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Abstract

Background: Brush biopsy is a minimally invasive method for early detection of oral
squamous cell carcinoma (OSCC). Enhanced accuracy for clinical utility depends on
analysis of the whole cell population and automated cohort classifications. Aim: This
study aims to delineate OSCC, high-grade dysplasia (HGD), and low-risk lesions (LRLs)
by profiling single-cell level alterations using multiplexed flow cytometry. Methods:
Brush-biopsy samples were analyzed from patients with LRL, HGD, and OSCC. Flow
cytometry analysis was standardized to ascertain cell distribution, heterogeneity, and
epithelial cell content. Markers were used for epithelial cell (Pan-Cytokeratin [Pan-CK]/
propidium iodide [PI]) and atypical cell (Sambucus-Nigra—Agglutinin-1 [SNA-11/
polyadenosine diphosphate-ribose polymerase inhibitor [PARPi-FL]) delineation. In
addition, scatter properties and molecular-equivalence fluorescence (MEF) values of
markers were analyzed for cohort classification. Results: Brush-biopsy samples from
OSCC/HGD patients showed heterogeneity in the percentage of Pan-CK+ve/Pl+ve
cells. Significant variation in MEF values of SNA-1/PARPi-FL/PI delineated the OSCC
cohort (area under the curve > 0.85). Furthermore, the markers in combination with
scatter properties delineated OSCC (multivariate logistic regression; sensitivity: 90%,
specificity: 82%). The analysis of the forward-scatter height-to-area ratio delineated
HGD from low-risk lesions by capturing the morphology-based cellular differences.
Conclusions: These results suggest that a flow cytometry-based analysis of brush-
biopsy samples may serve as an adjunct tool for risk stratification of oral lesions.
Relevance for patients: This study provides evidence towards the application of
flow cytometry as an objective, quantitative adjunct to conventional cytology, and
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improves early detection and risk stratification of oral lesions using a minimally
invasive sampling method, thereby supporting timely clinical decision-making and

patient management.

Keywords: Flow cytometry; Oral cancer; Oral potentially malignant disorders; High-grade

dysplasia; FlowCal

1. Introduction

Fluorescence-based imaging techniques that catalogue
changes ranging from auto-fluorescence to high-resolution
confocal imaging have been applied extensively to detect
oral cancer."® Considering that 80% of oral cancer arises
from oral potentially malignant disorder (OPMD),’
detecting high-risk OPMD with an elevated risk of
malignant transformation is a significant necessity.5*°
An accurate, minimally invasive, pathology-equivalent
assay integrated with automated data analysis is needed
to detect oral squamous cell carcinoma (OSCC) and
high-risk OPMDs. Brush biopsy is a minimally invasive,
well-established procedure in cancer screening.!' Yet,
techniques to improve its accuracy need to be explored.
Molecular cytopathology has been evaluated, and several
studies, including ours, have emphasized its significance
in delineating high-risk OPMDs.'"* Further development
of cell-based methodologies using relevant biomarkers is
warranted.

The progression of OPMD is marked by alterations
in multiple pathways/processes that can be leveraged for
identifying markers for early detection or prognostication.
Aberrant glycosylation is a significant process in oral
cancer; changes in glycosylation provide a biological basis
for differential lectin binding.'*"® Lectins, identified for
their carbohydrate-binding specificities,'®!” are reported
to show differential binding in oral epithelial dysplasia.'®*
DNA damage response pathways,®?' including those
involving poly-(ADP-ribose) polymerase (PARP; DNA
repair enzyme), are another significant process in OPMD
progression. The presence of upstream molecular mediators
that converge to drive these phenotypic changes further
strengthens the functional rationale for marker selection.
Emerging evidence suggests that microRNAs (miRNAs)
play a significant role in oral cancer by regulating pathways
involved in glycosylation, DNA damage response,
and epithelial transformation.”*” Aberrant miRNA
expression has been shown to influence the expression
of glycosyltransferases and sialidase enzymes,*** which
leads to altered cell-surface expression of glycoproteins
(a hallmark of dysplastic and malignant oral epithelium).
Similarly, dysregulation of miRNAs targeting PARP-

related signaling impacts genomic instability and tumor
progression, resulting in elevated PARP expression in
oral malignancies.””*® In accordance with this evidence,
our previous studies on early detection of oral cancer
identified that Sambucus nigra agglutinin (SNA-1), with a
binding site to a-2,6-linked sialic acid, distinguishes high-
risk OPMDs by cytology,'>** while a fluorescently-labeled
PARP inhibitor (PARPi-FL) is reported to discriminate
between biopsied samples of the oral tumor and the
surgical margins.” The adaptation of these markers into
novel techniques to improve the accuracy of cell-based
early detection needs to be explored.

Marker-integrated assays as an adjunct have improved
the detection of atypical cells in cytology.'****' A study
using DNA image cytometry reported a wide range of
sensitivity (16-96.4%) and specificity (90-100%) due to
differences in study design, definitions of high- and low-
risk lesions, and the protocol used.** In brush biopsies,
analysis of a representative cellular subset from the sample
is a limitation; approaches that analyze the entire cell
population and integrate automation are essential. Flow
cytometry, which analyzes individual cells and provides
information on their morphology and marker profiles,*
has been assessed for clinical applicability in human
immunodeficiency virus surveillance, blood cancer
phenotyping, and the diagnosis of immunodeficiency
diseases.*** Flow cytometry has also been evaluated for
detecting epithelial malignancy.** However, application of
the technique in brush biopsy-based diagnosis has not been
explored. There is a critical need for an accurate, minimally
invasive, biomarker-based pathology-equivalent assay
integrated with automated data analysis; flow cytometry
integrated with markers offers a powerful approach toward
improving accuracy.

The effectiveness of flow cytometry in identifying
atypical cells depends on the specificity of the markers
selected; the utility of lectin-based and PARP-targeted
markers in a flow cytometry-based analysis of brush
biopsy samples has not yet been explored. Together, these
molecular alterations manifest as measurable, cell-to-
cell variations in surface glycosylation and DNA repair
activity, providing a strong biological rationale for the
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combined use of lectin-based markers and PARP-targeted
markers on a flow cytometry-based platform. The aim of
the present study was to evaluate the feasibility of single-
cell measurements using SNA-1, PARPi-FL, and scatter
properties by flow cytometry-based brush biopsy analysis
to delineate OSCC, high-grade dysplasia (HGD), and
benign/low-grade dysplastic lesions.

2. Materials and methods

The study was conducted in two phases: the first phase
involved standardizing flow cytometry for the identification
of atypical cells from brush biopsies, and the second was
focused on validating the method for delineating OSCC,
HGD (moderate/severe dysplasia), and low-risk lesions
(LRL; mild dysplasia, non-dysplasia, normal).

2.1. Study participants and sample collection

The study was conducted at the Head and Neck Oncology
Clinic, Mazumdar Shaw Medical Center (approval ID:
NHH/MEC-A14/EA/2019) and the Oral Medicine
Clinic, Karnataka Lingayat Education Society’s Institute
of Dental Sciences (approval ID: KLE/JAN 2022/04),
Bengaluru, from September 2021 to September 2022.
Written informed consent and subject medical history
were obtained from eligible participants before enrolment.
The inclusion criteria were participants above 18 years of
age, clinically diagnosed with suspected benign, OPMD,
or oral cancer lesions who had not undergone any prior
treatment. Individuals with clinically normal mucosa were
recruited as controls. For all lesion cases, brush biopsy
samples were obtained before incisional biopsy, and the
final lesion classification was based on histopathological
confirmation. The subjects with acute illnesses or severe
systemic diseases were excluded from the study. Details
of risk habit, duration, and cessation were collected. The
brush biopsy samples were collected in 1 mL of 70%
ethanol for COVID-19 inactivation,** followed by 5 min
of incubation and centrifugation at 1,100 rpm for 4 min.
The pellet was preserved in 1 mL of preservative solution
(BD SurePath, BD Biosciences, USA) at 4 °C, prior to
processing. The histological diagnosis of the biopsy samples
was used as the reference standard for lesion classification
(HGD; moderate and severe epithelial dysplasia; LRL; non/
mild dysplasia and normal epithelium).***!

2.2. Flow cytometry-based profiling of brush biopsy
samples

The cytometer setup and tracking (CST; CS&T Research
Beads, BD Biosciences, USA) beads were taken as an
instrument control for instrument setup before starting
the experiment. The bead preparation was performed
according to the manufacturer’s protocol (two drops of CST

beads in 350 pL of sheath fluid). Oral brush biopsy samples
consist of epithelial cells along with debris and non-
epithelial cells. In the first phase, profiling was conducted
to characterize the distribution and heterogeneity of cells.
The epithelial cell population was delineated using Pan-
Cytokeratin (Pan-CK)* and propidium iodide (PI), while
atypical cells were identified using diagnostic markers
(SNA-1, PARPi-FL).

For the delineation of epithelial cells, the cellular
yield from a brush biopsy was insufficient for standard
flow cytometry experiments that require control and
compensation steps. Therefore, samples were pooled
initially to assess mitigated errors.” The pooled samples
were aliquoted for unstained (control), single staining
(Pan-CK, PI), and multiplexing.** Briefly, the samples
were permeabilized with 0.1% Triton-x-100 (Himedia
Laboratories Pvt. Ltd., India), blocked with 1% bovine
serum albumin (30 minutes), and stained with Pan-CK
(1:50; Thermo Fisher, USA), and detected using Alexa
Fluor-488nm (1:800, 60 minutes; ThermoFisher Scientific,
USA). Another aliquot was stained with PI (1:100,
30 minutes; Merck, USA) after permeabilization and
blocking. During multiplexing, the samples were stained
with Pan-CK followed by PI to distinguish the epithelial
cells (Pan-CK™PI"¢) from the debris (Pan-CK™PI™).
The experiments were performed using a flow cytometer
system (FACS Canto II, BD Biosciences, USA). The
unstained population was used for gating/doublet-cell
discrimination.

For marker profiling using diagnostic markers, SNA-1/
PARPi-FL, diagnostic marker dilutions were optimized in
the CAL-27 cell line (moderately differentiated squamous
cell carcinoma of the tongue; gift from the Institute of
Bioinformatics, Bangalore, India), cultured in Dulbecco’s
Modified Eagle Medium.*® The cells were trypsinized,
washed twice with 0.01 M phosphate-buffered saline
(PBS; Sigma Aldrich, USA) before staining with PARPi-FL
(Summit Biomedical Imaging LLC, New York, USA) for
15 min,* or SNA-1-fluorescein isothiocyanate (FITC)
(EY Laboratories, Inc., USA) for 30 min. For multiplex
standardization of epithelial cell markers (Pan-CK, PI)
with SNA-1 or PARPi-FL, pooled samples (normal,
OPMD, oral cancer) were used. The brush biopsy samples
were aliquoted for unstained populations, single-marker
staining, and multiplexing (Pan-CK-PI with SNA-1 or
PARPi-FL). Briefly, samples were stained with SNA-1 or
PARPi-FL, followed by Pan-CK (allophycocyanin [APC]-
conjugated, 1:100; Thermo Fisher Scientific, USA) and PIL.
After standardization, multiplexing was further performed
on a patient-wise basis. Unstained controls were performed
according to the availability of cells (Figure 1A). For each
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cohort, the median and interquartile range of total, as
well as median epithelial (Pan-CK**) percentage, were
calculated to characterize sample variability. Samples with
fewer than 50 events or low epithelial cell positivity were
excluded from analysis to maintain data quality.

2.3. Data analysis from the flow cytometer

The raw data were obtained from the flow cytometry
standard (FCS) files using BD FACS DIVA software (V
6.1.1, BD Biosciences, USA) and processed using the

FlowCal Python library (V 1.3.1, University of California,
USA).* Briefly, the arbitrary units (a.u.) measured in flow
cytometry varied due to instrument drift,* amount and
type of samples, hence rainbow beads (BD Biosciences,
USA) were used to calibrate a.u. values to molecules of
equivalent fluorophore (MEF)* (Figure 1B). The ratios of
height (H) and area (A) of forward scatter (FSC) and side
scatter (SSC) (Figure 1C) were analyzed for each event.
The MEF values of each event were normalized to the
geometric mean (Equation 1) of that sample, and outliers

Figure 1. Workflow of the flow cytometry experiment and analysis. Cells were collected from oral lesions in 70% ethanol using a brush biopsy (Ai) and
were kept for 10 minutes before being washed twice with phosphate-buffered saline. Subsequently, the cells were stored in BD SurePath (Aii) before
multiplexing with diagnostic (SNA-1 or PARPi-FL), epithelial (Pan-CK), and nuclear marker (PI). Flow cytometry experiments were performed using
standard methodology (Aiii). The data were obtained from flow cytometry standard files (Bi), and the arbitrary units of fluorescence were calibrated to
MEEF using rainbow beads (Bi-ii) and negating the values with unstained samples (Biii). The heights and areas of FSC and SSC were obtained along with
MEF values (Ci). These features (Cii-Ciii) were utilized to classify LRL, HGD, and OSCC using ROC-AUC.

Abbreviations: AUC: Area under the curve; CI: Confidence interval; FSC: Forward scatter; HGD: High-grade dysplasia; LRL: Low-risk lesion; MEF:
Molecular-equivalence fluorescence; OSCC: Oral squamous cell carcinoma; Pan-CK: Pan-Cytokeratin; PARPi-FL: Polyadenosine diphosphate-ribose
polymerase inhibitor; PI: Propidium iodide; ROC: Receiver operating characteristics; SNA-1: Sambucus-Nigra—Agglutinin-1; SSC: Side scatter.
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were capped using the K3 sigma method.**® In addition
to evaluating the mean fluorescence intensity, analysis
was performed using variance-based metrics to capture
differences across cell populations in each sample. The
variance across the events in the samples was compared
between the cohorts for classification.

. MEF - 7 MEF of s
Normalization of MEF = of theevent — Geometric mean of sample (1)

Geometric mean MEF of sample

2.4. Statistical analysis

Assuming 80% power (two-sided alpha error 5%), the
minimum required sample size was 32 per group for
classification. After excluding ineligible samples, 109
samples (number of samples: N,) were analyzed from 97
participants (number of participants: N,). Additionally,
standardization was performed in another 51 samples
(N,: 38). Descriptive statistics were used to summarize
patient demographics, clinical features, and pathology
diagnoses. Kolmogorv-Smirnov test was performed to
assess the normality of the data. Comparisons were made
using the Kruskal-Wallis test, and a two-sided p-value <
0.05 was considered statistically significant. Sensitivity,
specificity, receiver operating characteristic (ROC) curve,
and multivariate analyses were performed to identify the
best features. All statistical analyses were performed using
Medcalc (V20.023, MedCalc Software Ltd., Belgium)
and Python libraries with FlowCal and pandas libraries
(V3.7.4, Python Software Foundation, USA); and figures
were generated using Tableau (V2022.2, Tableau Software,
USA).

3. Results
3.1. Demographics and clinical details

The brush biopsy samples were collected from 180 oral
subsites (Figure 2; N: 150). During pre-processing, 20
samples (N: 15) (11%) were excluded due to the absence
of a cell pellet (Figure 2). Among the 135 participants (age:
21 to 77 years, median: 45), 63% were male; 61% (N,: 83) of
participants had risk habits (tobacco or alcohol) (Table S1).
The majority of oral lesions were from the buccal mucosa
(N: 95; 59%) and the tongue (N: 31; 19%).

3.2. Pan-Cytokeratin/propidium iodide delineation
of epithelial cells in the brush biopsy samples

The delineation of the epithelial cell population from other
cells/debris in brush biopsies was performed using Pan-CK
and PI. The unstained sample was used to standardize the
gating voltages (FSC = 210, SSC = 270, FITC = 330). In
the samples from normal oral mucosa (N¢: 5, pooled for
two experiments; number of experiments, N.: 2) across
the two experiments, 30.0% and 69.2% of epithelial cells

(Pan-CK™¢/PI**) showed homogenous distribution of
the events (Figure 3Ai, Table S2). Pooling samples from
OSCC (Ng: 4), OPMD (N: 1), and normal (N: 3) reduced
the percentage positivity of epithelial cells (< 24%) with
two distinct clusters, indicating high heterogeneity in the
OSCC/OPMD epithelial cell population (N:2; Figure 3Bi,
Table S2). Analysis of the markers also revealed that use
of Pan-CK alone can lead to a false positivity (Pan-CK*™/
PI™) of up to 23.9% (Table S2), indicating the need to use
both markers to enumerate the epithelial cell population.

3.3. Profiling of CAL-27 cells with Sambucus-Nigra-
Agglutinin-1/polyadenosine diphosphate-ribose
polymerase inhibitor-1

Flow cytometric profiling in CAL-27 cells with PARPi-FL
(Figure S1A-C) showed an increase in the median
percentage positivity (65% to 90%) when a concentration
range of 100-500 nM was used. The percentage positivity
for SNA-1 at 1:50, 1:25, and 1:10 dilutions were 47.9%,
82.67%, and 96.7%, respectively. No variation in percentage
positivity or alteration in expression levels was noted
beyond 500 nM PARPi-FL, and 1:25 dilution of SNA-1
resulted in acceptable percentage positivity. Therefore, the
subsequent experiments were conducted with the above
conditions (Figure S1A-C). The multiplexed profiling of
the two markers was assessed in two steps: (i) the oral cells
(Ng: 38; N.: 13) were profiled with SNA-1 or PARPi-FL
along with Pan-CK/PI in pooled samples (cohort-wise
pooling) to assess heterogeneity, data distribution, and
overall positivity; (ii) the samples were assessed patient-
wise.

For cohort-wise analysis using SNA-1/Pan-CK/
PI staining, a triple-marker (SNA-1"*Pan-CK*"<PI**
) positivity of 7.3%, 20.5%, and 31.7% was observed
across the three experiments in the cancer cohorts
(Ng: 8, N: 3). This indicates high, patient-driven,
cellular heterogeneity (Figure S2Ai-vi, Table S3). The
cohorts also revealed two clusters with differing sizes
and granularities. The OPMD pools (N: 6, N.: 2) also
showed different clusters, while the percentage of triple-
positive cells ranged from 32.9% to 37.1%. The three
normal pools (Ng: 8, N,: 3) showed a homogeneous
population of cells with an overall triple positivity of
58.4%, 61.7%, and 70% (Table S3). The difference in
median percentage positivity (SNA-1*"Pan-CK*PI**)
was noticed after compensation (4.2%: range: 0-19.2%;
Table S3). The difference in double positive (Pan-
CK"™*SNA-1*"*, not using nuclear marker) and triple
positive was 0.3% to 61.1%. Increased heterogeneity in
the cancer/OPMD cohorts may be attributable to the
presence of different epithelial and other cell types.
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Figure 2. Consort chart of the study. The study collected 180 samples (N: 150). Among them, 20 samples (N,: 15) were excluded due to insufficient
pellet size after pre-processing with ethanol, BD SurePath, and phosphate-buffered saline. The standardization was performed on 51 samples (N,: 38).
The profiling was conducted in a stepwise manner to delineate atypical epithelial cells and understand the distribution of cells collected from distinct oral
lesions. Initially, the epithelial cells (N: 13) were delineated using Pan-CK and PI; atypical cells (N = 38) were identified using diagnostic markers (SNA-
1, PARPi-FL). Following standardization, pipeline was validated in 109 samples (N: 97) for two marker sets (SNA-1/Pan-CK/PL; N_: 109 and PARPi-FL/
Pan-CK/PL; N: 99). Samples stored for more than two weeks (SNA-1; N: 12, PARPi-FL: N¢: 5) that showed less than 50 events (SNA-1; N: 17, PARPi-FL:
N;: 14) were excluded for final analysis.

Abbreviations: HGD: High-grade dysplasia; LRL: Low-risk lesion; OSCC: Oral squamous cell carcinoma; N: Number of participants; N.: Number of
samples; Pan-CK: Pan-Cytokeratin; PARPi-FL: Polyadenosine diphosphate-ribose polymerase inhibitor; PI: Propidium iodide; SNA-1: Sambucus-Nigra-
Agglutinin-1.

Figure 3. Heterogeneity of brush biopsy samples. (Ai) Forward- and side-scatter dot plots of normal samples showed a homogeneous distribution of cells
in a single cluster. The cells collected from normal oral mucosa mainly contained epithelial cells (69.2%). (Aii-Aiv) The difference between PI*** and Pan-
CK*PI" was less than 10%. (Bi) The heterogeneity of the sample increased when cancer and OPMD cells were pooled with normal cohorts (two clusters).
(Bii-Biv) The Pan-CK"*PI" was significantly lower in this cohort, with a difference greater than 50% from PI*".

Abbreviations: FITC: Fluorescein isothiocyanate; FSC-A: Forward scatter area; OPMD: Oral potentially malignant disorder; Pan-CK: Pan-Cytokeratin;
PE: Phycoerythrin; PI: Propidium iodide; SSC A: Side scatter area.
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In cohort-wise analysis with PARPi-FL/Pan-CK/
PI staining, PARPi-FL*, along with Pan-CK"*PI**,
showed a lower positivity range as compared to SNA-
1. The cancer pool (N 2, N: 1; Figure S2) showed 2.3%
positivity, while 8.9% was observed in the OPMD pools
(N 3, N.: 1). The normal pools (N 6, N_: 3; Figure 5§2)
showed 5.7%, 6.9%, and 20.1% triple marker positivity.
The triple-positive cells from the OSCC cohort exhibited
a heterogeneous distribution in clusters, as previously
observed (Figure S2). Furthermore, as observed in the
case of SNA-1, the overall percentage positivity was lower
compared to normal cohorts (single cluster), indicating
variations in data requiring more granular analysis. The
PARPi-FL"*Pan-CK**PI*** did not show any changes in
percentage positivity after compensation (Table S4).

Given the inherent patient-driven heterogeneity in
the samples from OSCC and OPMD, as a final step,
the method’s efficacy was analyzed individually in an
independent cohort of patients (N,: 97; N: SNA-1"*Pan-
CK*"PI": 109; PARPi-FL*Pan-CK**PI**: 99; Table S5).
The age range of participants was 21 to 77 years (median:
45), with the majority of the samples collected from buccal
mucosa (N 57). Histological diagnosis categorized the
samples as LRL (51%; Ng: 56), HGD (11%; Ng: 12) and
OSCC (38%; Ng: 41). Representative histologic images in
each cohort are shown in Figure S3. Subsequent quality
control excluded 19-29 samples (26.6% for SNA-1 and
19.1% for PARPi-FL) with fewer than 50 events.

Multiplexing with PARPi-FL (Figure S4A), along with
Pan-CK/PI (Ns: 80), showed a percentage positivity of 0.3
to 35% (median: 4.3%) in OSCC, 2.2 to 26.3% (median:
11.95%) in HGD, and 0.2 to 60.4% in LRL (median:
4.8%), pointing to a heterogeneous population of atypical
cells as observed in the cohort-wise analysis. Similarly,
multiplexing with SNA-1 (Figure S4B) along with Pan-
CK*"PI"™ also showed a wide range of percentage
positivity of 0.2 to 60.3% (median: 7.9%) in OSCC, 5.1% to
43.9% in HGD (median: 17.75%), and 0.2% to 74% in LRL
(median: 14.25%). An assessment of the number of overall
and triple-positive events indicated variability among the
patients. The median total events across the SCC, HGD,
and LRL cohorts (Figure S4, Table S6) for both SNA-1 and
PARPi-FL indicated heterogeneity, which may account
for the lack of a significant trend in percentage positivity.
Correlation with clinicopathological features indicated
that in the OSCC cohort, SNA-1 positivity did not show
a significant difference (p > 0.05) based on tumor site, T
stage, and nodal status (Figure S5Ai-iii), while PARPi-FL
percentage positivity was significantly associated with
nodal status (p < 0.05; Figure S5Bi-iii). The association
with tumor differentiation could not be assessed due to

insufficient samples per group.

3.4. Features from triple-positive cells differentiated
oral squamous cell carcinoma from high-grade
dysplasia and low-risk lesions

To extract features from the triple-positive cells, the
arbitrary values of fluorescent channels (FITC, APC, and
phycoerythrin) were converted into MEF using FlowCal"
regression analysis. The SNA-1 and PARPi-FL datasets
were analyzed separately. The distribution of MEF and
the scatter ratio (H/A of FSC and SSC) showed increasing
counts in each bin with disease progression (Figures S6
and S7).

In SNA-1 data (SNA-1**Pan-CK*PI**), the mean
fluorescent intensity of SNA-1 did not differentiate the
cohorts (Figure S8Ai). The MEF values of SNA-1 (area
under the curve [AUC]: 0.88) and PI (AUC: 0.92) showed
significantly higher variance in OSCC (p < 0.005, N.: 30),
clearly delineating the cohort (AUC > 0.8) as compared
to HGD (Ng 10) and LRL (N 40). The variance in
SNA-1 and PI (Table 1) delineated cancer with higher
sensitivity (86.67%; confidence interval [CI]: 69.3-96.2)
and specificity (SNA-1 = 80%; CL: 66.3-90; PI = 84%;
CI: 70.92-92.8). Furthermore, the variance in FSC-H/A
(AUC: 0.87) of the triple-positive cells increased as the
disease progressed from LRL to OSCC (Figure 4Ai-iv
and Figure 4C). However, the features from the SNA-1
dataset showed less accuracy in delineating HGD from
LRL (Figure 4Cii). Multivariate logistic regression analysis
indicated that variance in SNA-1, FSC-H/A, and PI was
the best combination of features for distinguishing OSCC
from HGD/LRL, with a sensitivity of 90% and specificity of
82% (AUC: 0.96; Figure S9).

In the PARPi-FLdata (PARPi-FL"*Pan-CK*"*PI**),
the MEF values of PARPi-FL showed a significantly
higher variance in OSCC (p < 0.005, N: 34) compared to
HGD, while PI MEF values showed a significantly higher
variance in OSCC compared to HGD and LRL (Figure
4Bi-ii). There was no significant (p > 0.05) difference in the
mean fluorescent intensity of PARPi-FL (Figure S8Bi). This
variance could in turn categorize the OSCC cohort (AUC
>0.7) as compared to HGD (N: 10) and LRL (N: 36) with
reasonable sensitivity (PARPi-FL = 67.6%, CI: 49.5-82.6;
PI = 85.3%, CI: 68.9-95) and specificity (PARPi-FL = 50%,
CI: 34.9-65.1, PI = 84.8%, CI: 71.1-93.7). The variance
in the FSC-H/A of the triple-positive cells significantly
delineated HGD and OSCC from LRL (Figure 4Biii).
In multivariate analysis, the MEF variance of PI could
delineate OSCC from HGD/LRL (AUC: 0.86) and OSCC/
HGD from LRL (AUC: 0.81; Figure S10), indicating the
significance of nuclear content variation in atypical cells.
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Figure 4. Variance of SNA-1 and PARPi-FL datasets. (Ai-ii, Bi-ii) SNA-1, PARPi-FL, and PI MEF values showed significantly greater variance in OSCC
compared to HGD and LRL. The same pattern was noticed in the height-area ratio of forward and side scatter. (Biii) The FSC-H/A increased as the
disease progressed, and HGD was significantly different from LRL. Variance in PI-MEF showed the highest ROC-AUC of 0.92 (Ci) and 0.86 (Ciii) in the
SNA-1 and PARPi-FL datasets, respectively, in delineating OSCC/HGD. Diagnostic markers also showed the highest AUC (SNA-1: 0.88; PARPi-FL: 0.72).
Similarly, FSC-H/A showed the highest AUC in delineating HGD (Cii and Civ). Notes: *p < 0.05; **p < 0.005.

Abbreviations: AUC: Area under the curve; FSC: Forward scatter; H/A: Height/area ratio; HGD: High-grade dysplasia; LRL: Low-risk lesion; MEF:
Molecular-equivalence fluorescence; OSCC: Oral squamous cell carcinoma; PARPi-FL: Polyadenosine diphosphate-ribose polymerase inhibitor; PI:

Propidium iodide; ROC: Receiver operating characteristics; SNA-1: Sambucus-Nigra—Agglutinin-1; SSC: Side scatter.
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Table 1. Efficacy of features in delineating OSCC, HGD, and LRL in SNA-1 and PARPi-FL datasets

Sensitivity (95% CI)

Specificity (95% CI)

86.67 (69.3-96.2)

80.00 (66.3-90.0)

83.33 (65.3-94.4)

70.00 (55.4-82.1)

86.67 (69.3-96.2)

84.00 (70.9-92.8)

80.0 (61.4-92.3)

56.00 (41.3-70.0)

80.00 (64.4-90.9)

52.50 (36.1-68.5)

82.50 (67.2-92.7)

65.00 (48.3-79.4)

82.50 (67.2-92.7)

57.50 (40.9-73.0)

80.00 (64.4-90.9)

57.50 (40.9-73.0)

67.65 (49.5-82.6)

50.00 (34.9-65.1)

73.53 (55.6-87.1)

54.35 (39.0-69.1)

85.29 (68.9-95.0)

84.78 (71.1-93.7)

70.59 (52.5-84.9)

63.04 (47.5-76.8)

75.00 (59.7-86.8)

58.33 (40.8-74.5)

79.55 (64.7-90.2)

63.89 (46.2-79.2)

81.82 (67.3-91.8)

58.33 (40.8-74.5)

Dataset Classify Features AUC
SNA-1 0.884
0SCC vs. HGD FSC-H/A 0.870
+ LRL PI 0.919
SSC-H/A 0.732
SNA-1 data
SNA-1 0.760
0SCC + HGD FSC-H/A 0.837
vs- LRL PI 0.826
SSC-H/A 0.709
PARPi-FL 0.717
0SCC vs. HGD FSC-H/A 0.747
+ LRL PI 0.855
SSC-H/A 0.691
PARPi-FL
data PARPi-FL 0.741
0SCC + HGD FSC-H/A 0.775
vs. LRL
PI 0.783
SSC-H/A 0.712

77.27 (62.2-88.5)

66.67 (49.0-81.4)

Abbreviations: AUC: Area under the curve; CI: Confidence interval; FSC: Forward scatter; H/A: Height/area ratio; HGD: High-grade dysplasia; LRL:
Low-risk lesion; OSCC: Oral squamous cell carcinoma; PARPi-FL: Polyadenosine diphosphate-ribose polymerase inhibitor; PI: Propidium iodide; SNA-

1: Sambucus-Nigra-Agglutinin-1; SSC: Side scatter.

In both datasets, the variance in the MEF values of SNA-1
and PARPi-FL highly correlated with the FSC-H/A,
indicating the capability of the markers to demarcate the
heterogeneous population of cells in the brush biopsies
(Spearman’s rank correlation: 0.69-0.71; p < 0.005; Figure
5).

4, Discussion

Oral squamous cell carcinomas represent approximately
90% of mouth neoplasms, with a high mortality rate.”
Early detection is the most efficient way to increase
survival. Chronic exposure to carcinogens induces
oxidative stress, leading to DNA damage and genomic
instability, while activating pro-inflammatory signaling
pathways that enhance epithelial cell proliferation and
survival.*** Oxidative stress-driven inflammation also
promotes glycosylation reprogramming.'®** Given this axis

in OPMD progression, the choice of markers specifying
DNA damage and aberrant glycosylation is extremely
significant. In the current study, the multiplexing of
molecular markers, SNA-1 (detecting aberrant sialylation)
and PARPi-FL (detecting PARP), with cellular scatter
parameters (FSC/SSC and FSC-H/FSC-A ratios) enabled
flow cytometry-based risk stratification of OSCC and
HGD lesions from LRL from brush biopsy samples.

Definitive diagnosis of oral cancer mandates incisional
biopsy, while brush biopsy, though minimally invasive,
lacks specific diagnostic criteria.’**” Cell-based molecular
assays that provide pathology-equivalent diagnoses with
an easy readout are invaluable for early detection. Our
previous study reported improved sensitivity of cytology
in delineating cancer/HGD from LRL."? MCRae et al."®
reported that molecular cytology with machine-learning
models achieves 99% accuracy for identifying malignant
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Figure 5. Correlation of diagnostic markers to cellular features. The stacked plot depicted the correlation between the variance of diagnostic markers
(SNA-1 and PARPi-FL) and scatter, granularity, and nuclear staining. The variance of nuclear content (PI), size (FSC), and granularity (SSC) significantly
correlated with MEF in SNA-1 and PARPi-FL, with the correlation increasing with disease progression (LRL to OSCC). Note: **p < 0.005.

Abbreviations: AUC: Area under the curve; CI: Confidence interval; FSC: Forward scatter; H/A: Height/area ratio; HGD: High-grade dysplasia; LRL: Low-
risk lesion; MEF: Molecular-equivalence fluorescence; OSCC: Oral squamous cell carcinoma; PARPi-FL: Polyadenosine diphosphate-ribose polymerase
inhibitor; PI: Propidium iodide; SNA-1: Sambucus-Nigra—Agglutinin-1; SSC: Side scatter.

lesions. The current study is, to the best of our knowledge,
the first to explore flow cytometry-based analysis of brush
biopsy samples, aiming to detect oral cancer and high-
grade dysplastic lesions. Given that conventional cytology
analyses only a representative subset of the brush biopsy
sample, flow cytometry, which can assess the entire sample,
is a definite advancement. Furthermore, insights into the
cellular distributions and morphology/size increase the
possibility of investigating the contributions of these
parameters to diagnosis. Previously, studies have explored
the feasibility of flow cytometry for clinical applications.®*
Our study aims to profile the oral brush biopsies by flow
cytometry and assess the significance of detailed cellular
measurements obtained. The major challenges were the
paucity of cells and the inherent heterogeneity, making it
difficult to delineate epithelial cells from the cellular milieu.

Initial standardization in pooled samples provided an
insightintotheunderlyingheterogeneityin cancer/OPMDs.
This further enabled cohort-wise marker patterning,
along with assay optimization, voltage standardization,
and assessment of overall marker performance across
cohorts, despite limited sample availability. However, we

acknowledge that pooling of samples during the phase may
obscure individual variability. Accordingly, all subsequent
analyses evaluating diagnostic performance were
performed on patient-wise datasets to preserve biological
varijability. Adopting a strategy akin to the one employed
in a recent study that utilized EpCAM,* we used Pan-CK
for gating epithelial cells. However, false positives from cell
debris in the Pan-CK** population necessitated the use of
an additional marker. In our study, while Pan-CK was used
to identify epithelial cells, PI was used to exclude debris
and non-nucleated material. The double-marker strategy
has been previously employed in previous studies for the
delineation of a specific cell population.®%* Furthermore,
to categorize atypical epithelial cells, we used SNA-1,
a marker of abnormal glycosylation, and PARPi-FL, a
nuclear marker, based on our previous studies. A triple-
marker positivity, which signified the presence of atypical
epithelial cells, was therefore used to categorize the patient
cohorts.

Analysis of the percentage positivity of epithelial
cells using the marker(s) indicated that, contrary to
expectations, OSCC samples exhibited a lower proportion
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of SNA-1"¢/PARPi-FL**cells compared to OPMD/normal
samples, with triple-marker positivity not a significant
differentiator between the cohorts. Heterogeneity in the
cellular milieu and variability in the number of events
were confounding factors as observed in other studies.*"*
While OSCC cohorts exhibited a higher number of
events with fewer epithelial cells, attributed to blood cell
contamination (bleeding from ulcerated lesions), OPMDs
showed fewer epithelial cells, possibly due to a thick
keratin layer. Conventional flow cytometry, which infers
overall percentage positivity, is challenging for analyzing
brush biopsy samples due to inherent variability in cell
counts, fluorescence a.u., and high heterogeneity. These
results may be attributed to biological and technical factors
intrinsic to malignant lesions. Conceptually, carcinogen-
induced changes are reflected in the OSCC cohort in a
non-homogeneous and context-dependent manner at
the single-cell level. The changes lead to heterogeneous
populations characterized by necrotic/apoptotic debris,
context-dependent  cellular  glycosylation,  nuclear
fragmentation, and chromatin disruption that impair
PARPi-FL/SNA-1 binding. Furthermore, tumor-associated
inflammation and stromal infiltration may mask epithelial
epitopes, collectively contributing to reduced marker
positivity.5*% Together, these processes lead to extensive
heterogeneity in cell-based profiles as opposed to uniform
shifts in expression. Technically, pre-analytical variables
alsoinfluencefluorescence-based readouts. Standardization
in brush biopsy sample collection (repeated strokes until a
blood tinge appears), storage media/duration (Surepath,
2 weeks), and selection of epithelial cells (Pan-CK/PI)
ensured homogeneity in our protocol. Nevertheless, the
loss of 20 samples due to insufficient cells and fluorescence
variability suggested that storage or fluorophore quenching
may have affected binding efficiency and signal intensity.
These findings suggest that ensuring epithelial yield/
homogeneity in sample collection (including brushing
force/number of strokes), staining, and marker-based cell
enrichment are essential pre-requisites to confirm that the
heterogeneity is biology-driven. In this study, to overcome
the challenges of heterogeneity, measurement parameters
based on MEF values calibrated with FlowCal*” were used
for differentiating the oral lesions. This strategy of raw
data obtained from FCS files for a more comprehensive
analysis has previously been used for normalization and
calibration.” ¢

The analysis of SNA-1 with Pan-CK/PI, based on
MEF value, significantly delineated OSCC from other
lesions but was not significant for HGD, possibly due to
low sample sizes. The features from the PARPi-FL dataset
(FSC-H/A), however, could delineate HGD from LRL.
Significantly, the variance in this marker expression, along

with the size parameters, was the distinguishing feature
between the cohorts. Previous studies using the markers
in cytology/histology samples indicated higher accuracy
for SNA-1'? and PARPi-FL¢ in delineating HGD, which
is why these markers were chosen. In our study, although
the percentage positivity was not a distinguishing factor,
accounting for heterogeneity in cellular features improved
the detection efficacy of HGD (AUC: 0.81-0.86). The
difference was possibly due to the high sensitivity of
flow cytometry in detecting heterogeneity and/or the
modified sample collection protocol mandated due
to the pandemic. Nevertheless, minimally invasive
methods to delineate HGD, the lesions with the highest
susceptibility to malignant transformation, represent a
significant advancement in addressing a major challenge
in oral cancer screening and surveillance: accurate risk
stratification for timely clinical management. The current
workflow demonstrates feasibility in a research setting; its
implementation in low-resource or large-scale screening
settings requires scalability, instrument accessibility, and
consideration of the costs associated with post-acquisition
normalization using tools such as FlowCal. Future
optimization, including streamlined acquisition pipelines,
simplified normalization strategies, and the development
of portable or point-of-care flow-based platforms, can
facilitate incorporation into clinical workflows.

Atypical cells are characterized by morphological
changes in size and cellular architecture, which are
leveraged by the pathologists.”” These parameters can be
correlated with FSC (size) and SSC (granularity). When
incorporated into the analysis pipeline, the results indicated
that the OSCC cohort exhibited high variation in the FSC
of atypical cells (SNA-1**Pan-CK*"*PI***), which could
delineate the cohort from HGD/LRL (AUC: 0.87) and LRL
(AUC: 0.83), showing the significance of heterogeneity in
atypical cells. This is in accordance with a previous study,
which reported that cell size parameters decrease as the
disease progresses from LRL to cancer, as indicated by an
increased H/A.* Pleiomorphism, apoptotic cells,and ploidy
are other features that are reflected in the FSC-H/A, which
acts as a surrogate marker of cell size abnormalities.*>”! The
correlation of PI staining with nuclear content/DNA ploidy
has been reported previously.” In this study, PI expression
(MEEF value from triple-marker-positive cells) increased as
the disease progressed from LRL to cancer, and the values
could differentiate the cohorts with high accuracy (OSCC
vs. HGD/LRL; AUC: 0.85-0.92). This evidence indicates
that integrating marker profiles with morphological
features from flow cytometric data delineates OSCC/
HGD from LRLs. The scatter- and fluorescence-derived
morphological features captured by flow cytometry also
revealed high heterogeneity. The FSC-H/FSC-A ratios,
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along with MEF values of SNA-1 and PARPi-FL, were
significant discriminators, emphasizing that variance
measurements are most relevant for delineating brush
biopsy samples.

The limitations of this study include a paucity of samples
for flow cytometric evaluation, which necessitated the
pooling approach during standardization. Furthermore,
conventional cytological evaluation could notbe performed
in parallel with flow cytometry, and histopathological
diagnosis was used as the reference standard. Although
specific SOPs were designed and followed for the study,
20 specimens were excluded due to low event counts.
Variability in cellular yield and epithelial representation
was another challenge; blood contamination/RBC
depletion, particularly in OSCC samples, contributed to
sample heterogeneity and may have impaired marker-
specific signal detection. These factors emphasize the
need for standardized brushing techniques, optimized
collection media, and improved sample-processing
workflows in flow cytometry-based studies. Additionally,
the relatively modest sample size, particularly within the
HGD subgroup, may have constrained statistical power for
certain comparisons and warrants cautious interpretation
of subgroup-specific findings. Furthermore, owing to the
limitations of the brush biopsy technique, sub-epithelial/
stromal changes could not be documented.

Future studies should focus on larger, multicentre
cohorts to improve statistical robustness and validate
scatter-based parameters for HGD detection. Integration
of additional molecular markers, improved multiplexing
strategies, and the evaluation of portable or point-of-
care cytometry platforms may further enhance clinical
feasibility. Longitudinal studies assessing lesion progression
and outcome prediction would also be valuable for
establishing the role of flow cytometry as a screening and
risk-stratification tool in OPMDs.

5. Conclusion

In the current study, multiplexed flow cytometry using
the SNA-1-PARPi-FL-PI combination, specifying the
alterations in DNA damage and aberrant glycosylation,
revealed high cellular heterogeneity that increased
with disease severity. The heterogeneity measure (MEF
variance) of the cells was a determinant of malignancy and
a significant discriminator of OSCC patients (sensitivity/
specificity > 80%). Furthermore, the variance in the FSC-
H/A of the triple-positive cells significantly distinguished
HGD and OSCC from LRL, whereas multivariate analysis
indicated that nuclear variations (as detected by PI) were
significant in delineating OSCC from HGD/LRL. This
study indicates that individual cell-based measurements

reflect non-uniform, context-dependent changes in
cellular processes, cataloguing distribution factors and
high-resolution measurement of cellular size/granularity.
The ability to measure the entire cell population by flow
cytometry is a significant advancement in delineating
brush biopsy samples. Although the challenges include the
need for higher cell numbers, heterogeneity in cell types,
and the need for multiplexed profiling, its application in
the screening/early detection setting can be made clinically
viable using a handheld/portable alternative. Clinical
application for delineation of HGD/OSCC in high-risk
populations will be highly significant for identifying
lesions amenable to biopsy, treatment, and/or monitoring.
However, further assessment and validation are needed,
especially for the delineation of HGD to establish the
efficiency of flow cytometry in large-scale screening either
independently or as an adjunct to conventional/molecular
cytopathology.
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