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ABSTRACT

Introduction: Cervical cancer (CC) is the fourth most common malignant tumor in women worldwide.
Detecting different biomarkers together on single cells by novel method mass cytometry could
contribute to more precise screening.

Methods: Liquid-based cytology (LBC) cervical samples were collected (N=53) from women
categorized as normal and precancerous lesions. Human papillomavirus (HPV) was genotyped by
PCR, while simultaneous examination of the expression of 29 proteins was done by mass cytometry
(CyTOF). Differences in cluster abundances were assessed with Spearman’s rank correlation as well
as high dimensional data analysis (t-SNE, FlowSOM).

Results: Cytokeratin (ITGA6, Ck5, Ck10/13, Ck14, Ck7) expression patterns allowed determining the
presence of different cells in the cervical epithelium. FlowSOM analysis enabled to phenotype
cervical cells in five different metaclusters and find new markers that could be important in CC
screening. The markers Ck18, Ck18 and CD63 (Metacluster 3) showed significantly increasing
associated with severity of the precancerous lesions (Spearman rank correlation rho 0.304,
p=0.0271), while CD71, KLF4, LRIG1, E-cadherin, Nanog and p53 (Metacluster 1) decreased with
severity of the precancerous lesions (Spearman rank correlation rho -0.401, p=0.0029). Other
metaclusters did not show significant correlation, but metacluster 2 (Ck17, MCM, MMP7, CD29, E-
cadherin, Nanog, p53) showed higher abundance in low and high grade intraepithelial lesion cases
(LSIL and HSIL).

Conclusions: CyTOF appears feasible and should be considered when examining novel biomarkers on
cervical LBC samples. This study enabled us to characterize different cells in the cervical epithelium

and find markers and populations that could distinguish precancerous lesions.

KEYWORDS: cervical cancer; markers; HPV; mass cytometry
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1. INTRODUCTION

Cervical cancer (CC) is the fourth most common female malignancy worldwide and represents a
global health challenge (Cohen et al., 2019). More than 600,000 women get CC annually, and more
than half die (World Health Organization, 2014). To prevent CC, women can be screened to identify
those with precancerous lesions (Nayar & Wilbur, 2015). Precancerous lesions are classified into
three grades: cervical intraepithelial neoplasia (CIN)1 (mild), CIN2 (moderate) and CIN3 (severe
dysplasia), that correspond to cytologically detected changes of low grade squamous intraepithelial
lesion (LSIL) and high grade SIL (HSIL - CIN2 and CIN3) (Nayar & Wilbur, 2015; World Health
Organization, 2014). However, some equivocal morphological features may fall under atypical
squamous cells (ASCs), further divided in two subcategories, undetermined significance (ASC-US), or
category where HSIL cannot be excluded (ASC-H) (Nayar & Wilbur, 2015).

Normal cervix consists of two biologically different types of epithelium: ectocervical and endocervical
(Prendiville & Sankaranarayanan, 2017). The ectocervical epithelium is stratified squamous
epithelium, while the endocervical epithelium is made of single layer columnar epithelium
(Prendiville & Sankaranarayanan, 2017). Within the stratified squamous epithelium there are four
layers of epithelial cells: superficial, intermediate, parabasal and basal, while in the endocervical
epithelium there are three types of columnar (secretory, ciliary and reserve cells) and endometrial
cells (Naib, 1996). The two types of epithelia come together in the area of the external cervical os,
forming a squamocolumnar junction (SCJ) (Naib, 1996).

Upon infection with oncogenic types of human papillomavirus (HPV), cervical epithelium can develop
into dysplastic epithelium characterized by nuclear and cytoplasmic abnormalities (Prendiville &
Sankaranarayanan, 2017). Uncontrolled proliferation and expansion of these cells leads to the
formation of abnormal dysplastic epithelium, which can regress back to normal, persist as dysplasia,
or eventually progress to invasive cancer (Prendiville & Sankaranarayanan, 2017). It is believed that

cells within the SCJ are where the CC initiates (Prendiville & Sankaranarayanan, 2017).
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Despite their routine use and great contribution to CC screening, the sensitivity of cytological
methods is low (~55.4%) (Mayrand et al., 2007). Additionally, various other tests in CC screening are
available including molecular (Schiffman et al., 2011; Torres-Poveda et al., 2020) and
immunochemical methods (Giorgi Rossi et al., 2013; Luhn & Wentzensen, 2013; Macedo et al., 2019).
Taken altogether with possible consequences like false negatives, unsatisfactory results and over-
treatment of women, the search for better tests continues, highlighting novel biomarkers as a
possible solution (Sahasrabuddhe et al., 2011; Torres-Poveda et al., 2020). Furthermore, the lack of
methods for biomarker testing in CC screening is a major problem (Pesut et al., 2021).

Detecting different biomarkers together on a single cell could contribute to more precise screening
and mass cytometry should be an ideal method for such evaluation. Mass cytometry is a combination
of two methods: flow cytometry and mass spectrometry (Spitzer & Nolan, 2016). It enables the
simultaneous measurement of more than 40 cellular parameters in one cell (Spitzer & Nolan, 2016).
It is based on the labeling of antibodies with metal isotopes, which gives it the advantage of high
resolution while eliminating autofluorescence (Spitzer & Nolan, 2016).

The goal of our study was to design and evaluate a panel of antibodies for multiparametric
phenotyping of samples of patients with or without precancerous lesions by mass cytometry. To our

knowledge this is the first time mass cytometry is used on precancerous cervical lesions.

2. MATERIALS AND METHODS

2.1. Sample preparation

In this study, cell lines were used as positive and negative controls for the markers of interest. Jurkat
cell line was the negative control for most of the markers, while HelLa, CaSki and MCF7 were chosen
for the positive controls, depending on the target marker. Cell lines were grown in cell culture
medium consisting of Dulbecco’s medium supplemented with 10% fetal bovine serum and 1%

antibiotics at 37°C, 5% CO, and 95% humidity. Approximately 40x10° cells of each cell line were
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grown and fixed in NOVAprep® OrangeHQ+ solution (Algimed TechnoBelarus formerly NovaCyt,
France) for liquid-based cytology (LBC) to reduce batch effects.

Clinical samples were collected from women attending regular check-ups at gynecological clinics of
the Special Hospital Sveta Katarina and the General Hospital Zabok, after the ethical committees
approved the application of the study protocol. Samples were collected from 321 women aged 18-77
years in the period from 6/2020 to 12/2023. The first sample was taken for cytological diagnhosis and
routine patient management. The majority were found to have normal cytology (63.2%) while lesions
(ASC-US, LSIL and HSIL) were represented to a lesser extent, respectively 10.3%, 15% and 11.5%
(Pesut et al., 2024). For this study, a second cervical cytological sample was obtained with a Cervex-
brush® (Rovers Medical Devices, Netherlands) and fixed in NOVAprep OrangeHQ+ vials. The number
of cells in samples was determined using flow cytometry (BD FACSCalibur) with counting beads
(SPHERO™ AccuCount Particles, Spherotech, USA) and propidium iodide (Pl) DNA staining (Sigma-
Aldrich, USA). Samples were selected for further analysis based on cytological diagnosis and HPV
status. In addition, the exclusion criteria were: inadequate sampling, less than 500,000 cells available
for cytometry, large amount of erythrocytes and blood, inflammations in the background of
precancerous lesion. The final included set consisted of NORMAL (10), NORMAL HPV+ (10), ASC-US
(10), LSIL (10), and HSIL (13) cases. The selected 53 samples were collected from women with an
average age of 34.9 years (23-70 years). All patients signed informed consent forms at the time of

sample collection and data was anonymized.

2.2. HPV genotyping

HPV genotyping was performed on all collected clinical cervical samples. Briefly, DNA was isolated
from 1mL of sample using QlAamp DNA Kit (Qiagen, Germany). The total DNA concentration was
measured using a NanoPhotometer (Implen, Germany).

Polymerase chain reaction (PCR) HPV detection was performed with consensus primers PGMY,

GP5+/GP6+ and LC, while HPV16, HPV18, HPV33, HPV31, HPV6/11, HPV45, HPV52, HPV58 type-
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specific primers were used for genotyping as described previously (Simi¢ et al., 2023; Pedut et al.,
2024). Beta-globin PCR amplification was used as an internal control and each PCR included positive
and negative controls.

2.3. Mass Cytometry and Metal Labeling

We designed a panel of antibodies for multiparametric phenotyping of cervical samples of patients
with or without precancerous lesions. Using the Maxpar Panel Designer (Standard biotools formerly
Fluidigm, USA), we created a panel of 29 antibodies suitable for mass cytometry. The antibody panel
was designed to determine the presence of different cells in the cervical epithelium as well as
examination of markers that are known to participate in HPV infection, cell proliferation, CC
carcinogenesis and cancer stem markers (Smedts et al., 1992; Mittal et al., 1992; Nair et al., 1997;
Ivanyi et al., 1990; Martens et al., 2004; Wentzensen & Von Knebel Doeberitz, 2007; Lindstrom et al.,
2008; Herfs et al., 2013; Hietanen et al., 2000; Escobar-Hoyos et al., 2014; Uhlén et al., 2015; Tyagi et
al., 2016; Lee et al., 2017; Mockler et al., 2017; Kaur et al., 2019; Liu, C. & Wang, 2019; Liu, R. et al.,
2019; Mendoza-Almanza et al., 2019; Wang et al., 2020; Sharma et al., 2021; Volkel et al., 2022). All
antibodies and their characteristics (clone, metal tag, company, staining) for the markers used in the
panel are listed in Supplementary Table S1. Antibodies not obtainable from Standard biotools
required conjugation with isotope tags using the Maxpar Antibody Labeling Kit (Standard biotools)
and following the manufacturer’s protocol. For Standard biotools commercially purchased
antibodies, the amount recommended by the manufacturer was used. All manually conjugated
antibodies were titrated on cell lines (3x10° cells) as recommended by the manufacturer in amounts
of O uL, 0.5 pL, 1 pL, 2 uL and 4 pL (Supplementary figure S1). For Standard biootols commercially
purchased antibodies, amount recommended by the manufacturer was considered optimal. The
selected amount of X pL from the individual titrations of all conjugated antibodies or optimal
amount, was further finetuned in the whole panel titration experiment. Three pools of antibodies
were made, one pool with exactly the sum of calculated antibody volumes from the previous step,

another pool with a third of the amount and the last pool with 3 times the calculated amount. One
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selected clinical sample along with positive and negative control samples (total of 3x10°cells) was
stained by each of those three antibody pools (Supplementary figure S2). The amount of each
antibody used in subsequent experiments was adapted according to the performance of the three
amounts tested.

The subsequent experiments were designed with the total number of cells for marker labeling set to
3x10°. Each experiment contained a positive control, a negative control and 5 cervical samples of
identical cytological category. Patient samples were spread across 11 batches, distributed in 2
experiments for NORMAL (N=10 cytologically normal HPV negative samples), 2 for NORMAL HPV+
(N=10 cytologically normal HPV positive samples), 2 for LSIL (N=10 samples), 2 for ASC-US (N=10
samples) and 3 for HSIL (N=15 samples). Due to the lack of HSIL samples with large number of cells
for analysis, 2 HSIL samples with low numbers of successfully analyzed cells were re-examined in the
third batch of HSIL and only the repeat that resulted in a higher number of cells (HSIL, N=13) was
used in the final analysis.

Samples and controls were barcoded with the Cell-ID 20-Plex Barcoding Kit (Standard biotools). The
kit includes 20 possible pre-mixed combinations made of six palladium isotopes (Pd102, Pd104,
Pd105, Pd106, Pd108, Pd110) in which each barcode contains 3 palladium isotopes (Supplementary
figure S3). Briefly, approximately 0.5x10° cells of each clinical sample, 0.2x10° of negative control line
and a mixture of positive control lines (0.1x10° each) underwent fixation (Fix | Buffer) and
permeabilization (Barcode Perm Buffer) to be labeled with a unique barcode combination. Barcoding
was followed by the staining of surface and nuclear antigens according to the Maxpar Nuclear
Antigen Staining kit protocol (Standard biotools). Briefly, after barcoding cells were washed with
Maxpar Cell Staining Buffer (MCSB), followed by a washing step and 30 minutes incubation in 1mL of
Nuclear Antigen Staining Buffer. Subsequently, two washing steps with Nuclear Antigen Staining
Perm were performed, and the cells were stained with the surface and intracellular antibody cocktail
for 30 minutes. After two MCSB washes, cells were fixed with 1mL of freshly prepared 1.6% methanol

free formaldehyde (#12606, Cell signaling Technology, USA) solution for 10 min. Cells were
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centrifuged and 800pL of supernatant was removed. The cells were resuspended in the remaining
200pL in a cryotube and frozen at -80°C. Cryotubes were shipped on dry ice to CLIP Laboratory in
Prague (University Hospital Motol, Czechia) for acquisition on Helios CyTOF machine (Standard
biotools). Before acquisition, cells were thawed by warming in hands and incubated with 1mL of Cell-
ID Intercalator-Ir solution at room temperature for 1 hour, washed and stored at 4°C until ready to
run. Subsequently, cells were washed twice with MCSB buffer, once with MiliQ H,0, resuspended in
20% EQ Four Element Calibration Beads in MiliQ H,0, and filtered through a 70um filter. Sample data
was acquired with all open channels and data saved as .fcs files.

Data were normalized in Helios instrument software based on EQ beads and compensated for
channel crosstalk in the FlowJo™ software (v10.8.0, BD Bioscience, USA) with matrix from Guidelines
for Mass Cytometry Panel Design (Standard biotools). Normalized and compensated .fcs files were
further processed with FlowJo and cells were gated for singlets using Gaussian parameters and DNA
Iridium staining and manually de-barcoded by gating on the six palladium isotope combinations
specific for each sample. To determine the population of interest, we used markers for epithelial cells
in the cervix, namely cytokeratin (Ck) 10/13, cytokeratin 5 and CD49f (Ivanyi et al., 1990; Uhlén et al.,
2015; Volkel et al., 2022). Representative gating strategy is shown in Supplementary Figure S4. After
that, batch normalization was done in R (4.1.1 version) with package CytoBatchNorm. The positive
control sample of each batch was used as an anchor sample to normalize intra-batch

inconsistencies in staining intensities. The expression of 29 markers in each cell line (Hela, CaSki,
MCF7, Jurkat) and a clinical NORMAL sample is shown in Supplementary Figure S5. The total number
of acquired cells after data processing from measured samples ranged from 57 to 64,026.

All acquired samples (regardless of cell counts, N=53) were concatenated for each cytological
category (NORMAL, NORMAL HPV+, ASC-US, LSIL and HSIL). Resulting concatenated files were used
for high dimensional data analysis in Cytobank (Beckman Coulter, USA) enabling identification of
phenotypically distinct populations and dimensionality reduction. t-distributed stochastic neighbor

embedding (t-SNE) dimensionality reduction was calculated based on 6 markers to generate t-SNE
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maps: Ck5, 7, 10/13, 14, 17 and CD49f. The following parameters were used: iteration=750,
perplexity=30, learning rate=21,978 and early aggregation=12 with normal data scaling. Fcs files were
extracted and imported to FlowJo to create a t-SNE density plot. Using R with package CYTUTILS,
differences with corresponding Jensen-Shannon divergences were quantified.

The number of clusters was computed based on the t-SNE map using the FlowSOM clustering in
Cytobank with parameters: 5 markers =Ck7, 10/13, 14, 17, and CD49f, clustering
method=Hierarchical Consensus, iterations=10, seed=automatic with normal data scaling.

The optimal number of clusters was assessed with the elbow method by examining cluster stability
from delta area plots calculated with CATALYST package in R (Supplementary figure S6). The
obtained optimal number of clusters was between four and nine. Initially created 9 clusters
(Supplementary Figure S7) were automatically aggregated into five metaclusters due to the similarity
in marker expression. The metacluster phenotype was determined by the frequency of positive cells
in each metacluster. Changes in metacluster abundance across cytological categories were assessed
using Spearman's rank correlation in MedCalc (v20.11, MedCalc Software, Belgium). P values <0.05
were considered significant.

2.4. Immunocytochemistry

Immunocytochemistry was used as method validation for the markers used to determine the cervical
smear population in mass cytometry. Five cytologically NORMAL cases were stained for Ck10/13, 5
and CD49f markers using the IHC Select HRP/DAB (Merck Millipore, USA) protocol. Briefly, cells from
the NovaPrep solution were smeared on glass slides and dried in air. Slides with cells were fixed with
95% ethanol for 10 min and washed. A rinse buffer was used for each wash according to the
protocol. Subsequently, slides were incubated for 10 min with 3% H,0; in a humid chamber. Samples
were washed and blocked in Blocking Reagent for 5 min, stained with primary antibody (Rinse buffer
in case of negative control) for 10 min, secondary antibody for 10 minutes, Streptavidin HRP buffer
for 10 min and Chromogen for 2-3 min. Slides were counterstained (Mayer's Hematoxylin Counter

Stain, Agilent — Dako, USA), rinsed and placed in deionized water. The slides were visualized with a



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

fluorescent microscope (Olympus BX51, Japan). The negative control is a representation of the
NORMAL sample without antibody. Marker expression was marked as no (-), low (+) and high (++)
brown staining based on intensity.

3. RESULTS

3.1. Overview of multiparametric characterization of cervical LBC samples by mass cytometry

To demonstrate the applicability of mass cytometry in assessment of cervical cells routinely collected
in LBC medium, a 29-antibody panel was designed and applied to 53 samples. Figure 1 summarizes
experimental workflow. All samples were HPV genotyped by PCR (Supplementary Table S2).

3.2. Determining the presence of different cells in the epithelium

The range of positive cells on marker for determining the presence of different cells in the epithelium
considering each sample and cytological category is shown in Supplementary Table S3.

The markers used to determine the population of interest were Ck10/13, 5 and ITGA6. Using t-SNE
visualization, those markers showed the same pattern of expression on almost all cervical cells across
categories (Figure 2A and 2B). Immunocytochemistry was performed to confirm the expression of
these markers on cells (Figure 2C). All 5 NORMAL samples (5/5, 100%) without antibody showed
absence of brown staining (-). All 5 NORMAL samples (5/5, 100%) with appropriate antibody showed
high expression of Ck5 and Ck10/13 (++) on most of the epithelial cells while CD49f expression was
low (+). Ck7, 14, 17, 8 and 18 were present on part of the cell population depending on cytological
category with varying intensity levels (Figure 3A and 3C).

3.3. Correlation of cytological categories and markers through searching for cell populations
that play a role in HPV precancerous changes with FlowSOM

In addition to examining the usefulness of mass cytometry for LBC material assessment, we aimed to
find markers that show differences between cytological categories. To observe the differences in cell
density in cytological categories, we presented t-SNE density plots (Figure 3B). Differences in t-SNE
density plots were quantified and average Jensen-Shannon divergence values between samples of

different cytological categories are shown in Supplementary Table S4. Calculated values suggested
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that the cytological samples of cervical cells were more similar to each other than different
regardless of the cytological category.

FlowSOM analysis provided an overview of how all markers behaved on all cells and detected subsets
that might otherwise be missed. During the FlowSOM analysis, five metaclusters were created
primarily differentiated by Ck7, 10/13, 14, 17 and CD49f markers with notable differences in cluster
abundance across different disease stages (Figure 4). Major phenotype determinants of each
metacluster are shown on Figure 5. Number of gated cells positive for each marker in all
metaclusters is shown in Supplementary Table S5.

Beside the common cytokeratins (Figure 5A) in metacluster 1 (ITGA6+, Ck5+, Ck10/13+, Ck7+, low
Ck14), we found the highest expression of markers CD71, KLF4, LRIG, E-Cadherin, Nanog and p53
while in metacluster 3 (ITGA6+, lower Ck5, Ck10/13, Ck7, Ck14-), the highest expression was of Ck8,
Ck18 and CD63 (Figure 5B). Metaclusters 2 and 4 (both with ITGA6+, Ck5+, Ck10/13+, Ck14+, Ck7+)
showed higher expression of MCM2, MMP7, E-Cadherin, p53 and Nanog while higher expression of
Ck17 and CD29 was found in metacluster 2. Metacluster 5 did not appear to have an association with
a particular marker but was moderately stained for the common markers (ITGA6+, Ck5+, Ck10/13+,
Ck14+, Ck7-) (Figure 5A). Expression of other markers that did not show different expression
between metaclusters are shown in Supplementary Figure S8.

The average abundance of each metacluster across specific cytological categories is shown in Figure
4B while range, median and IQR are shown in Supplementary Table S6. There was a statistically
significant inverse correlation between metacluster 1 (CD71, KLF4, LRIG1, E-Cadherin, Nanog, p53)
and cytological categories (Spearman rank correlation rho -0.401, p=0.0029) (Figure 4C). The
frequency of cells in metacluster 1 decreased with the increase in the severity of the precancerous
lesion, i.e. the highest frequency was in NORMAL, and further decreased towards HSIL cases.
Similarly, metacluster 3 (Ck8, Ck18, CD63) was significantly associated with severity of the
precancerous lesions (Spearman rank correlation rho 0.304, p=0.0271). The frequency of cells in

metacluster 3 increased with respect to the severity of the precancerous lesion (from NORMAL to
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HSIL) (Figure 4C). On the other hand, metaclusters 2 and 4 (Ck17, CD29, MMP7, MCM2, E-Cadherin,
Nanog, p53) did not show a statistically significant correlation with cytological categories (p=0.09 and
0.8, respectively), with metacluster 2 exhibiting slight increase in abundance within the severe
lesions LSIL and HSIL (Figure 4C). Finally, metacluster 5 (no particular strong marker beside common
epithelial markers) also did not show significant differences in abundance across cytology stages
(p=0.5247).

4. DISCUSSION

CCis a malignant tumor of the cervix and the most common cause for its occurrence is a persistent
infection with HPV (Hull et al., 2020). Although vaccines and CC screening tests have developed
rapidly in recent years, various challenges remain (Guo & Hua, 2020). Major challenges include low
sensitivity and lack of new methods that enable broad and simultaneous testing of biomarkers that
would help in the diagnosis, screening and predicting the direction of progression of precancerous
lesions (Pesut et al., 2021).

In this proof-of-concept study, we aimed to evaluate the feasibility of mass cytometry in the search
for novel biomarkers to contribute to the improvement of current diagnostics methods. To our best
knowledge, mass cytometry was used for the first time to examine cervical cytology samples.
Accordingly, we focused on cervical cell population defining markers. Thus, our study revealed the
presence of CD49f (ITGA6) what is in accordance with previous data (Uhlén et al., 2015) confirming
ITGAG6 as a useful marker for defining population of interest on mass cytometry. However, in
immunocytochemistry, the expression of ITGA6 was weaker compared to mass cytometry. Ck5 and
10/13 were highly expressed on most epithelial cells on mass cytometry and immunocytochemistry.
Considering that Ck5 is present on the entire epithelium of the cervix and Ck10/13 in the parabasal,
intermediate and superficial cells of the epithelium (lvanyi et al., 1990; Vélkel et al., 2022), our
results suggest the presence of entire cervical epithelium despite analyzing a second cervical sample.

Additionally, the same expression pattern could be observed across all cytological categories (Figure

12
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2) indicating that Ck5 and Ck10/13 could be better cervical epithelial markers than CD49f and useful
staining controls.

Furthermore, Ck14 which was expressed on part of the population suggests the presence of basal,
parabasal, and reserve cells (lvanyi et al., 1990). Part of the cell population expressed other Cks, such
as Ck18 and Ck8, further suggesting presence of all epithelial layers and cell versatility of our samples
(Figure 3) (Ivanyi et al., 1990; Nair et al., 1997). Due to the importance of SCJ for diagnostics of
cervical precancerous and cancerous lesions, we included Ck7 and Ck17, as markers of that area of
the cervix (Escobar-Hoyos et al., 2014; Herfs et al., 2013; Lee et al., 2017; Mockler et al., 2017) and
their presence in part of cell population indicated presence of SCJ (Figures 3 and 5).

Considering that the abovementioned cluster defining markers were found in all samples and that
greater mutual similarity was implied by Jensen-Shannon divergence calculations, this suggests that
all major cell subpopulations were represented across all diagnosis groups. Major differences
between sample categories likely derive from profiles of other markers in particular subpopulations.
Most studies claimed that changes in cytokeratin expression patterns are correlated with precancer
and cancer staging, HPV infection and prognosis (Bundela et al., 2019; Escobar-Hoyos et al., 2014;
Lee et al., 2017; Nair et al., 1997). This overlaps with our study, which showed that certain
cytokeratins such as Ck8 and Ck18 increased with the severity of the precancerous lesion indicating
that they might be good markers for better triage of precancerous lesions (Figure 4C, Figure 5).
Although Ck17 and metacluster 2, it is a feature of, was not significantly associated with disease
severity in this study, a certain trend of increased abundance of those cells can be seen in
precancerous lesions of LSIL and HSIL and in some ASCUS cases. Furthermore, on t-SNE plots, co-
expression of Ck17 with Ck7 was seen in an area that could be SCJ, suggesting that it may need
further investigation as marker in the possible area where normal epithelial cells could change into
abnormal lesion.

Stem marker CD63, most prominent in metacluster 3 was thus also linked with increased severity of

the precancerous lesions. CD63 is well known to have a role in metastasis and cancer progression
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(Dey et al., 2023), but is rarely investigated in cervical cancer context, although it can be linked with
cancer-stem cells in the SCJ (Mendoza-Almanza et al., 2019). Although in our case it was not
exclusively found in an area that could be SCJ, our result suggests that we have found for the first
time that marker CD63 was a feature of a cluster associated with increased precancerous lesions of
the cervix.

Metacluster 1, with more prominent expression of CD71, KLF4 and LRIG1, had a higher abundance in
normal epithelium and normal epithelium infected with HPV and decreased with increasing severity
of the precancerous lesions. Previous studies had focused more on the cervical cancer and found
association between CD71 and HPV in primary cervical tumors and cancer cell lines (Leung et al.,
2019; Tyagi et al., 2016). For marker LRIG, a previous study found that diminished expression of LRIG
in advanced stage of CC means better survival, and our results could partially indicate either that our
specific patients with precancer have a lower level of LRIG and that it should be seen more as a
prognostic marker in advanced stage, or that it is nevertheless a very important marker for a better
diagnosis of precancer in combination with other markers (Lindstrom et al., 2008). A study
comparable to our results showed that KLF4 protein expression has a pattern of gradual decrease
from normal cervix to cervical carcinoma in situ and then to invasive cervical carcinomas, concluding
that KLF4 could be a good marker for further research in CC screening (Yang & Zheng, 2012).
Previously, low KLF4 was also shown to correlate with poor prognosis (Dai et al., 2019).

According to previous studies, increased expression with severity of lesions is expected for markers
MCM2, CD29 and MMP7 (Conesa-Zamora, 2013; Schettino et al., 2024; Zhan et al., 2014; Zhu et al.,
2018), while decreased expression in most severe precancerous lesion is expected for CD324/E-
cadherin (Zacapala-Gémez et al., 2018) although perhaps more as a prognostic role in some other CC
studies (Jiang et al., 2019). In our study MCM2, MMP7 and CD29 were more prominent in
metaclusters 2 and 4 of which metacluster 2 had some indication of being more abundant in LSIL and
HSIL cases. Since metacluster 2 is suggestive of SCJ, this agrees with previous studies suggesting that

these markers should be further considered in CC screening studies. CD324 (E-Cadherin) was shown
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to have two distinctive populations, one that decreases with the severity of the precancerous lesion
(metacluster 1), and one that increases in LSIL and HSIL (metacluster 3). Literature suggests decrease
with the severity of the lesion. E-Cadherin and p53 also had similar patterns with at least some
subpopulations increasing with disease severity (metacluster 2) and some decreasing (metacluster 1).
P53 was previously suggested to have a prognostic role (Bremer et al., 1995; Freier et al., 2016;
Hanprasertpong et al., 2010; Hunt et al., 1996; Zhou et al., 2015). The observed changes however,
might be driven by specific subpopulations only in some but not all patients. Unfortunately, our study
lacks follow-up samples to draw such a conclusion, but this result once again confirms that these
markers should be investigated more. Furthermore, a possible explanation could be that the rest of
the markers in the same metacluster of cervical cells have positive (MCM2, MMP7, CD29, Ck17) or
negative feedback (KLF4, CD71, LRIG) on their expression depending on cell signaling interactions
which could be a direction for further investigations. Similar pattern we found for Nanog which had
more previous studies showing to be elevated in precancerous and cancerous lesions, to play a
prognostic role in CC stem cells, and that its expression increases under the influence of HPV
suggesting that our results do not agree completely, but could at least guide further research (Gu et
al., 2012; Kim et al., 2012; Organista-Nava et al., 2016).

Looking at the overall results and other studies, beside the common epithelial markers for
verification of cervical cells, it can be concluded that we have found new potential markers that
could constitute a new panel for the detection of precancerous lesions by mass cytometry or other
types of methods. That is, the combination of markers with increased expression of Ck18, Ck8 and
CD63 (metacluster 3) and decreased expression of CD71, KLF4 and LRIG1 could be a potential
phenotype for a better assessment of precancer (LSIL, HSIL) in cytological samples, which could
improve CC screening and also help to better assess difficult to interpret lesions such as ASCUS. If the
markers in the potential SCJ, Ck17, MCM2, MMP7 and CD29 (metacluster 2), are further investigated,

they could join this phenotype for a better stratification of precancer.
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This study has some limitations. Due to the methodological particularities of mass cytometry, many
cells are lost during antibody staining and acquisition within the cytometer. Furthermore, the small
number of total available samples for assessment and the number of cells in certain categories
limited the interpretation. Another related limitation is the collection of secondary cervical brush
samples for the current study. Putting patients' health and wellbeing and to jeopardize their clinical
diagnosis and management by taking the first brush scrape for research purposes would be
inappropriate. However, our results do indicate the presence of multiple subpopulations of cervical
cells in the final output retaining the study validity. Furthermore, one of the methodological
limitations is that this method does not allow parallel examination of the cell morphology, which is
usually used in the analysis of such samples. Still, mass cytometry proved to be a good method for
the discovery of new significant markers. Lastly, due to the opportunistic screening patterns of
cervical precancer in Croatia it was impossible to obtain follow-up information for the majority of

participants which precluded meaningful follow-up assessment.

5. CONCLUSION

Markers for determining the presence of different cervical epithelial cells that could be used as a new
phenotype of precancerous lesions and those that could play a greater role in the progression of
precancerous lesions were found and confirmed mass cytometry as feasible method for this type of
sample. The analysis of markers by mass cytometry enabled the examination of precancerous lesions
in a new way that greatly helps to characterize cervical epithelial cells, to search for new markers and

cell populations in order to contribute to improvement of CC screening.
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FIGURE LEGENDS

Figure 1. Multiparametric characterization of normal and precancerous cervical samples. (A) Scheme
depicting experimental approach and analytical workflow for cervical samples used in this study. (B)
List of markers used in this study and tested by mass cytometry on cervical samples.

Figure 2. Expression of Ck 10/13, 5 and ITGA6 on cervical cells. (A) Two-dimensional t-SNE
visualization of Ck10/13, Ck5 and CD49f expressions across sample groups (NORMAL, NORMAL HPV+,
ASC-US, LSIL, HSIL). Markers showed the same pattern of expression on almost all cervical cells
throughout different cytological categories. Color scale represents intensity of expression of each
marker (blue -no expression, red -high expression. (B) Percentage of positive cells on markers
Ck10/13, 5 and ITGA6 are shown on a representative sample of the NORMAL category. (C)
Immunocytochemical staining (200x). Representative samples belonging to NORMAL category:
unstained, ITGA®6, ck 5, ck10/13. Unstained sample showed no brown staining (-), ITGA6 was a very
weak stained (+), while cytokeratins showed extremely strong brown staining of epithelial cells.
Figure 3. Expression of Cks 7, 14, 17, 8 and 18 on cervical cells. (A) Two-dimensional t-SNE
visualization of Ck7, 14, 17, 8 and 18 expressions across sample groups (NORMAL, NORMAL HPV+,
ASC-US, LSIL, HSIL). Markers showed the same pattern of expression on almost all cervical cells
throughout different cytological categories. Color scale represents intensity of expression of each
marker (blue -no expression, red -high expression. (B) t-SNE density plots across sample categories.
(C) Percentage of positive cells on markers Cks 7, 14, 17, 8 and 18 are shown on a representative
sample of the NORMAL category.

Figure 4. FlowSOM analysis. (A) Display of five metaclusters across all cytological categories
(NORMAL, NORMAL HPV+, ASC-US, LSIL, HSIL). Five metaclusters were created primarily
differentiated by cytokeratins and CD49f markers throughout different cytological categories. (B)
mean metacluster abundance across sample categories. (C) Box-plot of per sample metacluster

abundance across sample categories. Inverse correlation between metacluster 1 and precancerous
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lesion severity can be seen together with positive correlation of metacluster 3. Horizontal line
presents the median, box lines represent interquartile range.

Figure 5. Histogram representation of marker staining intensity across 5 different metaclusters. (A)
Marker staining intensity of the common markers used for clustering. (B) metacluster specific
markers. Legend provides metacluster coloring scheme and the t-SNE positions of each metacluster

for reference.
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