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Abstract

Human papillomavirus (HPV)-associated endocervical adenocarcinoma is the second-
most common cancer of the uterine cervix. HPV-associated endocervical
adenocarcinoma can be classified into histologic Silva patterns of invasion, which are
associated with clinical outcome. However, the mechanisms underlying these patterns
of invasion are incompletely understood. We used whole transcriptome spatial
transcriptomics to examine gene expression differences separately in the tumor
epithelium and the surrounding stromal immune microenvironment (SIME). Seven
cases were evaluated, focusing on cases with two distinct patterns of invasion within the
same tumor, to control for inter-patient heterogeneity. The most strongly upregulated
pathways in both higher-risk tumor epithelium and SIME were associated with
extracellular matrix (ECM) remodeling. Transcriptomic-based inference of immune cell
populations showed an increase in macrophage populations in higher-risk tumor areas,
confirmed by immunohistochemiistry. Finally, we derived a four-gene signature from
genes upregulated in higner-risk tumor epithelium (KRT6A, TNC, LAMC2 and FN1),
which was associated with worse clinical outcome in an independent dataset (The
Cancer Genome Atlas). Overall, this work demonstrates that ECM remodeling and
macrophage presence are important in the progression to high-risk patterns of invasion
in HPV-associated endocervical adenocarcinoma. In addition, we established a

prognostic four-gene signature that is predictive of poor outcome.
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Introduction

The most common malignancies of the uterine cervix are squamous cell
carcinoma and human papillomavirus (HPV)-associated endocervical adenocarcinoma.
While HPV vaccination has decreased the overall incidence of cervical cancer, the
proportion of adenocarcinoma relative to squamous cell carcinoma has increased (with
approximately 23% of cervical cancers being adenocarcinoma)’2.

Historically, the same prognostic and staging factors have been used for
squamous cell carcinoma and adenocarcinoma of the uterine cervix, despite differences
in histopathology and clinical behavior. The three-tier Silva pattern system has more
recently been used to classify HPV-associated endocervical adenocarcinomas
according to the observed pattern of invasion and stromai reaction to the tumor, and is
associated with clinical outcome3. Silva patiern A tumors have no destructive stromal
invasion or single cell invasion, retain rounded glandular profiles, and lack
lymphovascular space invasicn. Siiva pattern B tumors show limited destructive stromal
invasion, while Silva patiern C tumors have diffuse destructive stromal invasion, and
confluent or solid growth. Pattern A tumors have a better prognosis than pattern B and
C tumors, which are independent risk factors for lymph node metastasis, higher stage,
and worse survival. A two-tier system in which pattern A tumors and pattern B tumors
without lymphovascular space invasion (LVSI) are considered low-risk, while pattern B
tumors with LVSI and pattern C tumors are considered high-risk, also shows strong
association with clinical outcome3-5. If two patterns of invasion are present in a tumor,

the higher/more aggressive pattern is designated.



The biological mechanisms underpinning the distinct histologic patterns and
clinical outcomes seen in differing Silva patterns are incompletely understood. Few
previous studies have examined gene expression by Silva pattern in endocervical
adenocarcinoma. To our knowledge, no prior study on endocervical adenocarcinoma
has examined gene expression in a spatially resolved manner. As the classification into
Silva patterns relies heavily on the stromal reaction to the tumor, we choose to
separately profile gene expression in the invasive tumor epithelium compared to the
surrounding stromal immune microenvironment (SIME) using the GeoMX spatial
transcriptomics platform. Our study aimed to identify key genes and pathways which are
upregulated in higher-risk Silva pattern tumors, and to use these findings to develop

prognostic tools in the evaluation of endocervical adenccarcinoma.

Methods

Case Selection and Tissue Microarray

This study was approved by the Washington University in St. Louis Institutional
Review Board (IRB #202402165) with a waiver of consent, as a retrospective study.
This study was conducted in adherence to the ethical principles outlined in the Belmont
Report and the Declaration of Helsinki. Archival formalin fixed paraffin embedded
(FFPE) resection (cervical cone, loop electrosurgical excision procedure or
hysterectomy) cases of HPV-associated, usual type, endocervical adenocarcinoma from
December 2018 to December 2023 were reviewed. Silva pattern was assigned by the
sign-out pathologist and reviewed by the study pathologist (all gynecologic pathology
subspecialists). Cases with at least two distinct invasion patterns were included to allow

for comparisons within cases. In total, seven archival FFPE cases, representing six



unique patients, were selected for downstream analysis. Within cases, distinct Silva
patterns were assigned to regions of interest. Selected cases and regions were
compiled into tissue microarrays (TMAs) with 2 mm cores. Areas with both tumor
epithelium and stroma, at the invasive front of the tumor, were selected for malignant
regions of the TMA. The number of high-quality cores on the TMAs (useable for both
nanoString and immunohistochemistry) per case and pattern is shown in supplemental

table 1.
NanoString GeoMX Digital Spatial Profiling and Sequencing

Whole RNA transcriptome spatial gene expression was investigated using the
nanoString GeoMX Digital Spatial Profiler (Bruker Spatial Biclogy, Bothell, WA, USA),
which has a stated resolution of down to 10 microns, as previously described®’. Digital
spatial profiling was performed at the St. Louis University Advanced Spatial Biology and
Research Histology Facility (St. Lcuis, MO, USA). The GeoMX platform has a maximum
size of regions of interest (ROIs) for analysis (660um x 785 um). The ROIs were
selected by a pathologist (L.S.), to include a balance of both tumor epithelium and
stroma and to maximize the amount of tissue analyzed. ROls were segregated using a
nuclear counterstain and anti-cytokeratin immunofluorescence probes (clone AE1/AES3,
Novus NBP2-33200) to separate RNA captured from tumor epithelium (cytokeratin-
positive) from RNA in the adjacent SIME (cytokeratin negative). Aspirates from 93 ROIs
were collected (25 benign cervix, 21 Silva A, 22 Silva B, and 25 Silva C). Library
preparation was performed according to the manufacturer’s instructions. During the
library preparation process, the photocleaved oligonucleotides with tag sequence

identifiers, unique molecular identifiers, and sequencing primer reads were PCR



amplified. Unique dual indexes and flow cell sequences were added. Library
concentration was quantified by Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). Libraries were sequenced on the lllumina NovaSeq X Plus (lllumina, Inc., San
Diego, CA, USA), targeting 1.5 billion reads per library.

Bioinformatics, Data Analysis and Code

Sequencing (fastq) files were initially processed through the proprietary GeoMx
NGS Pipeline. The raw reads were trimmed, paired-end reads were merged, and then
these reads were aligned to the corresponding identification barcodes based on their
tag sequence identifiers, which correspond to genes in the transcriptome. The number
of tags were counted to determine number of transcripts, corresponding to level of RNA
expression. PCR duplicates were removed by sorting the unique molecular identifiers.
Data was normalized using Q3 normalization. L.ow quality reads (low percent aligned
reads less than 90%, low percent stiiched reads less than 95%, Q30 scores less than
99.0%) were excluded from analysis.

Using the initially processed data, additional data analysis was done in R version
4.4.2 using RStudio version 2024.12.0. Raw un-normalized counts were filtered for low
expression and low variability genes (genes with a coefficient of variation less than one
were removed) and then used as the input for differential gene expression analysis in
DeSeq2 (release 3.21), per the developer’s requirements®®. The DeSeq2 model
internally corrects for library size. Because multiple regions of interest (ROls) were
sampled from the same tumor, ROIs were not strictly independent observations. In
order to address this, case was included as a variable in comparisons which included

multiple cases, and the two-stage Benjamini and Hochberg (BH) procedure was used



(with an alpha of 0.05) for controlling the false discovery rate (FDR) in all differential
gene expression analyses™.

The apeglm method was used for log fold change shrinkage. To compare
differentially expressed genes within and across cases, significance was defined as
adjusted p-value (two-stage BH method) <0.1 and log2 fold change >0.5. The two-stage
BH method was implemented with the package multtest''. Functional enrichment
analysis was done using gprofiler2 using GO, KEGG, Reactome and WikiPathways
terms, with a significance threshold of p=0.05 and multiple testing correction performed
per the developer’s custom algorithm'2. Gprofiler2 was used for pathways analysis’3.
Expression of individual genes was plotted using row Z-scores on the normalized data.
Kaplan-Meier curve, log-rank analysis, and Cox proportional hazards modeling were
done using packages survival and survminer. Group cut-offs were determined using
Youden cut point analysis in package cutpcintr’®. Immune cell populations were inferred
using CIBERSORTYX, using the provided LM22 matrix as a reference’. Only the SIME
compartment was included in the cibersortx analysis. Cibersortx was run in absolute
mode with 1000 permutations with quantile normalization disabled. Wilcoxon tests were
used to test for differences in inferred immune cell abundance with Holm correction
used for multiple comparisons adjustment. All code used in data analysis is available at
https://github.com/MLAxelrod/Cervical CaDSP. The datasets generated and analyzed
during the current study are available in the Gene Expression Omnibus (GEO)
repository, GSE316098.

Immunohistochemistry



Immunohistochemical (IHC) staining for CD68 (clone KP-1) and cytokeratin 5/6
(CK5/6; clone D5/16B4) was performed using a clinically validated CAP/CLIA protocol
on the Ventana auto-staining platform by the Anatomic and Molecular Pathology Core
Lab at Washington University School of Medicine. Each stain was scored independently
by a blinded pathologist (L.S.) and a blinded pathologist-in-training (M.L.A.). The scores
across the two reviewers were averaged. CD68 was assigned a three-tier score (0 =
rare, scattered positive cells; 1 = intermediate density; 2 = diffuse). CK5/6 was scored
by both intensity (0 = absent; 1 = weak; 2= strong) and percentage of epithelial cells
positive (in increments of 10%). A CK5/6 composite score was assigned as percentage

times intensity.

The Cancer Genome Atlas (TCGA) data

Available transcriptome and outcorme data was retrieved from the TCGA for
cases of cervical adenocarcinomas via cBioportal. All cases of cervical adenocarcinoma

with available data were included. Data were accessed on 12-16-2024.

Results

Description of cases and regions of interest used for analysis

The study cohort consisted of seven FFPE specimens of HPV-associated,
endocervical adenocarcinoma, usual type, from six unique patients. All patients were
female with an age range of 28-70 years old. All patients had Federation of Gynecology
and Obstetrics (FIGO) stage IB1 or IB2 disease. All patients were alive with no evidence

of disease with a minimum follow up time of 2 years (Table 1). Only excision specimens
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(hysterectomy, LEEP, or cone excisions) were included, to ensure adequate evaluation
of morphology and lymphovascular space invasion. Emphasis was placed on cases
which included multiple distinct histologic patterns of invasion within the same case
(Figure 1A). These cases were assembled into a tissue microarray and profiled using
the nanoString GeoMX Digital Spatial Profiler. Immunofluorescence was used to
separate RNA captured from the tumor epithelium (cytokeratin positive) from RNA in the
SIME (cytokeratin negative; Figure 1B), using GeoMX platform tools. The number of

ROls from each case and risk pattern area are summarized in Table 2.

Quality control (QC) metrics were met for all samples. All segments (epithelium
or SIME areas for each ROI) had greater than 99.5% bases with Q=30. The average
percent aligned reads was 95.2% (range 92.6-95.6%). Principal component analysis
after normalization demonstrated separatior between the tumor and SIME

compartments, supporting the expecied segmentation (Supplemental Figure 1).

Five cases included sufiicient ROls from two distinct Silva patterns to allow for
intra-case comparisons (Table 2). Within each case, gene expression was compared in
the higher risk pattern compared to the lower risk pattern. This method allowed for
minimization of inter-patient heterogeneity, and isolation of genes important for

progression of invasive morphology and subsequent correlation with poor outcome.

Analysis of high-risk tumor epithelium and environment demonstrates upregulation of

extracellular matrix genes

Comparing across cases, 630 genes were upregulated in higher risk Silva

pattern tumor epithelium within the same case and shared in two or more cases



(Supplemental File 1: IntraCaseComparisons). Using functional enrichment analysis,
upregulated pathways in higher-risk tumor epithelium include: “PI3K-Akt signaling

pathway”, “Human papillomavirus infection”, “Focal adhesion”, “ECM-receptor

interaction”, “Degradation of the extracellular matrix”, and “Extracellular matrix

organization” (Figure 2A).

Six genes, KRT6A, TNC, SERPINA3, LAMC2, FN1, and CCND1, were
upregulated in higher risk tumor epithelium and shared across four or five cases (Figure
2B). KRT6A encodes keratin 6, higher expression of which has been associated with
poor outcomes in multiple solid tumor types, including lung cancer'®'”, bladder
cancer'®, pancreatic cancer'®, and nasopharyngeal cancei??. TNC encodes tenascin-C,
an extracellular matrix (ECM) glycoprotein. SERPINA3 is a member of the SERPIN
family of protease inhibitors. LAMCZ2 encodss an ECM laminin. FN1 encodes
fibronectin, which has a variety of furiciions in the ECM. CCND1 encodes cyclin D1, a
key cell cycle protein. Interesiingly, two of these genes, SERPINA3 and CCND1,

showed high expression iri benign cervix (Figure 2B).

Applying the same analysis to the SIME, 333 genes were upregulated in higher-
risk Silva pattern SIME within the same case and shared in two or more cases. Using

functional enrichment analysis, upregulated pathways in higher-risk SIME include:

LT ”

, “cytokine activity”,

M

“Complement system fibronectin binding”, “Phagosome”,

“Degradation of the extracellular matrix”, “Innate Immune System”, and “Neutrophil
degranulation” (Figure 3A). One gene, CTHRC1, was shared in 4 cases (Figure 3B).

CTHRC1 encodes collagen triplet helix repeat containing 1, which has been associated

with solid tumor carcinogenesis and regulation of TGF-beta and WNT signaling
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pathways?'. Additional selected key genes driving upregulation of the indicated
pathways are shown in Figure 3B. CD68 is a key identity gene for macrophages.
SRFP2 encodes secreted frizzled related protein 2, a key component of the WNT
signaling pathway. MMP9 encodes matrix metalloprotease 9, which plays a key role in
ECM remodeling. POSTN encodes periostin, a secreted ECM protein involved in ECM
remodeling and epithelial to mesenchymal transition?2. Notably, FN1 was found to be

upregulated in both the higher-risk SIME and also in higher risk tumor epithelium.

Similar findings of upregulated extracellular matrix organization pathways were
identified when we analyzed differential gene expression from high-risk epithelium
compared to low-risk epithelium, and high-risk stroma versus low-risk stroma, across all
seven cases (Supplemental Figure 2, Supplementsa! File 2:AllHighvsLowRisk), as a
between-case comparison instead of within-case comparison. This analysis showed
fewer genes supporting each highlighted pathway, and fewer upregulated pathways
with higher p-values compared io the within-case comparisons, supporting the utility of
the within-case intratumoral approach. In addition, some pathways seen in the within-
case analysis were not found in the overall between-case comparisons, including PI3K
signaling and integrin cell surface interactions in the epithelium, and fibronectin binding

and innate immune system categories in the SIME.

Transcriptomic-based inference of immune populations shows increased abundance of

macrophage populations

The SIME analysis showed upregulation of CD68, a marker of macrophages. In
order to investigate whether other immune cell populations, or specific macrophage

subsets, might show differential abundance in tumors by risk group, we used
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CIBERSORTX to infer immune cell abundance from transcriptomic data in the SIME
compartment '® (Supplemental File 3: CibersortStatistics). Macrophages, particularly M2
macrophages, showed a pattern of increasing abundance in higher risk tumors (Figure
4). In contrast, total B cells and total T cells did not show striking differences by risk
group. The analysis suggested that M2 macrophages may be a key component of the

SIME in higher risk tumors.

Immunohistochemistry for CD68 highlights increased macrophage presence in high-risk

pattern areas

We next sought to determine whether differences in gene expression and
transcriptomics-inferred immune populations could be transiated to measurable protein
level differences through IHC on the tissue microarrays (Figure 5A). CD68 is a marker
of tissue macrophages, which were suggested o be increased by inferred immune cell
abundance, and CD68 was also upreguiated in the SIME. Notably, CD68 was also
available as a validated IHC marker in our laboratory. CD68 showed higher expression
in the surrounding tissues of pattern C areas of tumors relative to less aggressive

disease, consistent with increased macrophage presence (Figure 5B).

In the epithelium, CK5/6 was selected on the basis of higher keratin 6 gene
(KRT6A) expression in higher risk tumor epithelium, and it being a widely used
immunohistochemical stain; however, keratin 5 gene expression was not different
across groups (data not shown). Interestingly, CK5/6 was more highly expressed in
pattern A and B tumors relative to benign cervix, but there were mixed results with

pattern C tumors (Figure 5C).
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Derived four-gene signature is associated with worse outcomes in an independent

dataset

Finally, we aimed to test association of key genes of interest with outcome in an
independent data set. We considered the four genes that were shared across higher-
risk tumor epithelium and with higher expression in tumor than benign cervix to create a
four-gene risk score (sum of z-scores for KRT6A, TNC, LAMCZ2 and FN1; Figure 2B). As
expected, the four genes combined had higher expression in higher-risk Silva pattern
tumor epithelium (Figure 6A). Using The Cancer Genome Atlas (TCGA)?3-25 entire data
set of cervical adenocarcinomas with available transcriptome and outcome data (n=26),
we modeled this four-gene score as a continuous predictor of outcome using a
univariate Cox proportional hazards model, which showed a trend towards higher four-
gene expression being associated with worse outcome (hazard ratio 2.17, 95%
confidence interval 0.57-8.31, p-value = 0.258). With the practical aim of using the four-
gene signature as a potentiai prognostic biomarker, we applied Youden cut point
analysis to determine the threshold for dichotomization of into high and low score (z-
score cut point = -0.3076). Applying this threshold to the same TCGA dataset, we found

that high four-gene risk score was associated with worse overall survival (Figure 6B).

The maijority of the TCGA cases were T1 or T2 (57.7% T1 and 23.0% T2, with an
additional 3.8% T3 and 15.4% stage unknown). Interestingly, the survival curve of the
TCGA cohort stratified by stage showed that T1 tumors had trended toward worse
overall survival compared to T2, although this was not statistically significant (Figure
6C). Table 3 shows the distribution of stage by low or high four-gene risk score.

Although the sample size is small, the presence of multiple low stage patients with high

13



risk scores and poor outcome may suggest that the risk score could be of additional
prognostic value compared to stage alone. Including stage as a covariate in the Cox
proportional hazards model showed a similar result to the univariate analysis (hazard
ratio 1.5, 95% confidence interval 0.25 - 8.95, p=0.65). Silva pattern was unknown for

the TCGA cohort and was not incorporated into the analysis.

Similar analyses did not show a significant association of key genes upregulated
in higher risk SIME (CD68, CTHRC1, SFRP2, MMP9, FN1, or POSTN) with survival

outcomes in TCGA (data not shown).

Discussion

To our knowledge, this is the first study to examine gene expression in distinct
Silva patterns of endocervical adenocarcinoma in a spatially resolved manner while
controlling for inter-patient variation. Pathways associated with ECM remodeling were
upregulated in both higher-risk tumor epithelium and SIME. This finding is concordant
with the histologic features of enhanced desmoplastic stroma in higher-risk tumors.
Upregulation of ECM pathways and genes, such as FN1, TNC, LAMC2, MMP9, and
POSTN, may be key drivers of worse outcomes for higher-risk Silva pattern tumors.
ECM dysregulation in solid tumors has been associated with tumor aggressiveness,
angiogenesis, immune-dysregulation and impaired drug delivery of systemic therapies.
POSTN showed particularly striking upregulation in the SIME of pattern C tumors.

POSTN is a key marker expressed by immunosuppressive cancer associated fibroblast

14



in several cancer types and has been associated with epithelial to mesenchymal

transition22.26.27

The strong association of ECM pathways and higher risk disease is also
intriguing as many facets of ECM biology are possible drug targets 28-2°, Efforts to target
the ECM have included drugs which regulate MMPs, collagen synthesis, hyaluronic acid
synthesis, and TGF-beta signaling, among others. Other strategies have included using
fibronectin as a target for more specific drug delivery. Future work should investigate the
potential use of ECM-targeting therapies in high-risk Silva pattern endocervical

adenocarcinoma.

Additionally, PI3K-Akt signaling was upregulated in higher-risk tumor epithelium.
PI3K inhibition is also an intriguing drug target, with FDA-approved agents in breast
cancer and some hematologic malignancies. Combinatorial strategies using PI3K

inhibitors with immune-targeting agents are actively being investigated=°.

In the SIME, upregulation of innate immune system pathways was associated
with higher risk disease. This was validated by increased macrophages highlighted by
CD68 IHC staining in higher Silva pattern disease. This finding may be causally linked
to upregulation of ECM-related pathways, as ECM-immune interactions can recruit
immunosuppressive myeloid cells including inducing polarization of macrophages
toward a more pro-tumor “M2” phenotype??2°. Indeed, we found via gene expression-
based imputation of immune populations that M2 macrophages were at estimated
higher abundance in high-risk pattern SIME. Notably, FN1, which encodes fibronectin 1,
was upregulated in both the high-risk tumor epithelium and SIME. Overexpression of

fibronectin 1 has been shown to induce macrophage M2 polarization and tumor
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progression in other solid tumors®'. These data suggest that interactions between the
tumor epithelium and the SIME may promote polarization toward a pro-tumor

phenotype, and may play a role in progression of endocervical adenocarcinoma.

We aimed to develop useful prognostic indicators by translating some of the
gene expression differences that we discovered into IHC biomarkers. In particular, we
chose CD68 and CK5/6 for validation efforts as they are clinically validated in our
laboratory, commonly used in surgical pathology, and widely available. Our aim was to
select markers which could be easily adapted into clinical practice. We found higher
CD68 density in higher-risk Silva pattern tumors. Interestingly, CK5/6 showed more
ambivalent results. This antibody recognizes both keratin 5 and keratin 6, although only
the gene encoding keratin 6 showed differential expression in our dataset. CK5/6 is
more commonly used as a marker of squarrious differentiation, although expression,
especially of cytokeratin 6, can be seen in adenocarcinomas?'32, Our data show higher
expression of CK5/6 in pattern A and B tumors compared to benign cervix, but mixed
expression in pattern C tumors. Further exploration in a larger dataset is needed.
Alternatively, IHC for only CK6 could be evaluated.

Finally, we developed a four-gene risk score, derived from genes upregulated in
higher-risk tumor epithelium (KRT6A, TNC, LAMC2 and FN1), which was associated
with worse overall survival in the TCGA dataset. The four-gene risk score was better
able to stratify overall survival compared to stage alone in this limited cohort, which
showed a trend of worse survival in the stage T1 group compared to stage T2. Gene
expression profiling is commonly used in other solid tumor types to guide therapeutic

management decisions and discussions of prognosis. For example, the multi-gene
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expression assay OncotypeDX is widely used in breast cancer and impacts treatment
strategies for patients®.

This study was limited by a small cohort size (n=7 cases from six unique
patients), all of whom had similar FIGO stage disease. Our study was also based
primarily on gene expression, with additional IHC validation. Future work could include
analysis of additional molecule types, including glycosaminoglycans of the ECM. In
addition, it is possible that since this study focused on cases with mixed morphology,
low-risk areas could harbor abnormalities and phenotypic properties that promote high-
risk behavior. Future studies that specifically look at gene expression in cases with only
low-risk or high-risk patterns could identify additional genes and pathways for risk
stratification. In addition, spatial transcriptomic platforms may have segmentation errors
with overlap between cell boundaries, although this is more problematic for single-cell
and subcellular resolution technologics as opposed to the region of interest approach
with the GeoMX platform used here?*35. This known technical limitation could result in
mis-assignment of transcripts to tumor versus SIME categories. The development of
more accurate segmentation and data analysis methods may be able to address these
issues. Finally, as there were limited external TCGA data for cervical adenocarcinomas,
we were not able to use separate datasets for cut point definition and evaluation, or to
stratify survival analysis by stage, Silva pattern, or other histopathologic features. Using
the same dataset for cut point definition and evaluation is likely to overestimate the
prognostic value in independent datasets. The utility of a gene expression-based
prognostic biomarker in endocervical adenocarcinoma would need to be validated in

further, large scale studies.
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In summary, our study used spatially resolved whole transcriptome gene
expression profiling to identify ECM remodeling as a key factor upregulated in higher
risk tumor epithelium and SIME in HPV-associated endocervical adenocarcinoma.
Furthermore, innate immune pathways and CD68 expression by immunohistochemistry
were associated with higher risk SIME. We also identified a four-gene risk score which
was associated with worse overall survival in an independent dataset. Overall, these
data suggest that therapeutic strategies targeting the ECM and innate immune system
warrant further investigation in HPV-associated endocervical adenocarcinoma. Use of
prognostic gene-expression based biomarkers may be useful in stratifying patients and

further informing personalized treatment decisions.
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List of abbreviations: Human papillomavirus (HPV), stromal immune
microenvironment (SIME), extracellular matrix (ECM), lymphovascular space invasion
(LVSI), formalin fixed paraffin embedded (FFPE), tissue microarrays (TMAs), regions of
interest (ROIs), false discovery rate (FDR), immunohistochemical (IHC), The Cancer
Genome Atlas (TCGA), Federation of Gynecology and Obstetrics (FIGO), loop
electrosurgical excision procedure (LEEP), Adenocarcinoma in situ (Ais), no evidence of

disease (NED), quality control (QC)
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Figure Legends

Figure 1. Digital Spatial Profiling on distinct patterns of invasion within the same
case. A) Hematoxylin and eosin-stained sections showing distinct patterns of invasion
(left = A; right = B/C) within the same case. B) Immunofluorescence for cytokeratin
(green) and DAPI (blue) showing region of interest selection and segmentation into
tumor epithelium (cytokeratin positive) and stromal immune microenvironment

(cytokeratin negative).

Figure 2. Extracellular matrix remodeling is upregulated in higher risk tumor
epithelium. A) Pathway analysis showing upregulated pathways in the 630 genes that
are upregulated in higher risk compared to lower risk tumor epithelium within the same
case and shared by at least two cases. Dot size represents the number of genes
intersecting between the genes of interest and the indicated pathway. Color indicates
the term source. GO:MF = Gene Oniology: Molecular Function; KEGG = Kyoto
Encyclopedia of Genes and Genomes; REAC = Reactome Pathway Database. B)
Expression (Z-score) of key genes shown across all regions of interest, by Silva pattern.
Box plots show the median, first and third quartiles. P values represent Holm-corrected

Wilcoxon tests. Color indicates case.

Figure 3. Innate immune pathways and extracellular matrix remodeling are
upregulated in higher risk SIME. A) Pathway analysis showing upregulated pathways
in the 333 genes that are upregulated in higher risk compared to lower risk SIME within
the same case and shared by at least two cases. Dot size represents the number of
genes intersecting between the genes of interest and the indicated pathway. Color

indicates the term source. GO:MF = Gene Ontology: Molecular Function; KEGG =
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Kyoto Encyclopedia of Genes and Genomes; REAC = Reactome Pathway Database. B)
Expression (Z-score) of key genes shown across all regions of interest, by Silva pattern.
Box plots show the median, first and third quartiles. P values represent Holm-corrected

Wilcoxon tests. Color indicates case.

Figure 4. Transcriptomic-inferred immune population analysis identifies higher
abundance of M2 macrophages in higher risk tumor SIME. CIBERSORTX inferred
immune cell abundance is shown for key immune cell populations. Box plots show the
median, first and third quartiles. P values represent Holm-corrected Wilcoxon tests.

Color indicates case.

Figure 5. Immunohistochemistry shows higher CD63 expression in higher risk
Silva patterns. A) Example immunohistochemical staining for CD68 and CK5/6 with
representative scoring. B-C) Quantification of immunohistochemical scoring (averaged
across two reviewers) for CD68 (scored by abundance) and CK5/6 (scored by percent
of tumor cells positive times iniensity). Box plots show the median, first and third

quartiles. P values represent Holm-corrected Wilcoxon tests. Color indicates case.

Figure 6. Four gene risk score predicts survival in an independent dataset. A)
Four gene risk score (sum of Z-scores of KRT6A, TNC, LAMC2 and FN1) across all
regions of interest, by Silva pattern. Box plots show the median, first and third quartiles.
P values represent Holm-corrected Wilcoxon tests. Color indicates case. B) Kaplan-
Meier plot of overall survival in TCGA dataset of 26 endocervical adenocarcinomas,
stratified by expression of the four-gene risk score. C) Kaplan-Meier plot of overall

survival in TCGA dataset, stratified by AJCC stage.
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Supplemental Figure 1. Principal component analysis of spatial transcriptomic
tumor epithelium and SIME segments. Color indicates compartment (epithelium or

SIME) and shape indicates Silva pattern risk group.

Supplemental Figure 2. Extracellular matrix remodeling is upregulated in higher
risk tumor epithelium and SIME, across all cases. Pathway analysis showing
upregulated pathways in higher risk tumor epithelium (top) and SIME (bottom) when
including all cases. Dot size represents the number of genes intersecting between the
genes of interest and the indicated pathway. Color indicates the term source. GO:MF =
Gene Ontology: Molecular Function; KEGG = Kyoto Encyclopedia of Genes and

Genomes; REAC = Reactome Pathway Database.
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Tables

ID Sex | Ag | Specimen Silva LVSI FIGO | Treatment Status | Follow up
e type Patter Stag time
ns e (years)
WU-01 F 28 | Cone B,A Negative IB1 Hysterectom | Alive, | 3.1
y NED
WU-02 F 28 Hysterectomy | B, A Negative IB1 Hysterectom | Alive, | 3.1
*same y NED
patient as
WU-01
WU-03 F 28 | Cone C,A Suspiciou | IB2 Hysterectom | Alive, | 3.1
s y NED
WU-04 F 34 Cone B,A Positive IB1 Hysterectom | Alive, | 5.2
y NED
WU-05 F 70 | Hysterectomy | C, B Positive B2 Hysterectom | Alive, | 2.1
y, radiation, NED
carboplatin
WU-06 F 33 | LEEP C, Ais | Negative IB1 LEEP Alive, | 2.1
NED
WU-07 F 32 | LEEP B, A, Positive IB1 Hysterectom | Alive, | 2.8
Ais | v, radiation NED

Table 1: Clinicopathologic characteristics. FIGO = Federation of Gynecology and
Obstetrics; LEEP = loop electrosurgical excision procedure, Ais = Adenocarcinoma in
situ; LVSI = Lymphovascular space invasion; NED = No evidence of disease.

WU-01 WU-02 | wu-03 | wu-04 | wuos | wu-0s | wu-o7

Benign 8 0 4 4 2 4 3

A (low 5 3 8 5 0 0 0
risk)

B (low 4 1 0 0 0 0 0
risk)

B (high 0 0 0 6 7 0 4
risk)

C (high 0 0 10 0 8 7 0
risk)

Table 2. Number of regions of interest per case and risk pattern area used in
nanoString GeoMX. ltalicized cases were included in intra-case risk pattern analyses.

Stage Low 4-gene High 4-gene
risk score risk score
T1 4 11

28




T2 4 2
T3 0 1
Unknown 0 4
Table 3. Number of patients with each AJCC stage cervical adenocarcinoma by four-

gene risk score group in the TCGA dataset.
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