integrate clinical, imaging, and
PAOLN immune features into a unified prognostic framework, we performed multivariable
regression analyses incorporating pPET status, the number of germinal centers, and the
CD4/CD8 ratio, which were independently associated with progression-free survival. Based
on the final multivariable model, we constructed a nomogram for the global cohort (N = 123)
to enable individualized prediction of PFS probabilities at 12, 24, and 36 months (Figure
4B).

Distant recurrence is the predominant type of early therapeutic failure

Recurrences occurring after treatment were categorized as locoregional (LRR; in local
tissues and pelvic LNs) or distant (DR; in PAoLNs and extra-nodal organs outside the
pelvis). Across the whole cohort, DR represents the predominant mode of therapeutic failure
over time, with a CIF of 0.10 at 12 months, compared with LRR, which shows a CIF of 0.05
(Figure 4C). Accordingly, one year after initial staging and treatment, 10% of patients
experienced a distant relapse, 5% relapsed in the pelvic region, while 85% remained
recurrence-free. The predominance of DR over LRR was confirmed after dichotomization
according to pPET status. Among pPET+ patients, at 12 months, 15% and 10% of patients
experienced DR and LRR, respectively. In contrast, among pPET- patients, despite an
overall reduction in the total number of recurrences, the 12-month CIF was 8% for DR and

0% for LRR. Collectively, these time-to-failure patterns suggest that DR occurs more
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frequently and earlier than LRR, which may reflect effective local disease control and/or

more aggressive phenotypes favorable to systemic dissemination.

Distinct prognostic profiles predict relapse risk in pPET- and pPET+ patients.

We conducted a combinatorial Cox regression-based analysis to assess the existence of high-
risk patient subgroups within both pPET- and pPET+ groups. Following median-based
univariate analyses, successive evaluations were performed to generate all possible
combinations of two or three variables (Supplementary Tables S7, S8). In pPET+ patients,
univariate analysis revealed that a low CD4/CD8 ratio (p=0.0092; HR [95% CI]: 3.811 [1.392-
10.434]) or high FOXP3+Ki67+ cell density (p=0.0369; HR [95% CI]: 2.743 [1.063-7.075])
were significantly associated with increased relapse risk (Supplementary Table S7A). When
combining two variables, ten significant associations emerged, with the most relevant being
CD4/CD8 ratio & germinal centers (p=0.0017; HR [95% CI]: 4.038 [1.691-9.640]), CD4/CD8
ratio & tumor size (p=0.0056; HR [95% CI]: 3.402 [1.1431-8.088]), CD4/CD8 ratio & FOXP3+
cell density (p=0.006; HR [95% CI]: 3.394 [1.420-8.113]) (Supplementary Table S7B).
Strikingly, the addition of a third variable (CD4/CD8 ratio & FOXP3+ cells & germinal centers)
identified a subgroup of patients with uniformly poorer outcomes, as all patients relapsed
(p=0.0001; HR [95% CI]: 6.63 [2.613-16.817]) (Figure 5A, Supplementary Table S7C).
Kaplan-Meier plot combining these three parameters clearly demonstrates a strong association
between a low CD4/CD8 ratio, a reduced number of germinal centers and high FOXP3+ cell
density with poor patient outcomes (Figure 5B).

In the pPET- group, univariate analysis identified NETs (p=0.0282; HR [95% CI]: 5.576
[1.202-25.875]) and the number of germinal centers (p=0.0472; HR [95% CI]: 4.721 [1.020-
21.861]) as significantly associated with relapse risk (Supplementary Table S8A).
Combination analyses revealed that NETs & germinal centers (p=0.0009; HR [95% CI]: 9.537
[2.510-36.235]), as well as NETs & FIGO IIA1-111B (p=0.0052; HR [95% Cl]: 8.943 [1.923-

41.591]) were the most relevant (Supplementary Table S8B). The most predictive model was
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relapse risk (p=0.0003; HR [95% CI]: 12.068 [3.159-46.108]) (Supplementary Table S8C).
The most relevant single, dual, and triple variable associations for pPET- patients are
illustrated in Figure 5D. Kaplan-Meier plot combining three potent parameters demonstrates
a strong association between a high NET density, a reduced number of germinal centers and
FIGO I1A1-111B status with poor patient outcomes (Figure 5E).

The specificity, sensitivity and accuracy of each signature are presented in Figure 5C,
F and Supplementary Figures S7 and S8. The signature related to pPET+ patients
demonstrated a perfect positive predictive value (PPV=1.0) and specificity (1.0), reflecting an
excellent capacity to correctly identify patients who relapsed without any false positives. Its
sensitivity (0.38) and the negative predictive value (NPV) were moderate (0.73), indicating
some cases of relapse were not detected (Figure 5C). The second signature for pPET- patients
was more sensitive (0.73) with a lower PPV value (0.53) (Figure 5F).

Together, our combinatorial analyses revealed distinct predictive signatures in pPET-

and pPET+ patients with LACC.
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DISCUSSION

Despite significant progresses in the management of LACC over the past two decades,
approximately 30% of patients still experience disease recurrence (15). Among known
prognostic factors, nodal status plays a central role in treatment planning. In particular, the
detection of PAOLN involvement remains critical, as it can lead to disease upstaging and prompt
a change in the therapeutic strategy, which can include the use of extended-field radiotherapy
(7). We hypothesized that, even in the absence of detectable metastatic cells and/or in the case
of PET scan negativity at the PAo level, PAOLNs may contain valuable predictive information.
A key originality of the present study lies in the in-depth histological and IHC analysis of
whole-scanned sections of PAOLNs, which are typically disregarded once classified as
metastasis-free. Our study demonstrates the added value of integrating pPET scan status and
PAOLN histological analyses at diagnosis to predict the risk of relapse.

We conducted a retrospective cohort study of LACC patients, focusing on those with
histopathologically negative PAOLN (N=137). Previous studies have demonstrated an increased
risk of PAOLN disease when PET identifies positive pelvic nodes (16,17). Consistently, in our
cohort, pelvic LN positivity assessed by imaging was associated with a two-fold increase in the
risk of relapse. Based on this finding, we conducted a comparative analysis of PAOLN samples
from patients with pPET positivity versus pPET negativity. We provide evidence that PAOLNSs
of patients with pPET positivity displayed enrichment in germinal centers, increased densities
of total and proliferating FOXP3+ cells, and a reduced CD4/CD8 ratio. These data suggest a
more dynamic and actively regulated immune microenvironment. In parallel, neutrophil density
was elevated in these samples of pPET+ patients as demonstrated by CD66b+
immunodetection. This finding indicates increased innate immune cell infiltration, a
phenomenon that remains poorly characterized both in LNs and in LACC (18). Evidence of

NET formation, a hallmark of neutrophil activity, showed a positive trend, although it did not
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reach statistical significance. This apparent discrepancy between neutrophil density and activity
might be attributed to technical limitations, as reliable detection of NETs in LN tissue sections
remains particularly challenging. To further explore LN remodeling, we investigated HEVS'
architecture, specialized vascular structures in secondary lymphoid organs, composed of PNAd-
expressing cuboidal endothelial cells (19,20). PNAd acts as a ligand for L-selectin/CD62L on
lymphocytes, thereby mediating their adhesion to HEVs and subsequent entry into the LN. HEV
dilation is a recognized alteration of LN architecture, occurring in both inflammatory and
tumoral contexts (21). Bekkhus et al. reported HEV dilation in tumor-draining LNs of patients
with invasive breast carcinoma (22). However, no major alterations of HEV architecture were
observed in our cohort. Interestingly, CD8 density tended to increase in pPET+ patients and
showed a negative correlation with HEV dilatation. This suggests that the preservation of
structurally intact (less dilated) HEVs in these patients may support efficient CD8+ T cell
recruitment into PAOLN, thereby sustaining local immune activity. In contrast, the enrichment
of proliferating FOXP3+ cells in pPET+ patients was not linked to HEV dilation, suggesting
that their local expansion is likely driven by in situ modulation rather than altered trafficking
via HEVs. These findings support the notion that pPET positivity reflects not only tumor
burden, but also an immunologically primed microenvironment in PAoLN, which may have
implications in disease progression and therapeutic responsiveness.

Together our data reveal alterations in both adaptive (T cells) and innate (neutrophils)
immune cell profiles within PAOLNS, even in the absence of detectable metastatic cells. These
changes were accompanied by activation of the humoral immune response, evidenced by an
increased number of germinal centers, sites where naive B lymphocytes differentiate into
antibody-secreting memory B and plasma cells in response to T cell-dependent antigen. This
observation is in line with our previous clinical study, which reported remodeling of B and T

cell immune landscapes in non-metastatic pelvic sentinel LNs of patients with early-stage
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cervical cancer (23). Collectively, these findings point to substantial modifications of LNs,
occurring not only within the tumor-draining sentinel LN as predicted by the “pre-metastatic
niche concept” (24), but also within more distant LNs (25).

In pPET+ patients, we identified a low CD4/CD8 ratio and a high FOXP3+Ki67+ cell
density, either independently or in combination, as variables associated with an increased risk
of relapse. Notably, the combined evaluation of CD4/CD8 ratio, FOXP3+ cell density, and
number of germinal centers delineated a homogenous subgroup of patients with a 100% risk of
disease progression (8/8 patients relapsed, 14% of pPET+ patients). Although the small sample
size limits definitive conclusions, this pattern suggests that the immune features of the PAoOLN
microenvironment may critically impact clinical outcome. Importantly, the observed
modulation of the LN immune microenvironment suggests a cascade-like immune response
extending from the pelvic to the PAo regions. These data further support the interest of
immunotherapy, particularly in pPET+ patients, which is increasingly considered for LACC
treatment regardless of LN status (26-28). This is particularly relevant for cervical cancers,
where persistent human papillomavirus (HPV) infection, detected in over 90% of cases, is a
well-established driver of immune evasion (29). Our study supports the rationale for integrating
immunotherapeutic strategies into the management of pPET+ patients, although the optimal
immune checkpoint targets in this setting remain to be defined.

A key finding of the present study is the discovery of previously unrecognized variables,
namely NETs and the number of germinal centers, that can independently, or in combination,
predict a high-risk of relapse in pPET- patients. Notably, the combination of NETSs, germinal
center number and FIGO 11A1-111B stages demonstrated the strongest predictive value. These
findings are highly relevant to clinical practice. Indeed, when PET scan on the pelvic area is
negative, the clinical utility of PAOLN staging is currently debated, because the risk of PAo
nodal involvement is very low as documented by Uzan et al. (16). Of note, previous studies

have concluded that, in patients with negative pPET status, the risk of PAOLN metastasis is very

22

920z Yoien 1| uo 3senb Aq Jpd y68€-GZ-100/2. 61 LE/¥68E-GZ-HDD ZEY0-8L01/85 | L0 L/10p/ipd-ajoNe/saeouedulo/B10"s|euINOfIoe.)/:dY WOl papeojumoq



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

low (30,31). The clinical benefit of PAo lymphadenectomy is still debated and is currently being
investigated in a phase I11 randomized clinical trial (PAROLA trial) (32). Although laparoscopic
PAo lymphadenectomy is a well-codified technique, particularly in the hands of an experienced
surgical team (33), it carries a risk of lymphatic and vascular morbidity and potential delay in
treatment initiation that must be weighed carefully. Our novel findings suggest that PAoOLN
status after lymphadenectomy remains of interest in patients with negative pelvic LNs on
imaging. Given the technical challenges for NET detection, germinal center quantification
appears to be a more practical and reproducible approach for routine clinical use. We propose
that closer surveillance would be beneficial for these patients. Since more than 75% of
recurrences occur within the first 2—3 years after diagnosis, an intensified follow-up strategy
during the high-risk window may be particularly valuable. Ultimately, follow-up schedules
should be tailored to individual patients, taking into consideration prognostic factors, treatment
modality and side effects. In this context, the development of a nomogram derived from the
multivariate model represents a clinically meaningful step toward individualized risk
stratification. Internal validation was provided using bootstrap resampling with 500 iterations.
The temporal stability and robustness of the model are supported by time-dependent AUC
values, achieving approximately 0.8 across follow-up. Collectively, these findings highlight
the potential clinical utility of this approach to inform risk-adapted surveillance strategies in
routine practice. A limitation of this LN study is its single-centered retrospective nature,
analyzing only one LN among all resected by laparoscopy lymphadenectomy. Further
validation on a prospective cohort would be necessary in future research.

Can we find similar information in the primary tumors and avoid PAo lymphadenectomy
associated with post-operative complications (16)? In our cohort, a differential profile of CD8-
T cell infiltration was noted in the tumor stroma of patients according to pPET status.
Additionally, the density of TA-HEVs was distinguishable in tumors of pPET+ vs pPET-

patients. However, TA-HEV density was not or very weakly correlated to immune infiltration.
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Notably, none of the parameters analyzed or combinations tested were predictive of tumor
relapse, except tumor size contributing to FIGO classification, and FOXP3+ cell density whose
prognostic value appears controversial (34—37). These findings limit the possibility of using
primary tumor features as reliable for relapse prediction and further support the clinical

relevance of examining a combination of practicable and reproducible parameters in PAOLNSs.

Together our study demonstrates the interest of combining clinical and histological
variables to guide therapeutic decision-making, which is in line with the growing trend toward
personalized medicine. These observations suggest that treatment strategies may need to be
reconsidered or that closer surveillance should be implemented for patients identified as high

risk.
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Figure 1. Study design and clinico-pathological features of patients with locally
advanced cervical cancer (LACC). A, B. Schematic representation of the para-aortic (A)
and pelvic (B) regions in patient with cervical cancer. The retrospective cohort includes
primary tumor and para-aortic (PAoLN) samples from patients with LACC (N=155),
stratified by the absence (PAOLN-) or presence (PAoLN+) of metastatic PAOLNSs assessed
through histological examination. Pelvic disease status was defined by positron emission
tomography (PET) as negative (pPET-) or positive (pPET+) (B). C. Workflow of
immunohistochemical analyses of patient biopsies. Whole tissue sections were imaged and
computationally analyzed using QuPath software. Univariate and multivariate statistical
analyses were performed to identify predictive signatures integrating biological parameters
with clinical data. D. The cohort included 155 patients: 18 patients had metastatic PAOLN
and 137 did not (regardless of pelvic PET scan status). Univariate and multivariate analyses
were performed in the subgroup of 130 patients who received uniform treatment with
concomitant chemoradiotherapy (CCRT) followed by image-guided brachytherapy (IGBT).
E. Kaplan-Meier plots showing the impact of pPET status on progression-free survival
(PFS) in patients treated with CCRT and IGBT. Log-rank test *p<0.05.

Figure 2. Immunohistochemical analyses of primary tumors. A. Computerized
segmentation of the tumor regions. The tumor compartment corresponds to cytokeratin
positive cells (cyan). The stroma is cytokeratin negative part containing aSMA positive
structures (green). B-C. lllustrations of CD4 (yellow) and CD8 (red) T cells (B), and
CD66b+ (yellow) and FOXP3+ (magenta) cells (C). D-H. Histograms present the
quantifications of immune cell infiltration expressed as cell density in pPET- (N=46) and
pPET + (N=45) patient subgroups: CD4/CD8 ratio (D), CD4 density (E), CD8 density (F),
FOXP3+ cells (G), CD66b+ cells (H). Data are represented by median with interquartile
ranges. Mann-Whitney U tests, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. I-P:
Relationship between tumor-associated HEVs (TA-HEVs) and T cell infiltration in primary
tumors. I. Representative image showing PNAd+ aSMA+ vessels (TA-HEVS) within the
tumor stroma, as identified in panel A. J. Tumor samples from 91 patients were separated
into four classes based on PNAd+ aSMA+ vessel density in tumor stroma: I (0/mm?), IT (0-
1.173/mm?), 111 (1.173-4.362/mm?) and 1V (4.362-22.644/mm?). K. Density of TA-HEVs in
pPET- and pPET+ patients. L. Distribution (%) of TA-HEV classes in pPET- and pPET+
subgroups. M-P. Spearman correlations between TA-HEVs and immune cell infiltration
represented by either TA-HEV classes (histograms, top) or TA-HEV number (scatter plots,
bottom): CD8+ cells (M), CD4+ cells (N), CD66b+ cells (O) and FOXP3+ cells (P).
Correlation coefficients (rs) and p-values are indicated. Data are shown as median with
interquartile ranges. Mann-Whitney U or Kruskal-Wallis tests, *p<0.05.

Figure 3. Impact of pelvic PET scan status on PAoLN remodeling. A-I: Densities of
immune and vascular parameters assessed by IHC (as described in Figure 3) were compared
between pPET- (N=67) and pPET+ (N=62) patient subgroups: germinal centers (number/mm?)
(A), CD4/CD8 ratio (B), CD4+ cell density (C), CD8+ cell density (D), FOXP3+ cells/mm?
(E), FOXP3+Ki67+ cellssfmm? (F), CD66b+ cells/mm? (G), NET density (H), percentage of
dilated HEVs (1). Dilated HEVs were defined as PNAd+ vessels with a lumen > 20um,
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measured as the smallest diameter (as illustrated in the right). J-M: Spearman correlations
between HEV dilatation and CD4+ (J), CD8+ (K), CD66b+ (L) and FOXP3+ (M) cell
density. Correlation coefficients (rs) and p-values are indicated. Data are represented as
medians with interquartile ranges. Mann-Whitney U tests, *p<0.05; **p<0.01.

Figure 4. Multivariate prognostic model integrating PET status and PAoOLN features.
A. Time-dependent area under the curve (AUC) for PFS, with 95% confidence intervals (CI)
indicated by dashed lines. B. Nomogram for PFS prediction. Each covariate is assigned a
weighted score proportional to its relative contribution to the model. The total score
corresponds to an individualized estimated probability to remain progression-free at 12, 24,
and 36 months. C. Cumulative incidence functions for the overall cohort (N=123) and
stratified by pPET+ and pPET- subgroups.

Figure 5. Predictive combination of factors in pPET+ and pPET- patients. A, D.
Schematic illustration of the strongest predictive associations of clinical and biological
variables. The percentage and number of patients experiencing relapse are indicated. B, E.
Kaplan-Meier curves depicting progression-free survival according to the main predictive
combination in pPET+ (B) and pPET- (E) patients. C, F. Diagnostic performance of the
main predictive combination in pPET+ (C) and pPET- (F) patients with sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), and overall
accuracy.

29

920z Yoien 1| uo 3senb Aq Jpd y68€-GZ-100/2. 61 LE/¥68E-GZ-HDD ZEY0-8L01/85 | L0 L/10p/ipd-ajoNe/saeouedulo/B10"s|euINOfIoe.)/:dY WOl papeojumoq



FIGURE 1

Locally Advanced Cervical Cancer

Para-aortic region

PAoOLN-
Negative
para-aortic LN

para-aortic LN

PAoLN+

Positive

pPET -
Negative pelvic
PET scan

Positive pelvic
PET scan

pPET +

C
20X g
Whole patient Whole patien
biopsy imaging biopsy analys,l%
I
Patient Patient
biological data clinical data
T I J
Univariate & Multivariate

analyses

[

/

Predictive LN signature

Pelvic region Y -
D Patients with LACC E . pPET- (CCRT + IGBT)
N = 155 & 10057 + pPET+ (CCRT + IGBT)
' I ; g 80 ui N=70
PAOLN + PAoOLN - § pa T SR *
N=18 N =137 2 60 B =60
I I T f,__’
pPET+ pPET - pPET+ g 40 p=0,0179
N=18 N =72 N =65 ] HR (IC 95%)= 2,251 (1,139-4.451)
[%2]
:: g 2
[)]
o
— a o i
Additional ! ! !
CCRT+ IGBT
TrestGnan 0 12 24 36 48 50 100 150
N=7 N =130 Months from staging

920z oIl |1 uo 1s8nb Aq Jpd y68€-GZ 100/ L6 LEIFB8E-SZ-HOD GEY0-8L0L/8G ) L 0L/10p/4pd-diE/SaLI80UEDUIO/BIO



FIGURE 2

z Cmputerized segmentation &S

E

Downloaded from Rttpu//as

1]

2500

2000
1500
1000

500

(eaue Jewouys/s||ao aAnsod jo #)
Aysusp q99ad

. Tlllt...h# 2

1500

ns

1
(=3
o
n

1000

(eaue jewouys/s||9o aAnisod jo #)

Aysuap ¢dxo4d

ns

0.0-

w < “ N -
o o o o o
(eaJe Jewousys/eale pauiels)
Aysuap 8ao
T T T T
e ot © <
- =] ) o

*

(ease Jewoujs/eale paulels)
Aysuap yao

I
[=]
N

I 1 1
el o w
-~ -

QO ones Ayisusp gao/Msuap yad

-
w
o

+

omxnals.org/clincancerres/article-pdf/doi/10.1158/1078-04

pPET

pPET

pPET

pPET

pPET

pPET

pPET

ns

kY
o

pPET

%
i

pPET

I
0
~

T
o
[

10 H

T
)
-

{WW/AIH-VL

32.CCR

+

-25-3894/3744972/ccr-25-3894.pdf by guest

-

Q

I
pPET

100+

n 11 March 2026

w
o+

=
=
° ° ° °
o =3 (=3
2 = o
(ease jewouys/s||oo aanisod jo #)
o Aysuap ¢4x04
I 1 1 1 1
(=] o o o o
o =3 o =3 o
n (=} wn o wn
~N N - -

(eaue Jewouys/s||99 aAnsod jo #)

@] Aysuap q99ad

o_o. ._o. < N =]
o o o o o
(ease Jewouys/eale paulels)
pd Aysuap $ad

*

I T T T T

w < ] N -

o =] =3 o =3

(ease Jewouys/eale paulels)

= Aysuap gao

= 31
S
b .
S
g L ©
- 3 «
w =] ° o
ot =
o L, £
g s re s
) . . 2
? 9 . [l
L a | o H.
- <
. . . -
- .
uh . el -
a :
®e 8 .
1
T —— 1 - "re°
o o =3 o
(=3 =3 o
w o w
< 2
(eause Jewouys/s||a9 aansod jo #)
Kysuap ¢dxod
j— _ w0
m o~
o
[32] .
=
- < -9
wy 8 . 2
o - o~
2, £
[ | v
zg e E
o O . . "}
29 : >
o o . E
oy o
L a re T
: <
— -
w 1
W. —d
1T T e
=3 (=3 o
o o
w o
o~ ~N

(eaue Jewouys/s||oo aAnsod jo #)
Aysuap q99ad

3 rR
(]
< .
s
5, 8 &
at 0 .
o « o
S £
Sx
53 e E
£3 S
o o . w
[ °
L a - H.
. <
[ ° L
g s
S R
=T 1 1° -
© © < ~ o
o o o o o
(ease jewouys/eale paulels)
Aysusp a9
5 -8
[}
=
<
jm 3 FR
at S
e S o
2 £
-2 Fre £
§8 A
o N
»
< a lw H.
. <
- N =
w, .
& . SRS D
..,..
° s
rr T 7" __.. re
0 < © N - o

(ease Jewouys/eale paulels)
Aysuap gan



FIGURE 3

T B
:OB http://aaci §78-0432.CCR-25-389 mﬁamuw\no?mm.wmma.n% by ocmm,. n 11 March 2026
m § -
. - W I
* e S 0 »
* - ) <=
m = w
% g 3 |z
= 5 8 ’ 2
d g . . -
e o o e o o T ‘| Fe S
1= 1= =} 1=} =3 wa 5
0 1=} 0 =) 0 [
N N - - oo 5]
(eause |ejoy/s||@o aanisod jo #) e N
L Kysusp ¢dxod L.
el %
’ o
c .o ﬁ»
- . . + o
. - ws s T T — S
5 e g g g °
mu - c H © < N
. - u ' T - Y ! (eause |ej0y/s]192 aAnsod Jo #)
a Aysuap q99a9
I T Lu T | I 1
n < ) N o 0 o 1)
=) =) o o N - - '
(eaue [ejoy/ease paule)s) (uonoas A3H |ejol) z
aje|lp Jo o
=) Aysuap gan — A3H P33e|lp 0 % M
=
2 n
“
- - S o
w + . w + m % I
[\% o o
[} o N 5 -]
2 2 T3 2
- = o B =
E . . E ' - m
[-% o S
I T I T T R
© < o © <
o o
eale |ejo)/eale paule}s
( M«_wh\wv ¢m . ) (eaue e3on)
(@) : T Aysuep 13N .
—
1
- i °©
E + o + (eaute |ejo)/eale pauie)s)
® e * Ausuap 8ao
c . i
. W.._ ] : o' 5 ~ o
S a 8 © «
[ T T I T T 1 m m
o o o =}
0 =) 0 o 2
- - 3 S N o 2
(ease |e)oy/s||92 aAnisod jo #) 3 n &
oneu Ajisua Kyjisua ¢ S > S
m P 8ad/Musuep vad o Aysuap q99a9 2 o2
3 M = ]
55 3 S3
nS % 5
@ a — L a
- T
(-
. . v _w_.h.+ . w Wy s
* * e =
[
_H . e w, _ “,.,.q o,
S > a
1 1 1 1 1 I T T T 1 -o-
I~ 0 e il = o =} o o =) .
N - - o o o [Te] o n T T T
N -~ - © m m
(eaue fesoNH) (eaue |ejoy/s||@2 aAnisod Jo #) =] S B
< Ky1suap J93uad jeuiwidn TR Ausuep 291y + £dXO4 (ease [ejoy/eaie pauress) (eaue [ejoy/s||@o aaisod Jo #)

Aysuap $ad

Ajisusp ¢dX04

% of dilated HEVs



Cumulative incidence function

AUC

0.3 A

0.2

0.1

0.0

08 1.0

0.6

0.2
1

0.0

[ [
24

Months from staging

Months
12
24
36

AUC [95%Cl]
0.8231 [0.7369-0.9094]
0.7525 [0.6499-0.8551]
0.7848 [0.6851-0.8846]

Full cohort (N=123)

LRR
--DR

T T T T T I
24 36 48 60

Months from staging

36

Cumulative incidence function

0.3 4

0.2

0.1

0.0

Points
pPET
Germinal center

CD4/CD8

Total points
PFS 12 months
PFS 24 months

PFS 36 months

pPET+ (N=57)

20

30

40 50 60 70

o
o

o
o

FIGURE 4

eBumoq

PET+

o

610 speuinolioee//:dpy woly psp

LRR
DR

S

T T T T
12 24 36 48

Months from staging

50

Cumulative incidence function

T T T T
100 150 200 250

3

0.9

0.8 0.7 0.60.50.40.3

0.9

0.8 0.7 0.60.50.40.30.2

0.9

T T T T T T T 1
0.8 0.7 0.60.50.40.30.2 0.1

pPET- (N=66)

0.3 -

0.2 -

0.1

0.0

LRR
--DR

150n6 Aq Jpd'y68E-GZ-100/Z 167 L E/¥B8E-GZ-HOD ZEV0-8L0L/8S L L 0L/10pAPd-alonigSaLIBouEoUo/

HZ0Z Y2IEN L) UO,

36 48

Months from staging

[}
S ¥



FIGGRE 5

pPET+ 2
3
3
CD4/CD8 =
A Ratio B C -"z
A Others 1 Combination §
57% - o
s g1 HR 95%IC : 5.870 [1.364-25.26] NPV [95%ClI] PPV [95%CJ]
T 80+ by 0.73[0.58-0.85] | 1.00[0.63-1.60]
2 S, umumw o= N=48 =
g 6 Specificity [95%CI] | Sensitivity [95%ClI]
2 604
73% 63% I . 1.00 [0.90-1.00] 0.38[0.18-0.52]
11/15 12/19 &= . 2
100% 5 40 2 Accuracy [95%Cl] g
s 2 20- 1 0.77 [0.64-0.87] 2
g , ] ins z
o LI T T =
41% 67% 50% 0 12 24 36 48 50 100 150 5
Months from staging e
J FOXP3+ 2
3
‘ pPET- E
D NETs E F 3
A Others A Combination 5
@
HR 95%IC : 11.51 [2.537-52.20] E
S I S i amum i e NS5O NPV [95%Cl] PPV [95%CI
3 80- . 0.94[0.83-0.99] | 0.53[0.27-0.29]
z o % | Specificity [95%Cl] | Sensitivity [95%CI]
% ‘ 2 : 0.87[0.75-0.95] | 0.73[0.39-0.84]
“2 404 Accuracy [95%Cl] by
S S
3 2 204 0.85 [0.74-0.92] g
27% a © T 2
0133 3’ 0 12 24 36 48 50 100 150 2
Months from staging =
2 FIGO s
’GC/mm :




PAOLN- pPET- (N=66)

Variable

Non-SCC vs SCC
FIGO IIA1-11IIB vs IB3
Age

Tumor size
Neutrophils/mm?2
NETs/mm?
FOXP3+/mm?2
FOXP3+KI67+/mm?2
Germinal center/mm?2
CD4/CD8 ratio

/

/

Dilated HEV

Variable

pPET

Non-SCC vs SCC
FIGO IIA1-1IIB vs IB3
FIGO IlIC1-IVA vs IB3
FIGO IIA1-11IB vs IIIC1-IVA
Age

Tumor size

Tumor size (corrected)
Tumor size x time
Neutrophils/mm?
NETs/mm?
FOXP3+/mm2
FOXP3+KI67+/mm?2
Germinal center/mm?
CD4/CD8 ratio

Dilated HEV

p-value HR [95%CI]
0.68 1.313 [0.355-4.850]
0.54 1.608 [0.352-7.342]
0.26 0.973[0.927-1.021]
0.46 1.018 [0.972-1.065]
0.29 1.313[0.793-2.173]
0.015 2.768 [1.215-6.304]
0.78 1.138 [0.459-2.821]
0.76 1.119 [0.548-2.286]
0.089 0.102 [0.007-1.413]
0.047 0.497 [0.250-0.989]
0.88 1.048 [0.560-1.959]
Univariate
p-value HR [95%Cl]
0.013 2.452 [1.204-4.990]
0.2395 1.613 [0.727-3.576]
0.044 1.632 [0.358-7.448]
3.620 [0.848 "15.449]
0.451 [0.212-0.959]
0.22 0.980 [0.950-1.012]
0.058 3.452[0.961-12.399]
0.0088 17.02 [2.043-141.77]
0.0572 1.003 [0.797-1.003]
0.096 1.327[0.951-1.851]
0.071 1.712[0.955-3.071]
0.015 1.900 [1.132-3.191]
0.0032 1.729 [1.202-2.489]
0.097 0.379 [0.120-1.193]
0.0004 0.483[0.323-0.720]
0.47 0.857 [0.565-1.301]

Table 1

PAOLN- pPET+ (N=57)

PH test Variable p-value
0.6398 Non-SCC vs SCC 0.09
0.6888 /
0.4048 Age 0.53
0.3215 Tumor size 0.53
0.1777 Neutrophils/mm?2 0.43
0.9733 NETs/mmz2 0.90
0.1303 FOXP3+/mm?2 0.040
0.2341 FOXP3+KI67+/mm?2 0.018
0.2095 Germinal center/mm?2 0.17
0.7125 CD4/CD8 ratio 0.0097
CD4/CD8 ratio (corrected) 0.49
CD4/CD8 ratio x time 0.20
0.1466 Dilated HEV 0.60

PAOLN- (N=123)
Multivariate

PH test p-value
0.16 0.0033
0.93 -
0.96 -
0.53 -
0.19 -
0.53 -
0.028 -

HR [95%Cl]
3.299 [1.488-7.315]

0.52 -
0.15 -
0.70 -
0.81 -
0.57 0.0355
0.16 0.0010
0.58 -

0.273[0.081-0.915]
0.490 [0.320-0.748]

C-index
0.7434

HR [95%CI] PH test
2.336 [0.853-6.395] 0.9979
0.986 [0.943-1.031] 0.8669
1.010[0.978-1.044]  0.1981
1.222[0.742-2.011] 0.0949
1.064 [0.401-2.825]  0.4163
1.918[1.029-3.575] 0.1512
1.668 [1.093-2.544] 0.0586
0.395[0.106-1.472]  0.4830
0.506 [0.302-0.848] 0.0455
0.759 [0.347-1.656]

0.967 [0.917-1.019]
0.855[0.474-1.543]  0.2146

Bootstrap

(500 resamples)

C-index [95%Cl]
0.7536 [0.666-0.841]
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