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Detection of PSMA expression on circulating tumor cells
by blood-based liquid biopsy in prostate cancer

Santosh Gupta?, Luisa Fernandez!, David Bourdon?, Anis A. Hamid?, Anupama Pasam?, Ernest Lam?, Richard Wenstrup?,
Shahneen Sandhu??

Translational Research and Assay Development, Epic Sciences, San Diego, California - USA
’Department of Medical Oncology, University of Melbourne, Melbourne, Victoria - Australia
3Department of Medical Oncology, Peter MacCallum Cancer Centre, Melbourne, Victoria - Australia

ABSTRACT

Background: For patients with mCRPC, PSMA-targeted radioligand treatment has significantly improved the clinical
outcome. A blood-based liquid biopsy assay for recognizing PSMA protein expression on circulating tumor cells
may be beneficial for better informing therapeutic decision-making and identifying the patients most likely to
benefit from PSMA-targeted radioligand therapy.

Methods: Using high-throughput imaging and digital Al pathology algorithms, a four-color immunofluores-
cence assay has been developed to find PSMA protein expression on CTCs on a glass slide. Cell line cells (LNCaP/
PC3s/22Rv1) spiked into healthy donor blood were used to study the precision, specificity, sensitivity, limit of
detection, and overall accuracy of the assay. Clinical validation and low-pass whole-genome sequencing were
performed in PSMA-PET-positive patients with high-risk mCRPC (N =24) utilizing 3 mL of blood.

Results: The PSMA CTC IF assay achieved analytical specificity, sensitivity, and overall accuracy above 99% with
high precision. In the clinical validation, 76% (16/21) of the cases were PSMA positive with CTC heterogeneity,
and 88% (21/24) of the patients contained at least one conventional CTC per milliliter of blood. Thirty-six low-
pass-sequenced CTCs from 11 individuals with mCRPC frequently exhibited copy number increases in AR and MYC
and losses in RB1, PTEN, TP53, and BRCAZ2 locus.

Conclusions: The analytical validation utilizing Epic Sciences’ liquid biopsy CTC platform demonstrated the potential
to detect PSMA protein expression in CTCs from patients with mCRPC. This assay is positioned as an effective research
tool to evaluate PSMA expression, heterogeneity, and therapeutic response in many ongoing clinical studies to target
tumors that express PSMA.

Keywords: Circulating tumor cells, Liquid biopsy, mCRPC, Prostate-specific membrane antigen (PSMA)

Introduction

A type Il transmembrane glycoprotein receptor called
prostate-specific membrane antigen (PSMA) is increased in
metastatic prostate malignancies and may increase tumor
dedifferentiation and treatment resistance (1). The biological
basis for PSMA expression in prostate cancer is still unknown;
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however, research suggests that it plays a role in PI3K-Akt
signaling through glutamate signaling (2). Conventional imag-
ing techniques, including magnetic resonance imaging (MRI),
computerized tomography (CT), and bone scans, have poor
sensitivity and specificity for detecting tumor lesions, espe-
cially when prostate-specific antigen (PSA) levels are low.
Therefore, PSMA can be used as a target for imaging with
radioligands like ®8Ga-PSMA-11 and ¥F-DCFPyL, which the
Food and Drug Administration (FDA) recently approved for
PSMA-targeted positron emission tomography (PET) imaging
in prostate cancer (3). PSMA is also an established therapeu-
tic target for advanced prostate cancer based on the prospec-
tive, phase 1l VISION trial (NCT03511664) of 7’Lu-PSMA-617
radioligand therapy (RLT) that demonstrated improved over-
all survival (OS) and progression-free survival (PFS) com-
pared to standard of care (SoC) in PSMA-positive advanced
metastatic castration-resistant prostate cancer (mCRPC) (4).
However, a variety of biological factors, including the stage of

2024 The Authors. This article is published by AboutScience and licensed under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
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the illness (sensitive vs. therapy resistant), the type of treat-
ment, the timing, and geography, may have an impact on
PSMA expression in prostate cancer (5).

Analysis of circulating tumor cells is one of the liquid
biopsy approaches. Cancer cells known as circulating tumor
cells (CTCs) escape from tumors and travel to other organs
such as the bones, liver, and lungs via the blood circulation or
lymphatic system (6). CTCs are trustworthy, constant, inde-
pendent predictors and prognostic biomarkers of disease
response, PFA, and OS because they directly correlate with
systemic tumor burden (7,8). Therefore, it would be advanta-
geous to have a meaningful CTC-based diagnostic and pre-
dictive biomarker test that can assist clinical decision-making
regarding the management of men with prostate cancer.
Furthermore, CTC detection holds enormous potential in
numerous clinical applications including cancer screening,
monitoring treatment response, diagnosis and prognosis
evaluation, target identification, and understanding cancer
metastasis and emergence of drug resistance (6,9).

Monitoring the level of PSMA protein expression on
CTCs as part of a liquid biopsy offers a noninvasive approach
that could be used in conjunction with or in lieu of standard
PSMA-PET imaging, which itself presents challenges due to
variable access and high cost. Clinically, PSMA CTC profiling
is being investigated as a potential prognostic and pharmaco-
dynamic biomarker in patients with mCRPC.

Clinical results in men with mCRPC have been mark-
edly improved by PSMA-targeted radioligand treatment
(10,11). Detecting PSMA protein expression on CTCs using
a liquid biopsy approach may help to improve therapeu-
tic choices and pinpoint the individuals most likely to ben-
efit from PSMA-targeted RLT in prostate cancer (7-13). In
this article, we describe the development and validation of
a PSMA CTC assay, as well as the application of single-cell
CTC sequencing technology to evaluate deoxyribonucleic
acid (DNA) copy number changes and CTC heterogeneity in
late-stage high-risk men with mCRPC.

Materials and methods

Cell line and culture

To produce lab-derived (LD) slides, multiple distinct
cell line cells (CLCs; LNCaP, PC3, 22Rvl, MDA-MB-231,
MDA-MB-453, and DU145) with various PSMA expression
levels were spiked into healthy blood. Using sterile proce-
dures and RPMI cell line culture media, all CLCs were grown
at Epic Sciences. CLCs were then trypsinized, suspended at
single-cell levels, numbered, and spiked into healthy donor
(HD) blood samples obtained in a Streck BCT container at the
proper CLC concentrations in order to give the CLC for assay
development and later assay validation (18).

Epic immunofluorescence PSMA assay

The PSMA tyramide signal amplification (TSA) CTC assay
was developed utilizing three different prostate cancer cell
lines, including LNCaP (high PSMA expression), 22Rv1 (low
PSMA expression), and PC3 (no PSMA expression). These CLCs
were spiked into healthy blood samples (1:10,000 CLC/white

PSMA-expressing circulating tumor cells

blood cell [WBC] dilutions) to create LD CLCslides for the PSMA
assay development and clinical validation. Subsequently, on a
proprietary glass slide, three million intact nucleated blood
cells were deposited and frozen at —80°C. In order to identify
intact nucleated, biomarker-positive, and negative CTC cells,
these frozen slides were defrosted and utilized for immuno-
fluorescent staining with a range of antibodies against cyto-
keratins, CD45, PSMA, and DAPI. Then, CTCs were detected
on immunostained glass slides from patient blood samples
using a high-throughput Pyxis imaging system with digital
pathology artificial intelligence algorithms. In this four-color
PSMA CTC assay, PSMA expression was measured on indi-
vidual CLC, and CTCs recognized as traditional CTCs (CK+,
CD45-, and intact DAPI nuclei) with typical CTC morphologi-
cal characteristics utilizing an anti-PSMA (Abcam, ERP6253)
rabbit monoclonal antibody, as illustrated in Figure 1 (14,18).
cRatio, which is the ratio of a cell’s intensity on a specific chan-
nel divided by the median cell intensities over all frames in
that channel, was applied to determine the CK expression and
PSMA protein expression cutoffs (>3 and >6, respectively).

Analytical validation

We computed the PSMA protein biomarker expression’s
subcellular localization and assessed the PSMA CTC assay’s
limit of detection (LOD), specificity, sensitivity, precision, and
overall accuracy. For the accuracy and precision experiments,
three independent stain runs for different LD slide lots were
examined. To evaluate the specificity of the PSMA TSA assay,
three technical replicates each of the PSMA expression nega-
tive cell lines, including MDA-MB-231, MDA-MB-453, and
DU145, plus HD slides were evaluated, together with two
process controls (one positive and one negative). The ana-
lytical sensitivity of the PSMA TSA assay was assessed using
14 technical replicates of the LNCaP slide, each with a differ-
ent number of spike-in CLCs. Additionally, a design of experi-
ments technique was utilized with eight stain repetitions to
evaluate the accuracy of the PSMA TSA assay. Furthermore,
eight technical replicates and two process control slides were
stained to evaluate the PSMA TSA assay’s accuracy. Finally, to
evaluate the PSMA TSA assay’s analytical LOD, 24 LD slides
containing four different CLC/WBC dilution ratios (1, 10, 30,
and 300 CLCs/3ES; six slides each) were evaluated by immu-
nofluorescence (IF) utilizing the optimized PSMA TSA assay.
The LOD was determined by analyzing the linearity between
the expected and observed numbers of CLCs for each group
of slides as well as the lowest number of CLCs identified. The
CTC candidates were manually checked by two independent,
qualified individuals from Epic Sciences. “CTC per mL” of
blood was used to represent the concentration of all CTCs
and PSMA-expressing CTCs for each patient (Fig. 1).

Clinical validation and low-pass whole-genome sequencing

A cohort of 24 men with mCRPC and avid PSMA expres-
sion confirmed by PSMA-PET/CT scans underwent CTC sam-
pling for clinical validation of the PSMA CTC assay using 3 mL
blood samples. Additionally, 36 CTCs from 11 of these men
were selected to undergo single-cell low-pass whole-genome
sequencing for copy number alteration analysis, as shown

.&. © 2024 The Authors. Journal of Circulating Biomarkers - ISSN 1849-4544 - www.aboutscience.eu/jcb
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FIGURE 1 - CTC enumeration, biomarker detection, cell picking, and single-cell genomic analysis workflow. CTC = circulating tumor cell.
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in Figure 1 (15). The single CTCs were manually isolated
using microcapillaries. They were whole-genome amplified
using the SeqgPlex™ Enhanced DNA Amplification Kit (SegXE)
from Sigma-Aldrich. The amplified products were made into
sequencing libraries and sequenced on an Illumina NextSeq
500 to generate paired-end 150-bp reads. The sequencing
data was analyzed using a copy number analysis pipeline
that Epic developed (16). Briefly, the sequencing reads were
aligned to the hg38 human reference; the low-quality align-
ments were excluded. The remaining reads were binned,
scaled, and corrected for known biases (such as GC bias). The
bin counts were then used for copy number variation (CNV)
calling using a z-score statistic, which quantifies the amount of
deviation in the bin counts of a given cell relative to a popu-
lation of normal cells.

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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FIGURE 2 - PSMA assay development. A) Denoting the accuracy (PPV, NPV, and OAV) during PSMA assay development. The PSMA assay
achieved PPV, NPV, and OAV of over 99%. B) The overall precision of the PSMA assay was ICC 0.98. C) Sensitivity: the lower spike-in concen-
tration in which 1 PSMA+ CLC was detected 90% of the time and the LOD was 1 CLC when 3 CLCs were spiked into the blood sample prior
to slide deposition. D) Specificity for the PSMA TSA assay was >99%. E) Gallery of PSMA-expressing CLCs (LNCaP, 22Rv1, and PC3). CLC = cell

line cell; ICC = intra-class correlation; LOD = limit of detection; NPV = negative predictive value; OAV = overall accuracy value; PPV = positive
predictive value; PSMA = prostate-specific membrane antigen; TSA = tyramide signal amplification.
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Results

PSMA assay development utilizing Epic Sciences’
CTC platform

As part of technical feasibility, the development of the
PSMA assay was conducted using a multistep approach that
included antibody discovery, cell line screening, and the cre-
ation of LD slides. Based on a total of 4,614 PSMA-positive
and 4,137 PSMA-negative cells, the assay had over 99% posi-
tive predictive value, negative predictive value, and overall
accuracy value (Fig. 2A). Furthermore, precision was assessed
across a variety of metrics, including lot-to-lot reproducibility
and process control lot-to-lot repeatability, and it demon-
strated high precision (>0.97). To further assess the precision

A



across all intra-run, inter-run, operator, scanner, lot-to-lot
repeatability, and process control lots, intra-class correlation
(ICC) was calculated; the average result was 0.976 (Fig. 2B).
The lower LOD was defined to be the lowest spike-in concen-
tration in which at least one PSMA+ CLC was detected 90%
of the time, and the LOD at where 1 CLC/million was spiked
into the blood sample prior to slide deposition (Fig. 2C). The
specificity for the PSMA TSA assay was calculated based
on PSMA-negative, including MDA-MB-231, MDA-MB-453,
and DU145, CLCs, which was over 99% (Fig. 2D). A gallery
of PSMA-expressing CLCs from LNCaP, 22Rv1, and PC3 are
shown in Figure 2E.

PSMA CTC protein expression detection in mCRPC patients

In a cohort of 24 patients with PSMA-PET positive high-
risk mCRPC progressed on androgen receptor signaling inhib-
itor such as enzalutamide or abiraterone, using 3 mL of blood
samples, CTC enumeration and PSMA protein expression
were demonstrated with the PSMA CTC assay developed in
cancer CLCs. Staining, classification of the slides, and analy-
sis of the 24 mCRPC samples revealed that 21/24 (88%) had
at least one traditional CTC [CK(+), CD45(-), and intact DAPI]
per milliliter of blood (ranging from 0 to 30 CTCs/mL across
the cohort). Of these, 76% (16/21) cases had PSMA protein
expression positive CTCs (CK+, CD45-, and DAPI), ranging
from 0 to 27 CTCs/mL of blood, suggesting there might be
tumor heterogeneity (PSMA-positive and PSMA-negative
CTCs; Fig. 3A). Example CTCs in mCRPC patients with PSMA
staining are shown in Figure 3B.
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Low-pass whole-genome sequencing at single CTC level

To identify the CNV, 36 single CTCs from 11 patients
were picked, amplified, and low-pass whole-genome
sequenced. The sequencing data was analyzed using a copy
number analysis pipeline, where read counts were binned
and corrected for known biases. The resulting bin counts
were used for CNV calling. The CTCs from 11 patients that
underwent low-pass whole-genome sequencing revealed
genomic heterogeneity; frequent genomic amplification
of the genes AR (27%), MYC (64%), and MYCN (45%); and
copy loss of PTEN (36%), TP53 (64%), BRCA2 (45%), CHD1
(55%), and RB1 (45%) (Fig. 4A). Genomic variation at the
chromosomal level and at the single CTC level is shown in
Figure 4B.

Discussion and conclusion

In this article, we detailed the development of a PSMA
blood-based CTC assay utilizing Epic Sciences’ PSMA CTC
assay platform. We performed analytical validation on LD
slides and clinical validation on CTC samples from men
with mCRPC with documented PSMA expression on PET
scans. The analytical validation demonstrated high perfor-
mance, which firmly supported its capability to identify the
PSMA protein expression in CTCs from high-risk patients
with mCRPC. Further, Epic Sciences’ PSMA CTC assay plat-
form can be coupled with single-cell CTC sequencing to
evaluate CNV and genomic heterogeneity in late-stage
disease.
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FIGURE 3 - Clinical validation of PSMA protein expression in CTCs of men with mCRPC. A) Analysis of 24 mCRPC samples revealed that
21/24 (88%) had at least one conventional CTC/mL (range: 0-30 CTCs/mL), of which 16/21 (76%) were PSMA positive (range: 0-27 CTCs/
mL) with considerable tumor heterogeneity. B) A representative gallery of CTCs with PSMA expression in four unique CTCs in mCRPC
patients. CTC = circulating tumor cell; mCRPC = metastatic castration-resistant prostate cancer; PSMA = prostate-specific membrane

antigen.
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FIGURE 4 - Individual CTCs can be identified and collected for next-generation sequencing to identify CNVs. A) 36 CTCs sequenced from
11 patients exhibited genomic heterogeneity and frequent AR (3/11), MYC (7/11), and MYCN (5/11) amplification and loss of PTEN (4/11),
TP53 (7/11), BRCA2 (5/11), CHD1 (6/11), and RB1 (5/11). B) Genome-wide chromosomal view images showing CNV at the single CTC level
in mCRPC patients. CNV = copy number variation; CTC = circulating tumor cell; mCRPC = metastatic castration-resistant prostate cancer.

Expression of PSMA in mCRPC makes PSMA an attrac-
tive drug target. PSMA-targeted therapies are used in the
management of metastatic prostate cancer and may have
potential for wider usage in personalized management of
metastatic prostate cancer (4). The PSMA protein, which is
present on the plasma membrane of cells, is overexpressed
in over 90% of individuals with mCRPC, and independently
linked to shorter PFS and OS (4). Novartis recently received
FDA approval for the PSMA RLT, Y’Lu-PSMA-617, based on
the improvement in PFS and OS from ’Lu-PSMA-617 in
conjunction with best SoC compared with SoC alone in men
with mCRPC who had previously received potent androgen
receptor pathway inhibitors and chemotherapy in the phase
[l VISION trial (4). In numerous research studies, PET imag-
ing has been utilized to validate that patients have a curable
PSMA-specific condition and track response to treatment.
When compared to traditional imaging (CT, MRI), PSMA-
PET is far more sensitive and specific to PSMA for detecting
micro-metastatic illness at both initial staging and biochemi-
cal recurrence (NCCN 2021). Although PSMA-negative tumor
cells might not be visible by PSMA-PET imaging, they might
nevertheless contribute to the development of progressive
disease, particularly in heavily treated mCRPC. The correla-
tion between PSMA-PET imaging parameters and PSMA-
positive and PSMA-negative CTC enumeration is an area of
active investigation. Additionally, serial CTC profiling to moni-
tor response to PSMA-targeted therapy (traditionally based
on PSA and conventional imaging and/or PET) and associa-
tions with clinical outcomes require further research and vali-
dation in large trial datasets. This research effort could help

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

to identify the 25%-30% of men with mCRPC who exhibit pri-
mary resistance to PSMA RLT, thereby mitigating additional
exposure and allowing early transition to alternate therapies
(17). The analytical results of the Epic Sciences’ PSMA CTC
assay clearly confirm its viability for detecting PSMA expres-
sion and for single-cell whole-genome sequencing in CTCs
from patients with mCRPC to identify genomic abnormalities
known to be recurrent in this disease phase (AR, PTEN, TP53,
CHD1, and BRCA1/2). High levels of sensitivity, specificity,
and overall accuracy were shown by the PSMA CTC test.

Finally, we discussed the development of a PSMA blood-
based assay for CTC identification and the implementation
of the low-pass whole-genome single-cell sequencing work-
flow to detect variations in copy number at the genome level
and to further define CTC tumor heterogeneity in late-stage
high-risk mCRPC. This test is positioned as a potent research
tool to detect and prospectively monitor PSMA-positive CTC
expression and examine tumor heterogeneity, therapeu-
tic response, and resistance in these mCRPC patients. The
PSMA-avid disease is the focus of numerous ongoing clini-
cal trials, including PRINCE (NCT03658447) and the LUPARP
study (NCT03874884), which utilize this powerful assay for
early disease identification, disease monitoring, and under-
standing drug resistance in patients with mCRPC.

Abbreviations: CLC = cell line cell; CNV = copy number varia-
tion; CT = computerized tomography; CTC = circulating tumor
cell; DNA = deoxyribonucleic acid; FDA = Food and Drug
Administration; HD = healthy donor; ICC = intra-class correla-
tion; IF = immunofluorescence; LD = lab derived; LOD = limit
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of detection; mCRPC = metastatic castration-resistant pros-
tate cancer; MRI = magnetic resonance imaging; NPV = nega-
tive predictive value; OS = overall survival; PET = positron
emission tomography; PFS = progression-free survival;
PPV = positive predictive value; PSA = prostate-specific anti-
gen; PSMA = prostate-specific membrane antigen; RLT =
radioligand therapy; SoC = standard of care; TSA = tyramide
signal amplification; WBC = white blood cell
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Introduction

ABSTRACT

Background and aim: The aim of the current study is to assess the relation between carotid intima-media thick-
ness (CIMT) measurements, renal Doppler resistive index (RI) and serum levels of interleukin-13 (IL-13) and
annexin-V (An-V) in children with idiopathic nephrotic syndrome (INS).

Materials and methods: The present case-control study was conducted on 60 children with INS and 60 age- and
sex-matched healthy children. All participants were subjected to evaluation of serum levels of IL-13 and An-V and
ultrasound Doppler measurement of CIMT and renal RI.

Results: Patients expressed significantly higher An-V (5.9 + 2.6 vs. 2.1 + 0.8 ng/mL, p<0.001) and IL-13 (19.2+ 7.6
vs. 3.4 + 1.4 ng/L) levels when compared with healthy counterparts. Moreover, it was shown that patients had
significantly higher CIMT (0.49 + 0.06 vs. 0.35 + 0.03, p<0.001) as compared to controls. No significant differences
were noted between the studied groups regarding right or left Rls. Correlation analysis identified significant direct
correlation between serum An-V levels and albumin/creatinine ratio (ACR) (r = 0.55), cholesterol (r = 0.48), tri-
glycerides (r=0.36), IL-13 (r =0.92) and CIMT (r = 0.53). Similar correlations could be found between serum IL-13
levels and CIMT measurements and the corresponding parameters.

Conclusions: The present study suggests an association between higher early atherosclerosis expressed as ele-
vated CIMT measurements in children with INS and elevated serum levels of An-V and IL-13.

Keywords: Annexin-V, Carotid intima-media thickness, Idiopathic nephrotic syndrome, Interleukin-13

prognosis with the majority of patients achieving complete
remission (3). However, about 1% of patients may develop
end-stage renal disease by the age of 18 (4). INS is character-

Idiopathic nephrotic syndrome (INS) is a common child-
hood disease with average global incidence of 4.7 per
100,000 persons (1). According to one report, most affected
children in African countries including Egypt are steroid sen-
sitive (2). Fortunately, the condition has generally favorable
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ized by significant proteinuria as well as other pathological
alterations. It results from enhanced plasma protein perme-
ability of the glomerular filtration membrane. Although most
patients benefit from steroid treatment, 10%-20% of affected
children have steroid-resistant nephrotic syndrome (SRNS)
(5,6).

While the exact cause of INS is unknown, an imbalance
between T helper (Th)1 and Th2 cells is most likely to blame.
It is suggested that activation of Th2 cells is a key factor in
the pathophysiology of minimal change disease (MCD).
Th2-released cytokines interleukin-4 (IL-4), IL-10 and espe-
cially IL-13 may play a part in the induction of proteinuria (7).
IL-13 is a pleiotropic type 2 cytokine involved in the patho-
genesis of many allergic (8), inflammatory (9) and malignant
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conditions (10). In MCD patients, IL-13 may change glo-
merular permeability and cause proteinuria (7). Annexin-V
(An-V) is a cytoplasmic calcium-binding protein with pleo-
tropic functions (11,12). The cells of the distal tubules and
the glomerular epithelium contain considerable levels of
An-V. It is frequently used as an apoptotic marker in many
pathological conditions including systemic sclerosis (13),
diabetes (14) and atherosclerosis (15). It helped to explain a
variety of kidney-related events, such as acute kidney dam-
age and diabetic nephropathy. It has also been utilized as
a biochemical indicator of atherosclerosis in patients with
chronic kidney disease (16).

The carotid intima-media thickness (CIMT) measured
by ultrasound is used as a marker of atherosclerotic
changes (17). In children with INS, atherosclerotic changes
may accelerate progression to chronic kidney disease
and are mainly related to dyslipidemia (18,19). Intrarenal
hemodynamics was found to be a potential indicator of
systemic vascular injury and a helpful tool for better strati-
fying short- and long-term cardiovascular risk in various
clinical subgroups. Particularly, renal Doppler resistive
index (RI) and renal pulsatility index (PI) are closely associ-
ated with well-known markers of subclinical organ dam-
age, such as CIMT, arterial stiffness, and left ventricular
mass (20).

Renal Rl has been shown as a noninvasive prognos-
tic marker for assessing the renal disease progression,
especially in hypertension, as well as proteinuria (21-24).
Additionally, numerous studies have shown that intrarenal
hemodynamic dysfunction directly contributes to unfavor-
able cardiovascular events and even death across a variety
of populations, particularly in those with chronic kidney
disease (12). The present study hypothesized that there is
a relation between subclinical atherosclerosis and inflam-
matory markers in children with INS. The aim of the cur-
rent study is to assess the relation between CIMT, renal
Doppler Rl and serum levels of IL-13 and An-V in children
with INS.

Materials and methods

Study design

The present cross-sectional case-control study was con-
ducted during the period from August 2021 to May 2022.
The study protocol was approved by the ethical committee
and the legal guardians of included children proved written
informed consent before participation.

Participants

The study included 60 children with INS diagnosed on the
basis of the International Study of Kidney Disease in Children
criteria (25). In addition, there were 60 age- and sex-matched
healthy children who served as the control group. Children
with acquired or congenital heart disease, active systemic
vasculitis, chronic kidney disease and severe edema at the
time of examination or taking lipid-lowering drugs were
excluded from the study.

Interleukin-13 and annexin-V in nephrotic syndrome

Variables

All participants underwent thorough clinical evaluations,
including measurements of weight, height, body mass index
(BMI), arterial blood pressure (BP), examination for edema
and cardiac examination to exclude congenital or acquired
heart disease. All patients completed a thorough clinical
history that included past medical history, age at diagnosis,
disease duration, responsiveness to steroid treatment, fre-
quency of relapses and use of immunosuppressive drugs.
Steroid sensitivity was defined as complete remission at
the standard dose of prednisone or prednisolone (PDN)
(60 mg/m?/day or 2 mg/kg/day, maximum 60 mg/day) within
4 weeks, while steroid resistance was defined as failure to
achieve remission after 4-8 weeks of daily oral PDN therapy
at a dose of 2 mg/kg/day (26). In SRNS patients, 19 patients
received calcineurin inhibitors, while 3 patients received
mycophenolate mofetil.

For measurement of BP, the patient was seated correctly;
BP readings for the systolic and diastolic phases were taken
using a mercury sphygmomanometer with an appropriate
cuff size. At 2-minute intervals, three measurements were
collected from each participant, and the average of the last
two measurements was recorded. Values >95th percen-
tile are regarded as elevated by the American Academy of
Pediatrics for systolic BP and diastolic BP in the pediatrics
population (27).

For laboratory assessment, 6 mL of venous blood was
withdrawn after 10 hours of fasting and divided into three
aliquots; 2 mL was evacuated in ethylenediaminetetraacetic
acid (EDTA) tube for complete blood count (Sysmex KX21N,
Kobe, Japan). The remaining 4 mL was evacuated in two
serum separator tubes, centrifuged at 3,500 rpm for 10 min-
utes; two mL serum was used for measurement of kidney
function tests (urea and creatinine), lipid profile (total cho-
lesterol, triglycerides) and serum albumin; and the other 2
mL was separated and frozen at -20°C for later analysis of
IL-13 and An-V. An early morning urine sample was used for
albumin/creatinine ratio (ACR) measurement. Measurement
of serum IL-13 and An-V was done using the commercial
enzyme-linked immunosorbent assay (ELISA) kits (Bioassay
Technology Laboratory, China; Cat. No. 202208016). The
assay ranges of IL-13 and An-V were from 0.5 to 100 ng L and
0.1 to 35 ng mL, respectively.

Measurement of CIMT was done using the ultrasound
machine (Philips 50G ultrasound machine) with high-fre-
quency linear probe (7.5 MHz) (Fig. 1). The examination was
done in supine position; the neck is extended and slightly
turned to the contralateral side. Prior to measurement, the
patients had rest for 10 minutes. The arterial wall of the com-
mon carotid artery was assessed bilaterally in a longitudinal
view; both walls were clearly visualized to obtain proper
measurements. Zoomed frozen images were taken clearly
demonstrating the intima-media thickness. Measurements
were taken from the far wall of each common carotid artery
1 cm proximal to bifurcation. The measurements were made
three times on each side and the average of the measure-
ments was taken. The mean of measurements of the left and
right common carotid arteries was calculated.
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FIGURE 1 - B mode ultrasound of carotid intima-media thickness
measurement.

Renal Doppler ultrasound evaluation was done in the
lateral oblique position or oblique position; however, the
left kidney was better examined in a right lateral decubi-
tus. The examination was done using Philips 50G ultrasound
machine with low-frequency convex probe (5 MHz) (Fig. 2).
Firstly, both kidneys were scanned using B mode for detec-
tion of any gross abnormalities such as stones, backpressure
changes, echogenicity, cortical thickness or focal lesions.
Color Doppler was applied to see interlobar arteries, and
then the sample volume was applied to cover only the arte-
rial diameter of interest. Optimum waveform was obtained
by adjustment of both the pulse repetition frequency (PRF)
and the wall filter to avoid aliasing. Measurement of Doppler
parameters was taken at breath holds in cooperative children
and in younger children at quiet respiration. For each kidney,
RlIs of renal interlobar arteries at the upper, middle and lower
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poles were assessed three times, then the average of the
measurements was taken. The arterial Rl was calculated by
the equation (peak systolic velocity — end diastolic velocity)
divided by (peak systolic velocity), and its value is derived via
the computer algorithm in the ultrasound machine.

Statistical methods

Results were reviewed, given codes and enrolled into
the Statistical Package for Social Sciences (IBM SPSS) ver-
sion 23. Normality of data distribution was assessed using
Kolmogorov-Smirnov test. Quantitative data were displayed
as means and standard deviation (SD) or median and inter-
quartile range (IQR). Qualitative data were displayed as
numbers and percentages. Comparison of non-quantitative
data was done by Chi-square test. Comparison of quantita-
tive data with the parametric patterns was done by indepen-
dent t-test, while non-parametric data were compared using
Mann-Whitney U-test. Correlation between various variables
was done using Pearson’s correlation coefficient for para-
metric data and Spearman’s correlation coefficient for non-
parametric data. A p-value was considered to be significant
if less than 0.05.

Results

The present study included 60 children with INS and 60
age- and sex-matched healthy controls. Patients had disease
duration of 2.9 £ 2.6 years. Comparison between the studied
groups regarding clinical, laboratory and ultrasonic param-
eters revealed that patients had significantly lower serum
albumin levels (1.7 + 0.4 vs. 3.5 + 0.3 g/dL, p<0.001) and
significantly higher platelet count (381.4 + 105.2 vs. 332.4
+94.2, p = 0.008), ACR (5,945.5 + 2,866.6 vs. 75.4 + 122.4
mg/g, p<0.001), cholesterol (456.3 + 139.5 vs. 163.8 + 126.3
mg/dL, p<0.001) and triglyceride (214.6 + 112.0 vs. 123.6 *
38.7 mg/dL, p<0.001) levels when compared with controls.

FIGURE 2 - Color duplex ultra-
sound measurements of the
right and middle pole interlo-
bar artery resistive index.
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No statistically significant differences were found between
the studied groups regarding diastolic and systolic BP mea-
surements (Tab. 1).

TABLE 1 - Clinical, laboratory and radiological findings in the stud-
ied groups

Patients Controls p value
n=60 n=60

Age (years) 9.6+3.6 9.7+37 0.83
Male/female n 39/21 43/17 0.43
BMI (kg/m?) 21.3+56 20.1+3.8 0.19
SBP (mm Hg) 102.1+10.3 103.5+84 041
DBP (mm Hg) 65.2+£9.0 649182 0.83
Laboratory findings
WBCs (10%/L) 5.6 (4.9-6.6) 5.1(4.7-6.2) 021
Hemoglobin (mg/dL) 13.0+1.3 129+1.4 0.9
Platelets (10%/L) 381.4 £105.2 332.4+94.2 0.008
Albumin (g/dL) 17+04 3.5+0.3 <0.001
Urea (mg/dL) 19.5+53 18.0+4.6 0.1
Creatinine (mg/dL) 0.37+0.22 0.33+0.22 0.27
ACR (mg/g) 5945.5+2866.6 75.4+122.4 <0.001
Cholesterol (mg/dL) 456.3+139.5 163.8+126.3 <0.001
Triglycerides (mg/dL)  214.6+112.0 1236 +38.7 <0.001
Annexin-V (ng/mL) 59+26 2.1+0.8 <0.001
IL-13 (ng/L) 19.2+7.6 34+14  <0.001
Ultrasound findings
CIMT (mm) 0.49 £0.06 0.35+£0.03 <0.001
Right RI 0.61+£0.02 0.60+£0.02 0.5
Left RI 0.60+£0.02 0.60 £ 0.02 0.73

ACR = albumin/creatinine ratio; BMI = body mass index; CIMT = carotid
intima-media thickness; DBP = diastolic blood pressure; IL-13 = interleu-
kin-13; Rl = resistive index; SBP = systolic blood pressure; WBCs = white
blood cells.

In addition, they expressed significantly higher An-V (5.9 +
2.6vs. 2.1 +£0.8 ng/mL, p<0.001) and IL-13 (19.2+ 7.6 vs. 3.4
t 1.4 ng/L) levels when compared with healthy counterparts.
Moreover, it was shown that patients had significantly higher
CIMT (0.49 + 0.06 vs. 0.35 + 0.03, p<0.001) as compared to
controls. No significant differences were noted between the
studied groups regarding right or left RIs (Tab. 1).

Correlation analysis identified significant direct correlation
between serum An-V levels and ACR (r = 0.55), cholesterol
(r = 0.48), triglycerides (r = 0.36), IL-13 (r = 0.92) and CIMT
(r=0.53). Similar correlations could be found between serum
IL-13 levels and CIMT measurements and the corresponding
parameters (ACR, cholesterol, triglycerides) (Tab. 2).

Interleukin-13 and annexin-V in nephrotic syndrome

TABLE 2 - Correlations between CIMT, annexin-V, IL-13 and clinical,
laboratory and radiological data

CIMT Annexin-V IL-13

r p r p r p
Age 0.003 098 -0.034 0.71 -0.027 0.77
BMI -0.02 0.88 -0.01 088 -0.04 0.7
SBP -0.06 067 -0.13 015 -0.11 0.25
DBP -0.14 0.3 -0.09 032 -004 068
Disease -0.05 073 -0.14 029 -0.16 0.23
duration
WBCs 0.006 096 -0.005 0.97 0.01 0.19
Hemoglobin  0.08 0.56 -0.1 0.3 -0.06 0.51
Platelets 0.06 0.67 0.13 0.15 0.19 0.043
Albumin -0.77 <0.001 055 <0.001 0.65 <0.001
Urea -0.2 0.12 0.13 0.16 0.16 0.1
Creatinine -0.09 049 0.13 0.15 0.12 0.18
ACR 0.77 <0.001 0.55 <0.001 0.65 <0.001
Cholesterol 0.7 <0.001 048 <0.001 0.58 <0.001
Triglycerides  0.31  0.017 0.36 <0.001 0.39 <0.001
Annexin-V 0.53 <0.001 - - 0.92 <0.001
IL-13 0.64 <0.001 0.92 <0.001 - -
CIMT - - 0.53 <0.001 0.64 <0.001
Right RI -0.08 0.54 0.08 0.37 0.06 0.53

Left Rl -0.06 0.67 0.04 0.69 -0.05 056

ACR = albumin/creatinine ratio; BMI = body mass index; CIMT = carotid inti-
ma-media thickness; DBP = diastolic blood pressure; IL-13 = interleukin-13;
RI = resistive index; SBP = systolic blood pressure; WBCs = white blood cells.

The present study included 38 (63.3%) steroid-sensitive
patients. Comparison between steroid-sensitive and steroid-
resistant patients regarding An-V and IL-13 levels, CIMT
measurements and other clinical parameters revealed no
statistically significant differences (Tab. 3).

Discussion

The present study found an association between increased
CIMT levels and higher levels of serum An-V and IL-13 levels,
which is a novel finding to the best of our knowledge. The
study compared clinical, laboratory and Doppler ultrasound
parameters in children with INS and healthy controls. The
study found that patients exhibited significantly higher CIMT
measurements as compared to healthy controls. Similar
results were reported by previous studies (17,28-32), while
Kniazewska et al (33) and Rahul et al (34) found no significant
differences in CIMT measurements between children with
INS and healthy counterparts. This may be explained by the
different clinical profile of the studied groups. Elevated CIMT
in INS children is usually explained by concurrent hyperten-
sion and dyslipidemia. Notably, our patients had significantly
higher serum cholesterol and triglyceride levels as compared
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TABLE 3 - Annexin-V and IL-13 levels and CIMT in steroid-sensitive

and steroid-resistant patients

Steroid Steroid p value
sensitive resistant
n=38 n=22

Age (years) 9.8+3.7 9.3+34 0.56
Male/female n 23/15 16/6 0.34
BMI (kg/m?) 20.5+4.6 22771 0.16
SBP (mm Hg) 102.1+£8.5 102.0+12.8 0.99
DBP (mm Hg) 63.2+t64 68.6+11.6 0.05
Laboratory findings

WBCs (10%/L) 5.5 (4.9-6.1) 5.7 (4.9-9.6) 0.42
Hemoglobin (mg/dL) 129+1.4 13.3+1.2 0.29
Platelets (10°/L) 380.3+954 383.2+122.7 0.92
Albumin (g/dL) 1.7+04 1.8+0.3 0.81
Urea (mg/dL) 20.3+5.9 18.2+ 4.0 0.14
Creatinine (mg/dL) 0.40+0.21 0.31+0.21 0.11
Cholesterol (mg/dL) 464.3+£153.9 4425+112.6 0.56
Triglycerides (mg/dL)  210.0 + 110.4 222.6+1170 0.68
Annexin-V (ng/mL) 19.8+8.0 183+71 0.55
IL-13 (ng/L) 6.3+2.6 5224 0.55
Ultrasound findings

CIMT (mm) 0.493 £0.061 0.488 + 0.056 0.76
Right RI 0.611+0.024  0.609+0.026 0.79
Left RI 0.608 £0.019 0.607 £0.024 0.85

BMI = body mass index; CIMT = carotid intima-media thickness; DBP = diastolic
blood pressure; IL-13 = interleukin-13; Rl = resistive index; SBP = systolic blood
pressure; WBCs = white blood cells.

to controls while both groups expressed comparable systolic
and diastolic BP values.

The present study proposed to assess if serum An-V and
IL-13 levels are related to dyslipidemia and CIMT measure-
ments in those patients. The study showed significantly
higher concentrations of An-V in children with INS in compar-
ison with healthy controls. Jakubowska and Kili$-Pstrusinska
(16) also reported higher concentrations of plasma An-V in
children with INS. Moreover, we detected a positive correla-
tion between serum An-V with ACR in line with the conclu-
sions of Simsek and colleagues (35). The cause of elevated
plasma An-V concentrations in INS is still unknown. It is well
recognized that An-V pathophysiological function is linked to
cell apoptosis, and increased circulating lymphocyte apopto-
sis have been observed in children with nephrotic syndrome
(35). Interestingly, Ye and colleagues (36) had demonstrated
higher level of anti-annexin antibodies in children with INS,
which significantly correlated with urine protein level. In
addition, An-V levels were well correlated with dyslipidemia
and CIMT in our study. To the best of our knowledge, this is a
new finding in children with INS. In support of this result, one
study on adult diabetic population observed positive correla-
tion between serum An-V levels and CIMT (37).
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Moreover, the present study detected a significantly
higher concentration of IL-13 in INS patients in comparison
with healthy controls. The overexpression of IL-13 is probably
related to downregulation of podocin, nephrin and dystro-
glycan (essential molecules in preserving the slit diaphragm
integrity of the glomeruli) (38).

Our findings are also supported by the studies of Kimata
et al (39) who reported increased levels of urinary IL-13 in
untreated children with INS. The present study also docu-
mented a significant positive correlation between serum
IL-13 levels and ACR, cholesterol and triglyceride levels in
INS patients. The relation between IL-13 levels in dyslipid-
emia observed by the present study may be explained by
the interesting experimental work of Low et al (40). In their
study on cytokine-induced rat MCD model, they showed that
IL-13 induced changes in hepatic handling of cholesterol that
resulted in hypercholesterolemia even before the onset of
proteinuria. Our results may have therapeutic implications.
Possible blockade of IL-13 pathways was recently studied
in many inflammatory conditions (41-43). Use of similar
approach in INS may be tried in the forthcoming future.

Notably, no significant differences were found between
patients and controls regarding renal hemodynamic param-
eters. This reflects the fact that in spite of the increased CIMT
in the studied patients, the renal hemodynamics remained
unaffected. Also, the study showed no significant difference
in CIMT between steroid response and SRNS and this came in
agreement with Ahmed et al (17) who reported no significant
difference in the CIMT between different steroid response
and resistant groups. Also Rahul et al (34) found no signifi-
cant difference in CIMT between steroid-sensitive nephrotic
syndrome (SSNS) and SRNS patients.

Finally, we noticed that our patients expressed signifi-
cantly higher platelet count. This comes in agreement with
Gulleroglu et al (44) who reported increased platelet count
and platelet volume in children with INS. The precise mecha-
nism of this finding is still unknown. However, it has been
noted that platelet hyper-aggregation and high platelet
numbers are associated with hypoalbuminemia and hyper-
cholesterolemia. The contribution of these cofactors to the
development and clinical presentation of INS remains to be
elucidated. Findings of the present study are limited by its
cross-sectional design and the relatively small sample size.
In conclusion, the present study suggests an association
between early atherosclerosis expressed as elevated CIMT
measurements in children with INS and elevated serum levels
of An-V and IL-13. Further studies are recommended to con-
firm these findings and to explore their practical implications.
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Introduction

ABSTRACT

Background: Periodontitis is an inflammatory reaction to subgingival pathogenic microorganisms that causes
gradual deterioration of the gingiva, periodontal ligament, and alveolar bone. Interleukin (IL)-21 is the most
recently found member of type | cytokine family that is upregulated during inflammation. The current study aims
to investigate the biological plausibility of IL-21 as a biomarker for chronic periodontitis.

Materials and methods: This cross-sectional clinico-biochemical investigation included 15 systemically healthy,
15 periodontally healthy, 15 chronic gingivitis, and 15 chronic periodontitis subjects aged 25 to 60 years. Following
subject enrollment, gingival crevicular fluid (GCF) and blood samples were then taken from each subject. The con-
centration of IL-21 in all samples was determined using enzyme-linked immunosorbent assay (ELISA) kit. The data
was examined using the Kruskal-Wallis test and the Spearman correlation test.

Results: Serum IL-21 levels in chronic periodontitis patients were substantially greater than in periodontally healthy
individuals. GCF IL-21 levels were substantially greater in gingivitis and chronic periodontitis patients compared
to periodontally healthy individuals. In terms of clinical indicators, serum IL-21 levels correlated significantly with
bleeding index (Bl) in the chronic periodontitis group. In chronic periodontitis group, disease severity as evaluated
by probing pocket depth (PPD) and clinical attachment loss (CAL) did not correlate with serum or GCF IL-21 levels.
Conclusion: According to the current study’s findings, periodontally involved patients had higher IL-21 levels than
periodontally healthy patients, suggesting it can be used as biomarker. Further studies with larger sample size
can shed more light on the clinical advantage of IL-21 as a possible marker for disease activity and progression.

Keywords: Blood samples, Cytokines, Gingival crevicular fluid, Interleukin 21, Periodontal diseases, Periodontitis

destruction linked to periodontitis is the host immune sys-
tem’s inflammatory response to the bacterial challenge. As a

Host inflammatory response is triggered by bacterial bio-
film, which is one of the factors contributing to multifactorial
disease known as periodontitis (1). A prolonged exposure to
bacteria and endotoxins is necessary for the development
of gingival inflammation and progressive dysbiotic condition
eventually leading to destruction, although it only accounts
for 20% of the variation in the clinical manifestation of peri-
odontitis (2). The primary cause of the soft and hard tissue
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result, the inflammatory response plays a major role in deter-
mining the disease’s destructive nature (3). This includes the
active expression of catabolic cytokines and inflammatory
mediators like interleukin (IL)-1B and IL-6 through the activa-
tion of lymphocytes, fibroblasts, monocytes/macrophages,
and other cellular components. Through tissue-derived
matrix metalloproteinases, these cytokines and inflamma-
tory mediators can act alone or in combination to promote
collagen degradation and alveolar bone resorption (4).
Traditional methods for diagnosing periodontal diseases
include clinical and radiographic examinations. These tradi-
tional measures provide information only about the existing
disease and are incapable of predicting disease progression.
As aresult, advances in oral and periodontal disease diagnos-
tic research are shifting toward methods for identifying and
quantifying periodontal risk using objective measures such as
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biomarkers. One of these biomarkers that can be detected in
several inflammatory conditions is IL-21 (5,6).

Gingival crevicular fluid (GCF) is produced by the blood
vessel gingival plexus, which is located next to the epithelial
lining of the dentogingival space. Several molecular compo-
nents originating from the host response are carried by GCF,
which is regarded as a major defense against periodontal
infection. GCF-present host response mediators can help
with both the status of disease activity and the identification
of different periodontal diseases (7). Numerous cytokines,
including IL-1, IL-6, IL-8, and IL-12, have been thoroughly
examined in relation to chronic periodontitis, and research
has been done on their role in the breakdown of periodontal
tissues (8-11). The research of IL-21, a recently discovered
cytokine, has received more attention in recent years.

IL-21, an inflammatory cytokine mostly expressed by
activated T-helper (Th)1 and Th17 cells, two distinct proin-
flammatory lineages, is not expressed by Th2 cells in humans
(12,13). It operates by binding to the type | cytokine receptor
IL-21R. Because it has been linked to the pathophysiology of
inflammatory breakdown in a number of systemic disorders,
including rheumatoid arthritis, colitis, and inflammatory
bowel disease, IL-21 has recently attracted attention (14-16).
Given the critical function that IL-21 plays in inflammation
(17), excessive IL-21 production amplifies local inflammation
and exacerbates tissue damage and destruction (18).

The levels of IL-21 may rise as a result of periodontal dis-
eases’ propensity for chronic inflammation. Few studies have
been conducted on IL-21 in patients with chronic periodonti-
tis (14,19). However, no research has been done to compare
GCF and serum IL-21 levels in healthy individuals, gingivitis
patients, or periodontitis patients (19). Thus, the current
study aims to measure the levels of IL-21 in the blood and
GCF of patients with chronic periodontitis, compare them
with those of gingivitis and healthy individuals, and assess
the usefulness of this information as a diagnostic tool for
periodontal disease.

Materials and methods

This cross-sectional study included 45 patients, ages 25
to 60, who were patients at Sri Sai College of Dental Surgery’s
Outpatient Department of Periodontics in Vikarabad, Telangana.
The Institutional Ethical Committee gave its approval before
the trial started. This study included three groups: Group A, or
the healthy group, consisted of 15 participants who were 25-60
years old and had a systemically healthy periodontium with
probing pocket depth (PPD) of less than 3 mm. Group B, which
consisted of 15 individuals aged 25-60 years who were systemi-
cally healthy, had gingivitis. They exhibited clinical symptoms
of inflammation and had a score of less than 2, using Modified
Gingival Index (MGI). Group C, or the periodontitis group, con-
sisted of 15 individuals, aged 25 to 60, who were in general
health but had moderate to severe chronic periodontitis. At least
four of their teeth had PPDs or clinical attachment loss (CAL) of
at least 5 mm, bleeding when probed, and radiographic signs of
bone loss. All the parameters, such as plaque index (Pl), MGI,
Saxton’s bleeding index (BI), PPD, and CAL, were recorded in all
the groups.
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Inclusion criteria

Patients between the ages of 25 and 50, patients in gen-
eral good health, subjects with at least 18 fully erupted teeth,
subjects with bleeding during probing, PPD of at least 5 mm,
and clinical attachment level of at least 6 mm were included.

Exclusion criteria

Atherosclerotic vascular disease (including periph-
eral artery disease, stroke, and cardiovascular diseases),
immunological disorders, osteoporosis, arthritis, a history of
periodontal intervention within the previous 6 months, anti-
inflammatory and nonsteroidal anti-inflammatory medica-
tion use within 3 months of the periodontal assessment, and
pregnancy or lactation were the exclusion criteria.

The Ethics Committee for Human Trials of Sri Sai College
of Dental Surgery approved the research, which was carried
out in Sri Sai College of Dental Surgery in compliance with
the World Medical Association’s 2008 Declaration of Helsinki
(reference no: 615/SSCDS/IRB-E/2017). Each patient or their
family member gave their informed consent after the peri-
odontal exam, GCF, and blood sample removal were fully
explained.

GCF and serum sample collection for IL-21

After instructing the subjects to sit comfortably upright in
the dentist chair, the selected test site was air-dried and iso-
lated with cotton rolls. To avoid contamination and obstruc-
tion of the microcapillary pipette, supragingival plaque was
removed with an ultrasonic scaler while avoiding contact
with the marginal gingiva.

The following day, GCF was collected using a calibrated
volumetric microcapillary pipette (Sigma Aldrich Chemical
Company, USA, Catalog No. p0549) with a black color code.
The pipette was used to insert the tip at the entrance of
the gingival crevice (unstimulated) and leave it there for 5
to 20 minutes. A 3 pL GCF standard volume was obtained.
Adequate GCF was difficult to get from periodontally healthy
persons (Fig. 1) and gingivitis subjects; therefore, pooled
samples were collected from numerous sites to ensure that
each subject received the minimal amount required (3 uL).

FIGURE 1 - Method of gingival crevicular fluid collection.
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When chronic periodontitis is present, gathering GCF
takes less time and is less laborious since the site with the
highest PPD can provide the necessary amount. The collected
samples were wrapped in aluminum foil and kept at 80°C
until the assay time. Samples tainted with blood or saliva and
those with air bubbles were rejected.

For serum samples, after disinfecting the skin over the
antecubital fossa, a 20-gauge needle was used to veni-
puncture 3 mL of blood into a 5-mL syringe. A sample of
collected blood was left to coagulate for approximately
half an hour at room temperature (Fig. 2). After separat-
ing the serum component, the sample was centrifuged
for 10 minutes at 3000 rpm. It was then moved to a poly-
carbonate container and kept at -80°C until the test was
scheduled.

Comparison between IL-21 GCF and Serum in healthy and CGP pts.

Estimation of interleukin 21 levels

Using a commercially available human IL-21, or IL-21
enzyme-linked immunosorbent assay (ELISA) kit (BioAssay
Technology Laboratory affiliated to Shanghai Korain Biotech
Co., Ltd., Shanghai, China) (Fig. 3), the levels of GCF and
serum IL-21 were determined. Phosphate-buffered saline
was used to dilute GCF samples to a level of 100 pL.

Assay principle

An ELISA kit is intended to detect various biomarkers in
bodily fluid samples. Human IL-21 antibody was precoated onto
the plate. The sample’s IL-21 was introduced, and it binds to the
antibodies coated on the wells. After that, biotinylated human
IL-21 antibody was added, and it binds to the sample’s IL-21.

Next, streptavidin-horseradish peroxidase (HRP), which
binds to the IL-21 antibody that has been biotinylated, was
added. During a washing phase, unbound streptavidin-HRP is
removed following incubation. After that, the substrate solution
was added, and color changed proportionately to the concentra-
tion of human IL-21. The addition of an acidic stop solution ends
the process, and the absorbance is measured at 450 nm.

Sensitivity
The sensitivity or minimum detectable dose of human
IL-21 is reported to be 2.46 ng/L.

Assay procedure

1. Every reagent, standard solution, and sample was made
in accordance with the directions. Prior to use, all
reagents were brought to room temperature, and the
experiment was conducted.

FIGURE 3 - Enzyme-linked
immunosorbent assay kit.

Bioas say lechnolo
I./Immhu, o
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2. After figuring out how many strips were needed for the
assay, the strips were put into the frames and used. The
leftover strips were kept between 2 and 8°C.

3. The standard well was later filled with 50 pL of standard
solution.

4. In addition, 40 pL of the sample and 10 pL of the anti-
IL-21 antibody were added to the sample wells. Following
a thorough mixing of 50 pL streptavidin-HRP into both
the standard and sample wells, the plate was sealed with
a sealer and allowed to sit at 37°C for 60 minutes (Fig. 4).

FIGURE 4 - After addition of samples in enzyme-linked immunosor-
bent assay plates.

5. All of the wells were aspirated, filled to the brim with wash
buffer, and automatically cleaned five times. The plate was
blotted onto paper towels or other absorbent material.

6. Subsequently, 50 pL of substrate solution A and 50 uL of
substrate solution B were applied to each well. The plate
was sealed with a fresh sealer and left in the dark at 37°C
for 10 minutes.

7. The last step involved adding 50 pL of Stop Solution to
each well, which instantly caused the color to shift to yel-
low (Fig. 5).

FIGURE 5 - Enzyme-linked immunosorbent assay microplates after
addition of stop solution.

8. Within 10 minutes of administering the stop solution,
each well’s optical density (OD value) was ascertained
using a microplate reader set to 450 nm (Tab. 1).

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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TABLE 1 - Reagents required

Components
Standard solution (1600 ng/L)
Precoated ELISA plate

Quantity
0.5mLx1

12 x 8 well strips x1

Standard diluent 3mLx1
Streptavidin-HRP 6 mLx1
Stop solution 6 mLx1
Substrate solution A 6 mL x1
Substrate solution B 6 mLx1
Wash buffer concentrate (30x) 20 mL x1
Biotinylated human IL-21 antibody 1mLx1
User instruction 1

Plate sealer 2

Zipper bag 1

ELISA = enzyme-linked immunosorbent assay; HRP = horseradish peroxidase;
IL=interleukin; NS = no statistical significance; S = statistical significance (p<0.05).

Statistical analysis

Statistical Package for the Social Sciences (SPSS) for
Windows (Version 22.0, Released 2013; Armonk, NY: IBM
Corp.) was used for providing statistical analysis.

The data was presented as mean * standard deviation
(SD). Using SPSS version 20.0 software, the following statisti-
cal tests were used to analyze the parameters.

1. The Kruskal-Wallis test was used to do intergroup analy-
sis for the following variables: serum, GCF IL-21, MGl, P,
PPD, CAL, age, and gender.

2. In group A, the relationship between age and gender
and serum and GCF IL-21 levels was assessed. In group
B, there was a correlation between the levels of serum
and GCF IL-21 and the clinical indices MGl, PI, and BI, as
well as age and gender. In group C, the levels of serum
and GCF IL-21 were correlated with age, gender, and
clinical indices and parameters, such as MGl, PI, BI, PPD,
and CAL. The Spearman correlation coefficient test was
used to perform all of these group-specific correlations.

Results

Of the 15 individuals in group A, 9 (60%) were male and 6
(40%) were female; of the 15 patients in group B, 8 (55%) were
male and 7 (45%) were female; of the 15 patients in group C, 7
(45%) were male and 8 (55%) were female (Tab. 2). According
to Table 2, the participants in groups A, B, and C had mean ages
of 34.07 £ 2.99, 33.93 + 2.79, and 34.67 + 2.35, respectively.

Plaque index

Groups A, B, and C had mean Pl scores of 0.73 + 0.353,
1.09+£0.171, and 1.97 + 0.395, respectively. Group C had the
highest mean Pl score, followed by group B, and group A had
the lowest value, according to the intergroup comparison of
mean Pl scores. The results showed that there was no sta-
tistically significant difference between groups A and B, but

A
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there was between groups B and C and between groups A
and C (Tab. 2).

Modified gingival index

MGI was used to determine the gingival status, and the
mean values for groups A, B, and C were 0.39 +0.195, 1.08
+ 0.258, and 1.76 + 0.509 (Fig. 6). The mean gingival index
intergroup comparison showed that group C had high val-
ues, whereas group B had moderate values that were greater
than those of group A. There is statistical significance in the
outcomes for each of the three groups (Tab. 2).

Bleeding index

Saxton’s Bl was used to measure bleeding, and the mean
values for groups A, B, and C were 0.32 +0.315,0.77 £ 0.277,
and 1.33 + 0.132, respectively. According to the intergroup
comparison of mean Bl values, group C had the highest bleed-
ing scores, group B had moderate scores, and group A had
the lowest or minimum value when compared to the other
groups (Fig. 6). The findings between groups A and C, as well
as between groups B and C, are statistically significant; how-
ever, the results between groups A and B are not (Tab. 2).

TABLE 2 - Intergroup comparison of demographic data and clinical
parameters using Kruskal-Wallis test and post hoc analysis

Group p-Value
A B C
Mean+SD Mean+*SD Mean*SD
Age (years) 34.07+2.99 33.93+2.79 34.67+2.35 0.736 (NS)
Sex —Male 60.0% 55.0% 45.0%
Female 40.0% 45.0% 55.0%
Pl 0.73+£0.353 1.09+0.171 1.97+0.395 0.000
Avs. B (NS)
Bvs. C(S)
Avs. C(S)
MGl 0.39+£0.195 1.08+0.258 1.76+0.509 0.000
Avs. B (S)
Bvs. C(S)
Avs. C(S)
Bl 0.32+0.315 0.77+0.277 1.33+0.132 0.000
Avs. B (NS)
Bvs. C(S)
Avs. C(S)
Mean (mm) 1.27+0.346 1.82+0.568 4.22+0.538 0.000
Avs. B (NS)
PPD Bvs. C(S)
Avs. C(S)
Mean (mm) 0 0 4.55+0.864 0.000
Avs. B (NS)
CAL Bvs. C(S)
Avs. C(S)

Bl = bleeding index; CAL = clinical attachment loss; MGI = Modified Gingival
Index; NS = no statistical significance; Pl = plaque index; PPD = probing pocket
depth; S = statistical significance (p<0.05); SD = standard deviation.

Comparison between IL-21 GCF and Serum in healthy and CGP pts.

Probing pocket depth

The mean PPD was 1.27 + 0.346 mm in group A, 1.82 £
0.568 mm in group B, and 4.22 + 0.538 (Fig. 6) in group C; the
intergroup comparison of mean PPD scores of groups A and B
revealed statistically significant high score for group C (Tab. 2)

Clinical attachment loss

Mean CAL was 0.00 mm in groups A and B and 4.55 + 0.864
mm (Fig. 6) in group C. There was a statistically significant dif-
ference of CAL values in group C vs. other groups (Tab. 2).

I

Pl Bl PPD

X Group A GroupB * Group C

FIGURE 6 - Intergroup comparison of clinical parameters. Bl =
bleeding index; CAL = clinical attachment loss; MGl = Modified
Gingival Index; Pl = plaque index; PPD = probing pocket depth.

Concentration of IL-21 in serum

The amount of IL-21 in the serum was reported in nano-
grams per milliliter. All of the participants in groups A, B, and
C had measurable amounts of IL-21 in their serum. Group A
patients had the highest observed level of IL-21 in their serum
at 57 ng/mL, whereas group B had 100 ng/mL and group C
545 ng/mL. Group A subjects’ serum had a minimum IL-21
level of 30 ng/mL, group B’s was 66 ng/mL, and group C’s
was 83 ng/mL. The mean serum concentrations in groups
A, B, and C were 44.866 + 8.9, 87.33 + 10.14, and 139.3 +
113.5 ng/mL, in that order. Group C had greater values than
group A in this statistically significant comparison of serum IL-21
levels. Between groups A and B and between groups B and C,
however, there was no discernible change (Tabs. 3 and 4).

TABLE 3 - Mean IL-21 concentrations in serum and GCF in groups
A, B,and C

Group IL-21levels Mean +SD Minimum Maximum
(ng/mL) (ng/mL)

A Serum 44.866 £ 8.9 30 57
GCF 21.933+9.1 10 40

B Serum 87.33+10.14 66 100
GCF 66.400 £ 9.47 55 80

C Serum 139.3+113.5 83 545
GCF 66.400 + 7.28 59 82

GCF = gingival crevicular fluid; IL = interleukin; NS = no statistical significance;
S = statistical significance (p<0.05); SD = standard deviation.
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TABLE 4 - Intergroup comparison of IL-21 levels in serum and GCF

J Circ Biomark 2024; 13: 19

Group p-Value
A B C
Mean + SD Mean + SD Mean + SD

Serum IL-21 concentration (ng/mL) 44.866 +8.9 87.33+10.1 139.3+11.3 <0.001
Avs. B =(NS)
Avs.C=(S)
Bvs. C=(NS)

GCF IL-21 concentration (ng/mL) 21.933+9.1 66.400 +9.47 66.400 + 7.82 <0.001
Avs.B=(S)
Avs.C=(S)
Bvs. C=(NS)

GCF = gingival crevicular fluid; IL = interleukin; NS = no statistical significance; S = statistical significance (p<0.05); SD = standard deviation.

In GCF, the highest levels of IL-21 were 40 ng/mL in
the GCF of patients in group A, 80 ng/mL in group B, and
82 ng/mL in group C. In group A, the minimum IL-21 levels
were 10 ng/mL; in groups B and C, the levels were 55 and
59 ng/ml, respectively, in the GCF. In groups A, B, and C, the
corresponding mean GCF concentrations were 21.933 +9.1,
66.400 £ 9.47, and 66.400 + 7.28 ng/mL. Compared to group
A, groups B and C had statistically significant higher IL-21
levels (Tabs. 2 and 4).

Regarding the correlation between IL-21 and demograph-
ics, there was statistically significant correlation between age
for each of the three groups and serum IL-21 levels and GCF.
In other groups, there was no statistically significant relation-
ship between age and serum and GCF IL-21 levels (Tab. 5).

When the correlation between IL-21 and clinical parame-
ters was estimated, no statistically significant association was
seen in group B between serum IL-21 levels and GCF with
clinical indicators, such as PI, MGlI, and Bl (Tab. 6). With the
exception of BI, which is substantially correlated with serum
IL-21 levels, group C’s GCF and serum IL-21 concentration did
not significantly correlate with any of the clinical indicators
examined. There were no discernible relationships found
between the levels of PPD, CAL, and IL-21 (Tab. 7).

Discussion

Periodontitis is the sixth most common disease in humans,
affecting 740 million people worldwide. Periodontitis is a
bacterially induced chronic tissue destructive inflammation
of the teeth. This periodontal microbiota causes the release
of proinflammatory mediators both locally and systemically.
As the paradigm of chronic infection in dental pathology,
periodontal disease shares several pathogenic pathways with
cardiovascular diseases as a result of the low-grade state of
systemic inflammation posed by periodontitis (20).

Early diagnosis is essential since disease progression is
unpredictable and irreversible. The diagnostic and prognostic
efficacy of traditional clinical diagnostic parameters, such as
bleeding on probing, PPD, and CAL, is limited (21). Therefore,
developments in the diagnosis of periodontal disease are
moving in the direction of techniques that allow periodontal

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

TABLE 5 - Correlations between serum and GCF IL-21 concentra-
tion with age in the groups A, B, and C using Spearman correlation
coefficient

SerumIL-21 GCFIL-21

Group A Age Spearmancorrelation -0.287 -0.058
coefficient
p-value 0.2990 0.837
Group B Age Spearmancorrelation -0.151 -0.333
coefficient
p-value 0.590 -0.226
Group C Age Spearmancorrelation -0.391 -0.292
coefficient
p-value 0.149 0.290

GCF = gingival crevicular fluid; IL = interleukin; NS = no statistical significance;
S = statistical significance (p<0.05).

TABLE 6 - Correlation between serum and GCF IL-21 concentra-
tion with clinical indices of group B using Spearman correlation
coefficient

PI MGI BI
Serum Il-21 Spearman correlation -0.259 -0.298 0.095
coefficient
p-value 0.35 0.28 0.73
GCF IL-21 Spearman correlation 0.10 0.25 -0.291
coefficient
p-value 0.97 0.36 0.29

Bl = bleeding index; GCF = gingival crevicular fluid; IL = interleukin; MGI =
Modified Gingival Index; NS = no statistical significance; Pl = plaque index; S =
statistical significance (p<0.05).

risk to be recognized and measured using objective metrics
like biomarkers. Diagnostic evidence of the infection/host
immune response axis can be obtained through site-specific
examination of GCF and subject-based data based on serum
assays (6).
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Comparison between IL-21 GCF and Serum in healthy and CGP pts.

TABLE 7 - Correlation between serum and GCF IL-21 concentration with clinical parameters of group C using Spearman correlation

coefficient
Mean PPD Mean CAL MGl Pl Bl
Serum IL-21  Spearman correlation coefficient 0.246 0.136 0.199 -0.169 -0.621
p-value 0.378 0.629 0.478 0.546 0.013
GCFIL-21 Spearman correlation coefficient 0.473 0.361 -0.474 -0.189 0.097
p-value 0.075 0.186 0.074 0.500 0.730

Bl = bleeding index; CAL = clinical attachment loss; GCF = gingival crevicular fluid; IL = interleukin; MGl = Modified Gingival Index; NS = no Statistical significance;

Pl = plaque index; PPD = probing pocket depth; S = statistical significance (p<0.05).

Although there is an array of evidence and research about
biomarkers for periodontal disease in the literature, appro-
priate molecular indicators of destruction of both soft and
hard tissues that can take the place of clinical gold standards
are still missing. However, scientists have been aggressively
looking for clear indicators of periodontitis (22).

IL-21 is a pleiotropic cytokine that influences immuno-
logical responses. IL-21 promotes the growth of Th17 cells,
which contribute significantly to periodontitis. In addition to
periodontitis, it has been linked to inflammatory disorders
such as rheumatoid arthritis and systemic lupus erythema-
tosus (23). The available information on the connection of
IL-21 with chronic periodontitis is limited. This study aims to
assess IL-21 levels in serum and GCF of chronic periodontitis
patients, correlate them with clinical indicators, and com-
pare them to levels in gingivitis patients and healthy people.
IL-21 increases the host’s immunological response and local
inflammation. This study suggests that IL-21 plays a signifi-
cant role in the etiology of periodontal disease (24).

In this investigation, group C had significantly higher
mean serum IL-21 concentrations (139.3 + 113.5 ng/mL)
than group A (44.866 * 8.9 ng/mL), but not group B (87.33
10.1 ng/mL). Lokhande et al (25) found that the periodontitis
group had considerably higher serum levels of IL-21 (497.78
+ 297.06) compared to the healthy group (65.34 + 42.66),
which is in accordance with current investigation, where
serum levels showed no statistically significant difference
between groups B and C.

The current study is the first of its type to measure GCF
levels of IL-21 in distinct degrees of periodontal inflamma-
tion, including gingivitis and periodontitis, when compared
to a healthy cohort. In this investigation, groups C and B
had considerably higher mean GCF concentrations of IL-21
(66.400 % 7.82 and 66.400 + 9.47 ng/mL, respectively) com-
pared to group A (21.93349.1 ng/mL). There was no signifi-
cant difference between groups B and C, demonstrating that
IL-21 is a generic inflammatory marker.

The current study suggests that IL-21 may play a role in
periodontitis by causing inflammation and tissue damage.
The current investigation found no significant correlation
between illness severity (defined by PPD and CAL) and IL-21
levels in GCF or serum in group C. Dutzan et al (23) found a
substantial positive association between GCF levels of IL-21
and PPD and CAL, which contradicts our findings. Lokhande
et al (25) found a strong association between PPD and serum

IL-21 levels, but no correlation between IL-21 levels in saliva
or serum with CAL.

Zhao et al (26) found that nonsurgical periodontal ther-
apy decreased Th17-related cytokines (IL-17, IL-21) in GCF of
chronic periodontitis patients. Reduced IL-21 levels suggest a
link between periodontal inflammation and disease activity.

Napimoga et al (27) conducted a study on the local levels
of IL-21 and IL-21 receptor in gingival tissues of chronic peri-
odontitis and periodontally healthy subjects, as well as their
relationship with salivary immunoglobulin A (IgA) levels. The
study found that chronic periodontitis patients had consid-
erably greater mean IgA levels and messenger ribonucleic
acid (mRNA) levels for IL-21 compared to those who were
periodontally healthy, which has consistent results with our
study. Elevated IgA levels in the study suggest that IL-21 plays
a considerable role in periodontal damage, sometimes even
more than periodontal bacteria themselves.

Vahabi et al (28) conducted a study that compared sali-
vary concentrations of IL-17 and IL-18 in patients with chronic
periodontitis and healthy individuals. They concluded that an
elevated salivary IL-18 level in chronic periodontitis patients
has the potential to be a biomarker for periodontal tissue
destruction, which was in accordance with our study where
we concluded that elevated levels of IL-21 were found in
chronic periodontitis individuals.

The current study’s lack of association could be attrib-
uted to the small sample size, disease progression, and site
specificity. Although clinical parameters indicate cumulative
damage, it is impossible to assess the current state of dis-
ease activity within tissues. It has been proposed that disease
activity is not continuous, but rather consists of active and
remission states. If a sample is collected from a remission site
that was previously active, the levels may not correlate with
clinical criteria. More research is needed with bigger patient
samples with different levels of active and inactive areas.

GCF collection in periodontitis locations may not produce
comparable amounts due to variations in production and
flow rates based on the periodontium’s inflammatory condi-
tion. Our study found a strong positive connection between
serum levels of IL-21 and Bl in group C. Gingival bleeding is
an early and clear indicator of gingival irritation. Since IL-21
is an inflammatory biomarker, there may be a positive link
between these two traits.

The study found no significant association between age
and GCF or serum IL-21 levels across three groups. Age is a
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variable that requires a bigger sample size for evaluation, and
no attributes can be made at this time. Chronic periodontitis
is a polymicrobial disease with multiple causes. The host’s
susceptibility is determined by interactions between bac-
teria, the immune system, and the environment, with the
host factor playing a significant influence. Estimating host
response indicators may aid in monitoring disease progres-
sion in advanced gingivitis or early periodontitis patients,
as early tissue damage can be challenging to diagnose (29).
Estimating host response indicators may aid in assessing dis-
ease progression. More cross-sectional and interventional
studies with higher sample sizes are needed to determine the
efficacy of IL-21 as a biomarker in diagnosis and treatment.

Conclusion

To the best of our knowledge, the current study is the first
of its kind to quantify GCF and serum levels of IL-21 in various
stages of periodontal inflammation, including gingivitis and
periodontitis, when compared to a healthy cohort. Despite
the limitations of this study, IL-21 could be a viable biomarker
for detecting periodontitis. Further cross-sectional and inter-
ventional research with bigger sample sizes are needed to
compare the association of IL-21 levels in various types of
periodontal disease and consider it as a potential diagnostic
biomarker.
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Elsehmawy et al. wrote, “in children with idiopathic
nephrotic syndrome (INS), atherosclerotic changes may
accelerate progression to chronic kidney disease and are
mainly related to dyslipidemia” (1). The authors aimed with
their study to “assess the relation between carotid intima-
media thickness (CIMT) measurements, renal Doppler resis-
tive index (RI) and serum levels of interleukin-13 (IL-13)
and annexin-V (An-V) in children with INS...” (1). As surro-
gate marker for preclinical atherosclerosis the authors used
the carotid intima-media thickness (CIMT), measured by
ultrasonography (1). The study was based on 60 children
with INS and 60 healthy controls matched for age and gen-
der (1). The patients had significantly higher CIMT as com-
pared to controls (0.49 + 0.06 vs. 0.35 + 0.03, p<0.001) (1).
The authors concluded that “the present study suggests
an association between early atherosclerosis expressed as
elevated CIMT measurements in children with INS and ele-
vated serum levels of An-V and IL-13... In children with INS,
atherosclerotic changes may accelerate progression to chronic
kidney disease and are mainly related to dyslipidemia” (1).
Some comments to the CIMT findings/conclusions of this
study are needed. Elsehmawy et al. wrote, “Measurement
of CIMT was done using the ultrasound machine ...with high-
frequency linear probe (7.5 MHz) ...The arterial wall of the
common carotid artery was assessed bilaterally in a longitu-
dinal view.... Measurements were taken from the far wall of
each common carotid artery 1 cm proximal to bifurcation. The
measurements were made three times on each side and the
average of the measurements was taken. The mean of mea-
surements of the left and right common carotid arteries was
calculated” (1). The authors (1) measured CIMT only at one
predetermined carotid artery (CA) segment, the far wall of
the common carotid artery (CCA) for higher spatial resolution
(2). The major disadvantage of a one-site CIMT measurement
method is to miss potential atherosclerotic altered vessel
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segments, given that atherosclerosis is a systemic disease yet,
importantly, presents asymmetrically (3). A composite CIMT
measure including all CA sections, e.g. both walls (far/near) of
the CCA, bifurcation and internal CA, provides a more precise
estimate of the CIMT (4); the authors (1) missed to mention
and to discuss in the analysis of their results this important
methodological aspect and limitation in their CIMT evaluation.
Furthermore, Elsehmawy et al. (1) did not specify if the CIMT
measurement was synchronized with the cardiac cycle and
made, as recommended, at the end-diastole (2). CIMT values
are subject to obvious vessel diameter changes that occur dur-
ing the cardiac phases, with thinner values in systole (lumen
expansion) and greater values in diastole (lumen reduction)
(5). The differences between the patients and controls can be
due to measurements that occurred during different cardiac
phases and therefore cannot be compared. Sub-millimetric
differences in CIMT values will classify subjects into normal or
abnormal CIMT groups (2). A meticulous and detailed CIMT
measurement protocol is fundamental when CIMT is used as
surrogate marker (2,4). In conclusion, CIMT values less than
0.6 mm are considered as normal (2). The mean CIMT of the
group of patients (0.49 + 0.06 mm) (1) falls within the normal
CIMT range and is void of diagnostic and prognostic value. The
CIMT values of this study (1), given the methodological flaws,
should be considered with caution.
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e Use of multiple measurement sites: The use of a single
site for carotid intima-media thickness (CIMT) measure-
ment at the far wall of the common carotid artery (CCA)
was a methodological decision aimed at maintaining
consistency. Several studies have shown that the CIMT
values measured at different segments (CCA, carotid
bifurcation, and internal carotid artery) predict future
cardiovascular events to nearly the same extent (1), so
we have chosen the common site of measurements in
all studies. CIMT should measure at least 5 mm below
the end of CCA and in the far wall to eliminate interin-
dividual variability induced by physiological remodeling
and to reduce the dependence on instrument gain (2).
However, we agree that a composite measure includ-
ing multiple sites would provide a more comprehensive
assessment.

e Measurement of CIMT with cardiac cycle synchroniza-
tion: While it is acknowledged that synchronizing CIMT
measurements with the cardiac cycle enhances preci-
sion, it is important to consider the specific context of
pediatric patients. Children generally have higher heart
rates and more variable cardiac cycles compared to
adults, which can pose additional challenges in achiev-
ing precise synchronization. Therefore, several studies on
children measured CIMT and did not mention synchro-
nization with the cardiac cycle (3-5); however, we were
careful with all cases and control to start measurements
after 10 minutes of rest, repeating measurements three
times on each side and the average of the measurements
was taken. Despite these challenges, future research
should aim to incorporate cardiac cycle synchronization
to improve the accuracy of CIMT measurements in pedi-
atric populations.

e Variability in cardiac phases: The differences observed
in CIMT measurements during different phases of the
cardiac cycle (systole and diastole) are particularly
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relevant in children due to their higher heart rates and
rapid changes in vascular dynamics. The thinner walls
during systole and thicker walls during diastole can lead
to significant measurement variability. Addressing this
variability requires advanced imaging techniques and
equipment capable of real-time cardiac cycle synchro-
nization as semiautomated edge detection software
and CIMT should be measured at the same point on the
echocardiogram to overcome this variation (6), which
may not always be available in all clinical settings.

e Diagnostic and prognostic value: We appreciate the
critique regarding the diagnostic and prognostic value
of CIMT measurements. The CIMT values in our patient
group (0.49 + 0.06 mm) align with normal ranges, sug-
gesting limited prognostic utility in this context. The
study’s aim was primarily to explore associations rather
than definitive prognostic predictions.

In conclusion, while our study has methodological limi-
tations, it highlights important associations between CIMT
and nephrotic syndrome in children. We recognize the need
for advanced techniques to mitigate the impact of cardiac
cycle variability and enhance the precision of CIMT measure-
ments. We recommend that future research focus on these
methodological improvements to provide more accurate
assessments of cardiovascular risk in pediatric populations.
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ABSTRACT

Purpose: Circulating tumor cell (CTC)-based ERBB2 (HER2) assay is a laboratory test developed by Epic Sciences
using single-cell genomics to detect ERBB2 (HER2) amplification in CTCs found in the peripheral blood of meta-
static breast cancer (MBC) patients.

Patients and methods: Peripheral blood was collected in Streck tubes and centrifugation was used to remove
plasma and red blood cells. The remaining nucleated cells were deposited on glass slides, immunofluorescent-
stained with proprietary antibodies, scanned by a high-definition digital scanner, and analyzed by a proprietary
algorithm. In addition, single-cell genomics was performed on selected CTC. Analytical validation was performed
using white blood cells from healthy donors and breast cancer cell lines with known levels of ERBB2 amplification.
Clinical concordance was assessed on MBC patients whose blood was tested by the CTC ERBB2 (HER2) assay and
those results are compared to results of matched metastatic tissue biopsy (immunohistochemistry [IHC] 3+ or
IHC2+/in situ hybridization [ISH+]).

Results: Epic’s ERBB2 (HER2) assay detected 2-fold ERBB2 amplification with 85% sensitivity and 94% specificity.
In the clinical concordance study, among the 50% of the cases that had ERBB2 status results from CTCs found to
be chromosomally-unstable, the CTC ERBB2 (HER2) assay showed sensitivity of 69% and specificity of 78% when
compared to HER2 status by metastatic tissue biopsy.

Conclusions: The CTC ERBB2 (HER2) assay can consistently detect ERBB2 status in MBC cell lines and in the popu-
lation of patients with MBC with detectable chromosomally unstable CTCs for whom tissue biopsy is not available
or is infeasible.

Keywords: Analytical validation, Breast cancer, Circulating tumor cells, Epic CTC platform, HER2, Liquid biopsy

Introduction

ERBB2 genomic amplification is a cancer driver occurring in
approximately 20% of breast cancer patients (1). Several phar-
macological strategies are designed to be efficacious against
cancers with HER2 tumor-specific overexpression (1). Clinically
established routine tissue biopsies detect HER2 overexpressed
or ERBB2 “amplified” HER2 by detecting the number of copies
of ERBB2 by in situ hybridization (ISH) or by protein overex-
pression by immunohistochemistry (IHC) (2-4).
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During the initial diagnosis of metastatic cancer, the stan-
dard of care is to verify concordance of current HER2 status
with the primary tumor by performing a tissue biopsy on the
first or most available metastatic site. Previous studies of
metastatic breast cancer (MBC) patients have demonstrated
a degree of tumor tissue heterogeneity (5-12) and discor-
dance in the HER2 status between metastatic sites and the
primary tumor (13-15). Lack of knowledge about potential
change in HER2 status may increase the chance that the ther-
apy for patients thought to continue to have HER2-positive
MBC will be ineffective at the expense of toxicity. At the same
time, patients with a change to HER2-positive status may
miss out on an effective treatment. The occurrence of recep-
tor conversion makes longitudinal monitoring important, yet
it is challenging to implement due to the invasive nature of
tissue biopsies. While assessment of HER2 status through tis-
sue biopsy IHC or ISH is the standard of care, a significant
population of MBC patients do not receive an assessment of
HER2 status and even fewer receive serial longitudinal tissue
biopsies (16-18). As a result, tumor evolution and biomarker
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receptor conversion, which can contribute to treatment
resistance, are often missed. Studies are ongoing to assess
whether HER2 receptor conversion impacts treatment effi-
cacy and survival.

When tissue biopsy is contraindicated, refused, or other-
wise not available, liquid biopsy can be an alternative. Typical
liquid biopsy assays are limited to analysis of only the cell-
free deoxyribonucleic acid (cfDNA) component of blood. In
contrast, Epic Sciences’ liquid biopsy assay identifies candi-
date circulating tumor cells (CTCs), confirms they are genom-
ically unstable, and assesses ERBB2 amplification within
those selected cells. CTCs are very rare (on the order of one
in two million cells), making both their detection and analy-
sis challenging. Historically, the detection of CTCs relied on
enrichment techniques based on preconceived knowledge
about their biological phenotype, which may not account for
evolving and emerging CTCs. Enrichment limits the ability to
perform standardized clinical pathology for CTC biomarker
assessment (morphology, protein, and molecular identifica-
tion) on individual isolated cells (19-23). To overcome these
limitations, Epic Sciences developed a cell-based assay to
analyze the entire population of blood cells from a tube of
blood providing a broad and unbiased identification of CTCs.
Epic’s assay then performs a thorough and high-definition
phenotypic assessment, which includes evaluation by a clini-
cal pathologist of cell morphology and immunofluorescence
(IF) protein expression. A subset of CTCs is also selected to
obtain genomic data matching cell morphology and IF data.

Using the cell-based assay (24), Epic Sciences previously
developed an assay for detecting AR-V7-positive CTCs in
patients with metastatic castration-resistant prostate cancer
and informing the selection of treatment associated with
superior survival on taxane therapy over androgen recep-
tor signaling inhibitor-directed therapy (25-33). Epic’s AR-V7
test was approved by MolDX (Molecular Diagnostic Services

ERBB2 (HER2) amplification detection in circulating tumor cells

Program) for Medicare reimbursement. Epic’'s CTC ERBB2
assay expands Epic’s core technology to detect ERBB2 ampli-
fication in CTCs from patients with MBC in a multistep work-
flow. This report describes both the analytical validation and
clinical concordance studies that Epic Sciences completed to
assess the performance of the CTC ERBB2 Assay.

Methods
CTC ERBB2 assay workflow

Epic’s CTC ERBB2 assay workflow is shown in Figure 1 (fur-
ther described in the Supplementary methods section). The
assay uses a non-enrichment approach where all nucleated
blood cells from a patient are placed on microscope slides
(24). The slides are stained by IF and scanned by a high-
definition imaging system. The image data are analyzed by an
algorithm to detect CTC candidates from among the approxi-
mately three million white blood cells (WBCs) on each slide
(Fig. 1). To minimize the manual cell classification effort, Epic
developed an image analysis algorithm, BRIA (Breast Cancer
Imaging Algorithm), to improve standardization and scalabil-
ity of the assay. BRIA excludes the majority of the non-CTCs
and identifies CTC candidates. The identified CTC candidates
and their coordinates are tracked through the entire work-
flow from IF cell analysis to genomics. Using an in-house-
developed Clinical Viewer for classification, interpretation,
and reporting, CTC candidates are manually classified and
confirmed by trained, California-licensed clinical laboratory
scientists (Figs. 1 and 2).

Following CTC classification, the laboratory director
(@ medical doctor and board-certified clinical patholo-
gist) reviews the CTC candidates and, by prioritizing CTCs
with high HER2 IF staining intensities, selects CTCs for fur-
ther genomic characterization via single-cell isolation and
low-pass whole-genome sequencing (24,34) for detection
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FIGURE 1 - Workflow of Epic Sciences’ CTC ERBB2 assay. The assay is performed entirely at Epic Sciences’ CAP/CLIA laboratory. After deposi-
tion of blood cells onto glass slides, CTC candidates are identified through an immunofluorescence-based (IF) assay, then the laboratory di-
rector (a board-certified clinical pathologist) selects cells for genomic characterization via single-cell isolation and low-pass whole-genome
sequencing by prioritizing those with higher MFI readings in the HER2 channel. Step numbers correspond to the workflow as described in
Supplementary methods. CTC = circulating tumor cell; MFI = median cellular fluorescence intensity.
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Composite

CD31/ CD45

FIGURE 2 - Example HER2 protein expression visualized by immunofluorescence. Immunofluorescence staining of a CTC and surrounding
cells as tested on Epic’s CTC detection assay. The composite image is the overlay of four distinct fluorescent channels demonstrating the
identification of nuclear DNA (DAPI, blue), pan-cytokeratins (CK, red), endothelial (CD31) and white blood cell (CD45) markers (green), and
HER2 protein (white). The CTC shown expresses marked levels of CK and HER2, yet lacks the presence of CD31/CD45 protein markers. Image

shown is 40x magpnification. CTC = circulating tumor cell; DAPI = 4',6-diamidino-2-phenylindole; DNA = deoxyribonucleic acid.

of ERBB2 amplification and chromosomal instability. DNA
extraction from the CTCs is done via cell lysis, Proteinase K,
and Tris buffer. Sequencing library preparation comes after
whole-genome amplification (WGA). Both WGA and library
preparation are done with the Sigma-Aldrich SEQPLEX-1 WGA
kit. Patient-level ERBB2 status is determined based on assess-
ment of ERBB2 amplification levels across the chromosom-
ally unstable CTCs using a clinical decision tree scoring system
(Fig. 3). The board-certified pathologist(s) at Epic use Epic’s
Clinical Viewer to review QC data, interpret the results, and
generate the clinical report.

ctcDNA ERBB2 (HER2) Assay decision tree

Interpretation of ERBB2 amp

CTC immunofluorescence

The CTC HER2 test utilizes a 4-channel IF assay workflow as
outlined in Figure 1. Centrifugation facilitates plasma separa-
tion from red blood cells (RBCs). Following removal of plasma,
RBCs are lysed, and the remaining nucleated cells are depos-
ited on glass slides and adhered to microscope slides at a
density of approximately 3 x 10° cells per slide and stored at
—-80°C prior to testing. To begin, the IF assay slides are thawed,
proteins fixed with paraformaldehyde, cell membranes per-
meabilized via methanol treatment, washed and placed in

FIGURE 3 - Clinical scoring de-
cision tree for Epic’s CTC ERBB2
(HER2) assay. CTCs that fail ge-
nomics QC metrics are excluded
from the analysis. If the resulting
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automated slide staining instrument. Each slide is subjected to
nuclear staining with 4’,6-diamidino-2-phenylindole (DAPI), as
well as staining with fluorescently labeled antibodies specific
to CD45 (WBC marker), CD31 (endothelial cell marker), cyto-
keratins (CKs; CTC marker), and HER2 through a sequential
immunoassay workflow. CD31 (marking endothelial cells) and
CD45 (marking WBCs) are exclusionary labels that allow us to
filter out the endothelial cells and WBCs. DAPI channel is used
for nuclear staining. The anti-pan CK antibody detects multi-CK
types within the 555 nm channel as a marker for tumor cells.
The Tyramide Signal Amplification (TSA) reagent system is used
to generate the signal detected at 488 nm for the HER2 bio-
marker. Following fluorescent slide scanning image analysis is
performed through BRIA.

Breast cancer imaging algorithm

BRIA consists of four main components: cell detection,
segmentation, feature extraction, and CTC candidate identi-
fication. BRIA’s cell detection and segmentation components
were leveraged from its predecessor (24) used for AR-V7, with
the addition of 42 newly developed image intensity features.
BRIA’s input is a high-resolution image from the ZEISS™ Axio
automated scanning platform. BRIA first detects cells with DAPI
signal. A multiscale feature enhancement algorithm is used to
detect edges and blobs that are defined using the DAPI signal to
enable detection of cell centers. The detected cells are further
computationally characterized to extract relevant features from
the biomarker intensity data in each of the channels (DAPI, CKs,
CDA45, and CD31). Specifically, there are 9 cell morphology, 42
biomarker signal intensity, and 24 image texture features. The
feature values are used as input to the machine-learning gener-
ated algorithm that identifies CTC candidates for manual review.

Copy number variation pipeline for ERBB2 and large-scale
state transition detection

A copy-number-analysis pipeline was developed for anal-
ysis of the CTC sequencing data. The pipeline was previously
described and is similar to typical whole-genome sequencing
workflows (35). Briefly, it aligns the Illumina sequencing reads
to the human reference genome (hg38) and tallies the read
coverage of 1-Mb bins across the genome. Using the alignment
data, it computes key bioinformatic QC metrics for identifying
samples with 1) insufficient sequencing data, 2) significant frac-
tions of low-quality alignments, or 3) excessive coverage noise.
Samples not passing bioinformatic QC are excluded from analy-
sis (counts shown in Supplementary Tab. 2). Consistent with
typical coverage scaling approaches, the bin coverage is scaled
relative to an autosomal baseline. This normalizes for the

TABLE 1 - Analytical validation summary data

ERBB2 (HER2) amplification detection in circulating tumor cells

average gene count in autosomes, and the resulting ERBB2/
autosomal-average ratio compensates for the presence of
multiple copies of chromosomes. In contrast, ISH-based ERBB2
assays typically use CEP17 as the reference point.

Analytical validation
Breast cancer imaging algorithm

To validate BRIA’s ability to identify CTC candidates, its
cell-level performance was evaluated on an analytical valida-
tion dataset that consisted of manually confirmed CTC candi-
dates, non-CTCs, and visual artifacts from patients’ samples.
The cell-level performance of the HER2 IF protein analysis
(Supplementary Fig. 1) was assessed using a high-marker-
expressing cell line (MDA-MB-453) and a low-marker-express-
ing cell line (MDA-MB-231). Also, several breast cancer cell
lines spiked into healthy donors’ blood were tested for their
HER2 median cellular fluorescence intensity (MFI) values on
Epic’s assay (Supplementary Fig. 2).

Copy number variation pipeline for ERBB2 and large-scale sta-
te transition detection

The accuracy for ERBB2 amplification detection was
assessed using MDA-MB-453 cells as positives and WBCs as
negatives; sensitivity and specificity were computed. The
precision for ERBB2 amplification detection was assessed
across two manufacturing lots of the sequencing-reagent
kits, two operators, and two sequencing runs. To assess how
the results were impacted by the additional variables, posi-
tive percent agreement (PPA) and negative percent agree-
ment (NPA) were computed by comparing the mode across
all replicates to each replicate result (Tab. 1).

Clinical concordance

Patients were included in the concordance study with distant
metastases and with HER2 status as determined in a matched
metastatic tissue biopsy using the standard, IHC, and/or ISH per-
formed at each cancer center site and were tested by Epic’s CTC
ER assay. The concordance of ERBB2 amplification was detected
by single-cell CTC genomics. Contemporaneous is defined as
patients with blood collection performed within about 30 days
before tissue biopsy. By computing typical concordance metrics
(PPA, NPA, positive predictive value [PPV], and negative predic-
tive value [NPV]), we inferred the probability that the assay will
provide a correct diagnosis of HER2 status as determined in a
matched metastatic tissue biopsy. The two-sided 95% confi-
dence interval for PPA and NPA was calculated using the Wilson
score method and the Bayesian Rule formula (36,37).

Biomarker LOD AV cutoff Accuracy Precision
(n=138) (n=162) (n=162)

Sensitivity Specificity PPA NPA

ERBB2 2-fold >1.77 0.85 0.94 0.85 0.94

amplification

amplification (ERBB2 Z-score)

The sensitivity and specificity of ERBB2 amplification detection were computed using WBCs and MDA-MB-453 cells as expected negatives and positives, respec-
tively. Based on the expected statuses, true positives and true negatives, and false positives and false negatives were counted for all samples that passed QC.
AV = analytical validation; LOD = limit of detection; NPA = negative percentage agreement; PPA = positive percentage agreement; WBC = white blood cell.
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Results
Analytical validation
BRIA and immunofluorescence

BRIA was built to reliably identify CTC candidates from
patient slides with minimal manual review. It is based on ear-
lier versions of Epic’s proprietary digital pathology used in its
CTC assays (AR-V7 and others) (24-33,35,38). BRIA classifies
cell candidates captured from slide images into two classes,
“CTC” and “non-CTC,” using a predictive model. In the analyt-
ical validation analysis, the evaluation of the BRIA predictive
model relies on “true positive,” which refers to a manually
confirmed CTC that BRIA classified as “CTC,” and “true nega-
tive” refers to a non-CTC that BRIA classified as “non-CTC.”
These labels are used in the calculation of BRIA’s cell-level
performance metrics. At the cell level, BRIA had 99% sensi-
tivity, 96% specificity, and 97% overall percentage agreement
(OPA) for the validation dataset (Supplementary Tab. 1). The
analytical performance at the cell level of the IF HER2 protein
analysis was evaluated between the high-marker-expressing
cell line (MDA-MB-453) and the low-marker-expressing cell
line (MDA-MB-231) (Supplementary Fig. 1), and revealed
a sensitivity, specificity, and accuracy of 94%, 97%, and
95%, respectively (Supplementary Fig. 1). To demonstrate
the assay’s ability to cover the dynamic range of intensity
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levels of HER2, Epic spiked cells from several breast cancer
cell lines into tubes of healthy donor blood and tested the
spiked blood on Epic’s CTC ERBB2 assay. The resulting single-
cell data showed that the overall HER2 intensity levels were
consistent with expectations for well-characterized cell lines
based on reported IHC values (39,40) (Supplementary Fig. 2).

Single-cell genomic assay

To validate the single-cell genomic pipeline’s ability to
identify ERBB2 copy number amplification and chromosomal
instability, we analyzed WBCs from healthy donors and well-
characterized breast cancer cell lines (SK-BR-3, MDA-MB-453,
and MCF-7) with known chromosomal instability and known
ERBB2 amplification status as negative and positive con-
trols, respectively. The experiments, cell types, and the num-
ber of cells used for analytical validation are summarized in
Supplementary Tab. 2. To evaluate the limit of detection (LOD)
for the detection of chromosomal instability, a copy number
variation simulator was used to introduce different amounts
of large copy number changes (which would result in large-
scale state transitions [LSTs]) to the WBC base genomes
(Supplementary Fig. 3). Modified genomes with at least 10
breakpoints were consistently called as chromosomally unsta-
ble (sensitivity of 91%), which was considered the LOD for
chromosomal instability detection (Fig. 3). ERBB2 amplification

FIGURE 4 - Distributions of
ERBB2 Z-scores and numbers
of LSTs in WBCs and cells from
o characterized breast cancer
cell lines. WBCs are negative

oo
000 006 controls with expected chro-
00000 mosomal stability (right) and
PO ERBB2 non-amplified (left).
° o =8 Breast cancer cell lines MDA-
o oo oo MB-453 and SKBR3 are posi-
oo ° 8 ° oo tive controls with expected
0296 S oo chromosomal instability (right)
Q00O and ERBB2 amplification (left).
oo 08 Breast cancer cell line MCF7
oL sg has expected chromosomal
o ooo o instability (right) and no ERBB2
o oo amplification (left). The dotted
AN line on the left represents the
ERBB2 Z-score cutoff (1.77) that
o : ) X
was used in analytical valida-
tion for defining ERBB2 ampli-
fication positivity. The dotted
teteetteeretennaassseeeasss. lineon the right highlights the
LST cutoff (12). LST, large-scale
state transitions; WBC = white
blood cell.
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was not detected in WBCs and MCF-7 cells but was detected in
MDA-MB-453 and SK-BR-3 cells (Tab. 1 and Fig. 3). Given that
MDA-MB-453 cells had an expected 2-fold ERBB2 amplifica-
tion, that 2-fold level was considered the LOD for detection of
ERBB2 amplification. The sensitivity and specificity for detect-
ing the 2-fold ERBB2 amplification were 85% and 94%, respec-
tively (Tab. 1). Precision was assessed across two sequencing
runs, two lots, and two operators and the overall PPA and NPA
were 85% and 94%, respectively (Tab. 1).

Clinical concordance

Patients with tissue biopsy results who were diagnosed
with MBC with distant metastases were tested by Epic’s CTC
ERBB2 (HER2) assay (n = 128; Supplementary Fig. 4). Fifty
percent (64/128) of patients tested in the clinical concor-
dance cohort were found to be reported as either ERBB2 pos-
itive or ERBB2 negative by CTC ERBB2 (HER2) assay, based on
the scoring system described in Figure 4 and were included
in the Clinical Concordance set (n = 64) analysis, 50% were
considered inconclusive due to lack of chromosomal instabil-
ity or by quality control parameters and were excluded from
analysis (Supplementary Fig. 4). The Clinical Concordance set
reported here (n = 64) and the clinical and histopathologi-
cal features at diagnosis of the Clinical Concordance set are
shown in Table 2. In Supplementary Figure 5, we show the
distributions of the maximum ERBBZ2 Z-score among LST+CTC
per patient with ERBB2 amp status (mean: Z-score 7.5) and
ERBB2 non-amp (mean: Z-score 0.65) status. To test the cor-
relation between the ERBB2 CTC assay results and stage of
metastatic disease Supplementary Figure 6 shows the dis-
tributions of the maximum ERBBZ2 Z-score among LST+CTC
per patient across those who received first-line (1L) (mean:
Z score 2.7) or second-line and higher (>1L+) therapy (mean:
Z-score 3.7) for metastatic disease after the blood was drawn
for CTC analysis and found no significant differences. Similarly,
as shown in Supplementary Figure 7, we found no significant
difference between the distribution of the number of LST+CTC
in patients who received first-line (1L) (mean: 5.0 LST+ CTC)
or second-line and higher (>1L+) therapy (mean: 4.8 LST+
CTC) for metastatic disease after the blood was drawn for
CTC analysis. Epic’s CTC ERBB2 (HER2) assay scoring system
was applied to the Clinical Concordance set; the concordance
analysis showed a sensitivity of 69% and specificity of 78%
to the comparator results of the tissue biopsies (Tab. 3).
Based on the rationale that HER2 status determination on
bone biopsy samples has reported decreased sensitivity
of ISH analysis of ERBB2 gene amplification (17,41), a sub-
group analysis of only patients with non-bone tissue biopsies
was performed (Supplementary Fig. 4) and, as expected, it
showed that concordance was improved, with sensitivity of
86% and specificity of 75% (Tab. 3). Based on the rationale
that HER2 status can change during the course of treatment
and progression, a second subgroup analysis was performed
to include only patients with contemporaneous tissue biop-
sies (Supplementary Fig. 4). When including only patients
with HER2 status assessed by tissue biopsies that were both
contemporaneous (to the comparator blood draw) and were
performed on non-bone tissue (Supplementary Fig. 4), the
concordance to tissue biopsy improved to a sensitivity of

ERBB2 (HER2) amplification detection in circulating tumor cells

TABLE 2 - Clinical and histopathological features of the clinical
patients set

Clinical and histopathological
features

% of patients with MBC
(number/total)

Line of treatment
1. First line 83% (53/64)
14% (9/64)

3% (2/64)

2. Second line or above

3. Unknown

Tissue biopsies

89% (57/64)
11% (7/64)
97% (62/64)
37% (24/64)

1. Contemporaneous

2. Non-contemporaneous
3. IHC performed

4. ISH performed
5

. Tissue site

a) Bone 39% (25/64)
b) Non-bone 61% (39/64)
c) Liver 28% (18/64)
d) Breast 16% (10/64)
e) Lymph node 11% (7/64)
f) Lung 2% (1/64)
g) Omentum 2% (1/64)
h) Pleural fluid 2% (1/64)
i) Stomach 2% (1/64)

6. Non-bone
7. HER2+
a) HER2+ by IHC
b) HER2+ by ISH
8. ER+

61% (39/64)
20% (13/64)
11% (7/62)
25% (6/24)
78% (50/64)

ER = estrogen receptor; IHC = immunohistochemistry; ISH = in situ hybridiza-
tion; MBC = metastatic breast cancer.

100% and a specificity of 75% (Tab. 3). These results provide
evidence of the contribution of time as a source of discor-
dance between the results of Epic’s CTC ERBB2 (HER2) assay
and the tissue biopsy comparators.

Discussion

This report shows the analytical and clinical performance
of Epic’s CTC ERBB2 (HER2) cell-based liquid biopsy assay’s
ability to detect ERBB2 amplifications in MBC patients. The
assay is a test intended for a population with very limited
options available to get individualized sequential information
about the treatment that is most likely to be efficacious.

A substantial improvement in the CTC ERBB2 (HER2)
assay’s characterization of CTCs over conventional liquid
biopsy assays is that, as a criteria of CTC classification and
enumeration, it takes advantage of a characteristic genomic
feature of tumor cells, which is the presence of chromo-
somal instability, a biological mechanism of tumor evolution
and adaptation to environmental pressures that enables

A‘ © 2024 The Authors. Journal of Circulating Biomarkers - ISSN 1849-4544 - www.aboutscience.eu/jcb




Di Caro et al

TABLE 3 - Clinical concordance summary data

J Circ Biomark 2024; 13: 33

Sample N PPA NPA PPV NPV  Comments

Clinical Concordance set 64 0.69 0.78 0.45 0.91  Overall population

Subgroup analysis limited to patients 39 0.86 0.75 0.46 0.96  Removal of patients with bone biopsies improves
with non-bone biopsies sensitivity

Subgroup analysis limited to patients 35 1.00 0.75 0.50 1.00  Removal of patients with non-contemporaneous

with only contemporaneous non-bone
biopsies

tissue biopsy and bone biopsies further improves
sensitivity in the Clinical Concordance set

Concordance of Clinical Concordance set patients (and subgroups of patients with non-bone and contemporaneous tissue samples) with results from tissue
biopsy. When including only patients with HER2 status assessed by tissue biopsies that were both contemporaneous and from non-bone tissue, the concordance

to tissue biopsies improved to a sensitivity of 100% and a specificity of 75%.

NPA = negative percent agreement; NPV = negative predictive value; PPA = positive percent agreement; PPV = positive predictive value.

tumor progression and metastatic capabilities (42-44). Peer-
reviewed data showed that genomic sequencing applied to
CTCs from Epic Sciences’ assay allowed identification of high
chromosomalinstability within CTCs (35,42,45) that was inde-
pendently associated with worse survival in men with high-
risk metastatic castration-resistant prostate cancer treated
with abiraterone/enzalutamide that may benefit alternative
treatments (42). In this report, concordance of ERBB2 status
was analyzed only in the subgroup of patients with CTCs with
high LSTs by the CTC ERBB2 (HER2) assay, which indicates the
detection of chromosomal instability. Only 50% of patients
were found to have CTCs with high numbers of chromosomal
instability. Clinical studies will be performed to test whether
patients with detection of chromosomally unstable CTCs
reported here will associate with patient’s outcome.

Typically, reliable tumor identification in histopathologi-
cal tissue biopsy analysis of HER2 status does not require
genomic assessment but instead requires a pathologist to
visually examine patterns of cell shapes and regions of tissue
structure to identify cancer cells by morphological assess-
ment and to perform proper semiquantitative scoring of
HER2 expression on those cancer cells. However, liquid biopsy
assays are limited to the analysis of those few rare CTCs (or
ctDNA) in the sample that are in suspension, without their tis-
sue contexture, and sometimes may be morphologically indis-
tinguishable from circulating nontumor cells by the trained
pathologist (or from DNA shed from endogenous germ-line
cells, called cell-free DNA [cfDNA]). To avoid this problem,
detection of chromosomal instability in CTCs, a common
feature of metastatic cancer cells (42,43), increases the prob-
ability that the CTCs on which ERBB2 is evaluated represent
truly neoplastic components of the tumor, thus making the
ERBB2 CTC assay diagnostic assessments tumor specific.
Therefore, as compared to analysis based on cfDNA, Epic’s
assay can detect ERBB2 amplifications with high sensitivity
because it is evaluating a pool of DNA that comes entirely
from a tumor cell with chromosomal instability, as detected
by high numbers of LSTs. Development efforts are ongoing
to test whether artificial intelligence algorithms trained on
thousands of chromosomally unstable CTCs will be capable
of differentiating subsets of cancer cells by using only mor-
phological patterns.

Potential confounding factors impacting our concor-
dance analysis are the following: First, there are no available

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

orthogonal assays to demonstrate concordance in the same
blood sample. As an alternative, we measured concordance
comparing the blood assay results to metastatic tumor tis-
sue biopsies rather than comparing the same blood sample
analyzed with different CTC-based assays. Second, bone tis-
sues often represent the location of first distant metastasis in
patients (46) but bone biopsies utilizing older decalcification
techniques could be falsely negative for HER2 overexpression
or ERBB2 amplification (17,41). In fact, bone biopsies from
bone-only metastatic patients are often excluded from clini-
cal trials of HER2 expression as exemplified by the recently
published DAISY trial (47). Additional factors contribute to
assay variability, such as lack of central laboratory verifica-
tion for pathological tissue biopsy results. These may reflect
variations in pathologists’ assessment of HER2 status in tis-
sue biopsies that do not control and are not accounted for
within reported analytical variation. Validation studies using
a contemporaneous dataset of tissue biopsy samples ana-
lyzed in central pathology labs will be needed to confirm
these correlative findings in a larger dataset. Clinical utility
studies have been designed to test whether the CTC ERBB2
assay will inform improved treatment decision-making to
HER2-targeted therapies over the current standard of care
for MBC patients.
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ABSTRACT

Introduction: Prostate cancer (PCa) management presents a multifaceted clinical challenge, intricately linking
oncological considerations with cardiovascular health. Despite the recognized importance of lipid metabolism
and hypertension in this interwoven relationship, their involvement in PCa development remains partially under-
stood. This study aimed to explore variations in plasma metabolome among Sudanese PCa patients and their

associated comorbidities.

Methods: Plasma samples were collected from 50 patients across four hospitals in Sudan and profiled by nuclear
magnetic resonance (NMR) spectroscopy. One-dimensional proton NMR spectra were acquired for each sample
using standard nuclear Overhauser effect spectroscopy pulse sequence presat on a 500 MHz Bruker Avance Il HD
NMR spectrometer. Metabolite concentrations were quantified using R scripts developed in-house. Univariate
and multivariate analyses were generated in the R software.

Results: Patients were categorized into four distinct metabotypes based on their metabolic profiles, and statisti-
cal analyses were conducted to evaluate the significance of observed differences. Our findings revealed high
levels of fatty acids, phospholipids, cholesterol, valine, leucine, and isoleucine associated with non-hypertensive
patients. In contrast, hypertensive patients were associated with high GlycA and GlycB levels and altered amino

acid metabolism.

Conclusion: These findings underscore the intricate interplay between metabolic dysregulation and hyperten-
sion in PCa patients. Further research is warranted to elucidate the precise molecular pathways underlying lipid
metabolism in PCa and to explore the therapeutic potential of targeting these pathways. In conclusion, our study
contributes to a deeper understanding of the metabolic landscape of PCa in Sudanese patients, emphasizing the
importance of personalized approaches in cancer management.

Keywords: Africa, Metabolomics, NMR, Prostate cancer, Sudan

Introduction

Prostate cancer (PCa) poses a significant global health
challenge, characterized by its increasing incidence and
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substantial impact on patient morbidity and mortality (1).
With advancements in anticancer therapies leading to
improved survival rates, the emergence of cardiovascular tox-
icities and hypertension (HTN) presents clinicians with intri-
cate management dilemmas (2). Understanding the complex
biochemical alterations associated with PCais vital for advanc-
ing diagnostic and therapeutic strategies (3). Metabolomics
offers a comprehensive snapshot of the metabolome, the
complete set of small molecule metabolites within a biologi-
cal system, providing insights into dynamic changes occur-
ring in cellular metabolism (4,5). It has emerged as a pivotal
tool in elucidating the intricate metabolic changes underly-
ing PCa development and progression (6—9). Particularly, the
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investigation of altered metabolic pathways involving lipids,
fatty acids, and free amino acids holds immense importance
in understanding the molecular mechanisms driving PCa
pathogenesis (10,11).

Among the plethora of molecular factors implicated
in PCa pathogenesis, lipids have emerged as pivotal play-
ers, governing diverse cellular processes crucial for tumor
progression (12). Emerging evidence suggests a complex
interplay between lipid metabolism, HTN, and androgen
deprivation therapies (ADTs) in PCa patients, adding further
layers of complexity to patient care (13,14). Dysregulated
lipid metabolism not only fuels the energy demands of pro-
liferating cancer cells but also contributes to the structural
integrity of cellular membranes and facilitates signaling path-
ways crucial for PCa progression (15). Fatty acids, the build-
ing blocks of complex lipids, are intricately involved in various
cellular processes, including energy production, membrane
synthesis, and signaling modulation (16). Perturbations in
fatty acid metabolism have been implicated in PCa patho-
physiology, influencing tumor aggressiveness, therapeutic
resistance, and disease prognosis (17). Metabolomic stud-
ies have unveiled alterations in fatty acid composition and
metabolism associated with PCa, highlighting their potential
as biomarkers for disease diagnosis and therapeutic targets
for intervention (10,18). Moreover, free amino acids play
pivotal roles in cellular metabolism, serving as precursors
for protein synthesis, energy production, and signaling mol-
ecules (19). Alteration in amino acid metabolism has been
implicated in PCa progression, influencing cell proliferation,
invasion, and metastasis (20,21). Metabolomic profiling has
uncovered variations in amino acid levels and metabolism
in PCa, offering insights into the relation between metabolic
rewiring and oncogenic signaling pathways (8,11).

Most metabolomic PCa studies are conducted predomi-
nantly in European and Asian populations. The generaliza-
tion of findings to other ethnic groups may be limited due
to inherent genetic, environmental, and lifestyle differences
(22). Therefore, investigating altered metabolic pathways in
diverse populations, including those from African regions like
Sudan, is crucial for elucidating population-specific variations
in PCa biology. Sudan presents a unique demographic land-
scape characterized by its distinct genetic ancestry, dietary
habits, and environmental exposures (23). The region is
characterized by a rich diversity highlighted by the exten-
sive presence of major continental African language families,
including Niger-Congo (NC), Nilo-Saharan (NS), and Afro-
Asiatic (AA) (24). Our study aims to reveal underlying meta-
bolic phenotypes across Sudanese PCa patients to better
understand the triggering mechanisms and corresponding
tumor heterogeneity.

Material and methods

Study patients and sample collection

The study encompasses a cohort of Sudanese patients diag-
nosed with PCa. They were primarily treated at the Urology
Department of four facilities: Omdrman Teaching Hospital
(OTH), Kuwaiti Specialized Hospital (KSH), Soba University
Hospital (SUH), and Military Crop (MC). Ethical approval was

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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provided by the National Health Research Ethics Committee
of the Sudanese Federal Ministry of Health. The prevalence of
comorbidities such as HTN and type 2 diabetes mellitus (T2DM)
was documented. Further insights into PCa characteristics
including prostate-specific antigen (PSA) levels, biopsy types,
perineural invasion (PNI), and disease grading were recorded
from Grade 1 to Grade 5. Written consent was obtained from
all the participants for tissue and blood examinations. All clini-
cal data were collected regarding their age and clinical history.
Five milliliters of blood was collected in Vacuette® ethylene-
diaminetetraacetic acid (EDTA) tube by medical staff. Blood
plasma was separated by centrifugation (1000 g for 10 min at
4°C) and stored at —80°C. Serum PSA level was estimated.

Nuclear magnetic resonance sample preparation and analysis

Plasma samples were thawed at room temperature. An
aliquot of 350 puL of a phosphate sodium buffer (70 mM
Na,HPO,; 20% (v/v) *H,0; 6.1 mM NaN_; 4.6 mM sodium
3-trimethylsilyl [2,2,3,3-*H,]-propionate; pH 7.4) was added
to 350 pL of each sample. The mixture was homogenized by
vortexing for 30 s, before 600 pL of this mixture was trans-
ferred into a 5-mm nuclear magnetic resonance (NMR) tube
for analysis. One-dimensional (1D) proton (*H)-NMR spectra
were acquired on a 500 MHz Bruker Avance Il HD NMR spec-
trometer equipped with a triple-resonance inverse 'H probe
head and x, y, z gradient coils. A standard nuclear Overhauser
effect spectroscopy (NOESY) pulse sequence presat (noesygp-
prld) was used on plasma samples (25). Pooled samples
were used as a quality control sample and were included
in each batch for qualitative assessment of repeatability
by overlaying the raw spectra. The peaks of the identified
metabolites were fitted by combining a local baseline and
Voigt functions based on the multiplicity of the NMR signal
(26). To validate the efficacy of the different deconvolution
models, the root-mean-square deviation was determined.
The absolute concentration of each metabolite was calcu-
lated according to the previously reported equation (27).
The number of protons contributing to the unknown signals
was imputed to 1. The concentration of carbohydrates was
also estimated by considering the equilibrium between their
cyclic forms. GlycA and GlycB signals were quantified by inte-
grating the areas between 2.00 and 2.05 ppm and between
2.09 and 2.05 ppm, respectively, above a local baseline, aim-
ing to remove the signal of lipoproteins.

Statistical and data analysis

Statistical analysis and graphical illustrations of the data
were generated in the R (version 4.3.2) and R studio (version
1.1.456) software using scripts developed in-house. Wilcoxon
rank sum test and Kruskal-Wallis rank sum test were used to
compare differences in numerical covariates (e.g., age and
metabolite concentration). Fisher’s exact test was used to
assess differences between categorical variables (e.g., eth-
nicity). Spearman’s test was used to calculate the correlation
coefficient (rho) between variables. Unsupervised analysis was
performed on the metabolic profiles using the KODAMA algo-
rithm (28,29). Hierarchical clustering (Ward linkage) (30) was
used on the KODAMA’s output to identify clusters with similar
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metabolic patterns. Silhouette median value was used to eval-
uate the optimal number of clusters with the number of pos-
sible clusters varying from 2 to 10 (31). The p values less than
0.05 were considered to be significant. To account for multiple
tests, a false discovery rate (FDR) of <10% was applied. Linear
scaling was used for normalization. Logistic regression models
were used to calculate odds ratio (OR) estimates with 95% con-
fidence intervals (Cls) of association between HTN and mea-
sured NMR metabolites using ggforestplot R package (32).

Results
Patients’ demographic and clinicopathological characteristics

The participants recruited for this study are representative
of the three predominant ethnic groups prevailing in Sudan.
The ethnic distribution among the 50 patients included in the
study reveals a predominant representation of AA, constituting
48% (n = 24) of the cohort, followed by 34% (n = 17) identified
as NC, and 18% (n = 9) as NS. Regarding hospital distribution,

Metabolomics in Sudanese prostate cancer patients

KSH accounted for 58% (n = 29) of the total recruited patients,
followed by MC at 16% (n = 8), OTH at 14% (n = 7), and SUH at
12% (n = 6). The patients from these three ethnic groups exhib-
ited comparable age distributions and prevalence of disease
comorbidities such as HTN and T2DM. No significant differ-
ences were observed in PSA levels across ethnic groups. Most
of the recruited patients were diagnosed utilizing tissues from
transurethral resection of the prostate (TURP), accounting for
68% (n = 34), followed by needle biopsy at 26% (n = 13), pros-
tatectomy at 4% (n = 2), and transurethral laser vaporization
of the prostate (TVP) at 2% (n = 1). PNI was observed in 11 tis-
sue samples. Regarding disease grading, 34% of patients were
classified as grade 5 PCa (n = 17), 34% as grade 4 (n =17), 10%
as grade 3 (n =5), 12% as grade 2 (n = 6), and 10% as grade 1
(n = 5). There were no significant differences in clinicopatho-
logical parameters observed among patients belonging to the
three ethnic groups. A detailed summary of the clinical and
demographic characteristics of PCa within the analyzed cohort
is presented in Table I.

TABLE 1 - Demographic and clinical features of the study’s patients according to their ethnicity

Feature AA (n=24) NC (n =17) NS (n=9) p-Value
Hospital 0.083
KSH, n (%) 16 (66.7) 10 (58.8) 3(33.3)
MC, n (%) 2(8.3) 5(29.4) 1(11.1)
OTH, n (%) 2(8.3) 2(11.8) 3(33.3)
SUH, n (%) 4(16.7) 0(0.0) 2(22.2)
Age (years), median [IQR] 74.5 [65-77] 75 [62-78] 65 [63-71] 0.124
Hypertension 0.922
No, n (%) 9 (37.5) 5(29.4) 3(33.3)
Yes, n (%) 15 (62.5) 12 (70.6) 6 (66.7)
T2DM 0.321
No, n (%) 12 (50.0) 12 (70.6) 4 (44.4)
Yes, n (%) 12 (50.0) 5(29.4) 5 (55.6)
PSA (ng/mL), median [IQR] 42.35 [24.4-63] 54 [37.4-62.1] 50.5 [44.9-94.2] 0.238
Biopsy type 0.858
Needle biopsy, n (%) 8(33.3) 3(17.6) 2(22.2)
Prostatectomy, n (%) 1(4.2) 1(5.9) 0(0.0)
TVP, n (%) 1(4.2) 0(0.0) 0(0.0)
TURP, n (%) 14 (58.3) 13 (76.5) 7(77.8)
PNI 0.345
No, n (%) 20 (83.3) 11 (64.7) 8(88.9)
Yes, n (%) 4(16.7) 6(35.3) 1(11.1)
Grade 0.572
1, n (%) 3(12.5) 1(5.9) 1(11.1)
2,n (%) 5(20.8) 0(0.0) 1(11.1)
3,n (%) 1(4.2) 3(17.6) 1(11.1)
4,1 (%) 7(29.2) 7 (41.2) 3(33.3)
5, n (%) 8(33.3) 6(35.3) 3(33.3)

AA = Afro-Asiatic; IQR = interquartile range; KSH = Kuwaiti Specialized Hospital; MC = Military Crop; NC = Niger-Congo; NS = Nilo-Saharan; OTH = Omdurman

Teaching Hospital; PNI = perineural invasion; PSA = prostate-specific antigen; SUH = Soba University Hospital; T2DM = type 2 diabetes mellitus;

TURP = transurethral resection of prostate; TVP = transurethral laser vaporization of prostate.
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Metabolic profiling

NMR spectroscopy was used to profile the plasma
metabolome. The metabolic profiles from the three ethnic
backgrounds were analyzed (Tab. S1), revealing no signifi-
cant differences in the metabolic landscape across different
ethnicities. However, we reported strong correlations in cer-
tain metabolic groups, as shown in Figure 1A. Lipid metab-
olites encompassing cholesterol, glycerol phospholipid,
lipid = CH-CH_-CH =, lipid alpha-CH_, lipid beta-CH,, lipid CH,,
lipid CH,, and unsaturated lipid -CH = CH- exhibited distinc-
tive patterns. They showed a significant correlation with the
amino acids valine, leucine, and isoleucine. The glutamine
was negatively related to glutamate levels. Pyruvate exhib-
ited a negative correlation with glutamate and histidine while
displaying a positive correlation with citrate, glycine, and
lactate. As expected, the inflammatory NMR markers GlycA
and GlycB were negatively correlated with the concentration
level of histidine, as reported previously (33). Additionally,
GlycA and GlycB were also negatively correlated with the
lipid levels.

Metabolic phenotype analysis

The plasma metabolic profile of PCa patients is heteroge-
neous and shaped by different factors, including inflamma-
tion and lipid metabolism. To elucidate metabolic patterns
in PCa patients, we employed the unsupervised KODAMA
method to analyze quantified NMR metabolite concentra-
tions. By grouping patients with similar metabolic profiles
together, four distinct metabolic phenotypes (metabotypes)
were identified, as visualized in the heatmap of Figure 2B.
The demographic and clinical variations among four identi-
fied patient metabotypes are illustrated in Table Il. While
some differences exist, many parameters do not reach sta-
tistical significance among the metabotypes. Significantly
divergent HTN prevalence (p-value = 0.028) was observed
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among the predicted patient groups. Metabotypes A, B, and
D exhibited a higher proportion of hypertensive patients
(76.2%, 70%, and 80%, respectively) compared to metabo-
type B, which predominantly comprised non-hypertensive
patients (77.8%). The variations in metabolic signature across
four metabotypes with corresponding cancer grade and HTN
status are represented in Figure 2C.

Through a detailed metabolic comparison illustrated in
Table S2, it becomes evident that these metabotypes exhibit
distinct metabolic patterns, each characterized by unique
compositions of metabolites. Among the 38 NMR metabo-
lites measured, 23 metabolites exhibited significant differ-
ences between the predicted metabotypes, each forming a
distinct metabolic pattern that characterized the identified
metabotypes uniquely (Fig. 2A). The metabotype A is charac-
terized by elevated levels of formate, glutamine, and acetate.
In contrast, metabotype B displayed an elevated set of fatty
acids and lipid metabolites associated with high levels of
some amino acids. Conversely, the metabotype C exhibited
higher levels of ascorbate, glutamate, and histidine, while
metabotype D showed a distinct pattern of elevated levels
of inflammatory biomarkers GlycA and GlycB. These findings
indicate unique metabolic signatures associated with each
group. Since high circulating cholesterol increases the risk
of PCa aggressiveness (15), its level across the four metabo-
type groups is visualized relative to the HTN status of cor-
responding patients (Fig. 2B). Additionally, GlycB, serving as
an inflammatory biomarker and previously reported to be
correlated with a high lipidomic profile (33), also displayed
regarding the HTN status of patients from different metabo-
types (Fig. 2C).

Association of hypertension with patient characteristics

Our findings indicate that despite a higher proportion of
non-hypertensive patients falling under metabotype B, their
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lipid metabolite levels remain elevated compared to other
groups. To uncover potential metabolic patterns associated
with hypertension, a thorough examination of demographic,
clinical (Tab. S3), and metabolic (Tab. S4) data compar-
ing patients with and without HTN has been performed.
Our analysis unveiled significantly elevated levels of PSA in
hypertensive patients compared to the non-hypertensive
group (p-value = 0.037), remarking the association between
hypertension and prostate health. A discrepancy in the
T2DM prevalence was observed between hypertensive and
non-hypertensive groups (p-value = 0.021). Most hyperten-
sive patients (81.8%) were found to be non-diabetic while

Metabolomics in Sudanese prostate cancer patients

94.1% of non-hypertensive patients presented with T2DM.
Moreover, hypertensive patients exhibited significantly
higher concentrations of various lipid metabolites compared
to their non-hypertensive counterparts. These included
unsaturated lipid -CH = CH- (p-value = 0.021), lipid alpha-CH,
(p-value = 0.007), lipid CH, (p-value = 0.002), lipid beta-CH,
(p-value = 0.02), and glycerol phospholipid (p-value = 0.005),
as evidenced by our statistical analysis (Fig. 3, Tab. S4). These
findings underscore the intricate metabolic alterations asso-
ciated with hypertension and the need for further explora-
tions in understanding the pathophysiology of hypertension

and its complications in PCa patients.

TABLE 2 - Variation in demographic and clinical parameters among different metabotypes

Feature Metabotype A Metabotype B Metabotype C Metabotype D p-Value
(n=21) (n=9) (n=10) (n=10)
Hospital 0.073
KSH, n (%) 8(38.1) 7(77.8) 5 (50.0) 9(90.0)
MC, n (%) 4(19.0) 0(0.0) 3(30.0) 1(10.0)
OTH, n (%) 5(23.8) 2(22.2) 0(0.0) 0(0.0)
SUH, n (%) 4(19.0) 0(0.0) 2 (20.0) 0(0.0)
Ethnicity 0.342
AA, n (%) 13 (61.9) 4 (44.4) 2 (20.0) 5 (50.0)
NG, n (%) 4 (19.0) 4 (44.4) 5 (50.0) 4 (40.0)
NS, n (%) 4 (19.0) 1(11.1) 3(30.0) 1(10.0)
Age (year), median [IQR] 75 [65—80] 70 [63-72] 71.5 [68-75] 61 [57.5-74] 0.237
HTN 0.027
No, n (%) 5(23.8) 7(77.8) 3(30.0) 2 (20.0)
Yes, n (%) 16 (76.2) 2(22.2) 7 (70.0) 8(80.0)
T2DM 0.408
No, n (%) 14 (66.7) 3(33.3) 6 (60.0) 5 (50.0)
Yes, n (%) 7(33.3) 6 (66.7) 4 (40.0) 5 (50.0)
PSA (ng/mL), median [IQR] 42.7[31-61.7] 35.8[24.9-43.7] 49.0[44-57.5] 72.8[46.6-91.6] 0.231
Biopsy type 0.611
Needle biopsy, n (%) 4(19.0) 2(22.2) 4 (40.0) 3(30.0)
...Prostatectomy, n (%) 1(4.8) 0(0.0) 1(10.0) 0(0.0)
TVP, n (%) 0(0.0) 0(0.0) 0(0.0) 1(10.0)
TURP, n (%) 16 (76.2) 7(77.8) 5(50.0) 6 (60.0)
PNI 0.521
No, n (%) 17 (81.0) 8(88.9) 8 (80.0) 6 (60.0)
Yes, n (%) 4(19.0) 1(11.2) 2 (20.0) 4 (40.0)
Grade 0.056
1,n (%) 5(23.8) 0(0.0) 0(0.0) 0(0.0)
2,n (%) 5(23.8) 0(0.0) 1(10.0) 0(0.0)
3,n (%) 2(9.5) 1(11.1) 1(10.0) 1(10.0)
4,1 (%) 2(9.5) 6 (66.7) 5 (50.0) 4 (40.0)
5, n (%) 7(33.3) 2(22.2) 3(30.0) 5 (50.0)

AA = Afro-Asiatic; HTN = hypertension; IQR = interquartile range; KSH = Kuwaiti Specialized Hospital; MC = Military Crop; NC = Niger-Congo; NS = Nilo-Saharan;
OTH = Omdurman Teaching Hospital; PNI = perineural invasion; PSA = prostate-specific antigen; SUH = Soba University Hospital; T2DM = type2 diabetes
mellitus; TURP = transurethral resection of prostate; TVP = transurethral laser vaporization of prostate.
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Discussion

Despite the lack of specific metabolomic studies of PCa in
Sudanese patients, this research tries to investigate the meta-
bolic profile within the Sudanese context. Mostly, Sudanese
PCa patients frequently present with late-stage diagnoses
characterized by elevated PSA levels and Gleason scores (34).
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FIGURE 2 - Variations in si-
gnificant metabolites across
four predicted metabotypes.
A) Balloon plot representing
the different metabolite con-
centrations across the four
metabotypes. The KODAMA
plots illustrate the distribu-
tion of cholesterol (B) and
GlycB concentrations (C), with
concentrations represented
by varying point sizes across
four distinct metabotypes.
HTN = hypertension.

FIGURE 3 - Association between
hypertension (HTN) and me-
tabolite concentrations. Odds
ratio for HTN per 1-standard
deviation increment in meta-
bolite concentration with 95%
confidence interval (Cl). The
red circle represents significant
values.

The diverse ethnic composition of our study, with a predomi-

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

nant representation of ethnicities such as AA, NC, and NS, mir-
rors the demographic diversity typical of this African region
(25). Metabolic stratification of PCa patients using machine
learning techniques offers a promising approach to eluci-
date the disease’s heterogeneity and enhance personalized
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treatment strategies. By analyzing metabolomic profiles from
plasma samples, machine learning algorithms can catego-
rize patients into distinct metabolic subtypes based on their
unique metabolic signatures. Several studies have showcased
the feasibility and potential of this approach. For instance,
Cacciatore et al (2021) utilized KODAMA, a clustering algo-
rithm to stratify PCa patients into different metabotypes
using metabolomic profiling data (33). Their findings high-
lighted distinct inflammatory metabolic patterns associated
with PCa aggressiveness in South African patients.

In our study, we applied KODAMA to categorize Sudanese
PCa patients based on their NMR-measured metabolic data,
identifying four distinct metabolic groups. These groups dif-
fered in PCa grade distribution and exhibited significant
variability in hypertension prevalence. An increased level of
lipid metabolites, including fatty acids, cholesterol, and glyc-
erol phospholipids, was observed in patients within the sec-
ond metabotype (metabotype B). This metabolic signature
revealed a potential link between lipid metabolism and the
clinical characteristics of PCa patients grouped within this
group. Unlike other metabotypes, this group is dominated
by non-hypertensive patients, which implies another factor
that can interfere with the recorded raised lipid metabolites.
Previous research implicated dysregulated lipid metabolism in
cancer progression, including PCa (35—-37). Accumulation of
phospholipids and cholesterol in the circulation interacts with
androgens and the immune system and triggers PCa develop-
ment (38). The extended utilization of ADT is recognized for
inducing alterations in the lipid profile both during and fol-
lowing treatment (39,40). It may be potentially contributing
to the enhanced lipid biosynthesis in metabotype B group.
Furthermore, our analysis also revealed a positive correlation
between estimated lipid metabolites and certain amino acids,
particularly valine, leucine, and isoleucine, which are classi-
fied as branched-chain amino acids (BCAAs). These BCAAs
play pivotal roles in crucial cellular processes such as protein
synthesis, energy production, and cellular signaling (41). The
dysregulation of BCAA metabolism has been implicated in
the pathogenesis of various cancers, including PCa (42). The
genes encoding these amino acids have been reported to
be expressed at higher levels in PCa tumor tissue compared
to non-transformed tissue (43). Previous studies have illu-
minated the relation between lipid and amino acid metabo-
lism in various cancer types (44,45). Specifically, cancer cells,
including those of PCa, often exhibit heightened demands for
lipid synthesis and fatty acid oxidation to fuel their growth and
meet their energy requirements, while simultaneously orches-
trating the transport and metabolic pathways of amino acids
to sustain proliferation and ensure survival (46). Aside from
BCAAs, our results also highlighted variations in the concentra-
tions of other metabolites such as glutamine, glutamate, his-
tidine, and pyruvate across the detected metabotype groups.
The abnormal metabolism of amino acids in PCa cells often
manifests as a disruption in glutamic acid metabolism, which
is synthesized from glutamine to fulfill the demands of growth
and proliferation (47). Plasma samples from PCa patients have
been shown to exhibit elevated levels of valine, glutamine,
creatine, tyrosine, phenylalanine, histidine, and 3-methyl-
histidine (48). Increased levels of BCAAs, glutamate, and a
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reduction in the levels of glycine, dimethylglycine, fumarate,
and 4-imidazole-acetate have been identified as discriminative
factors between PCa patients and those with benign prostatic
hyperplasia (49). Lipid oxidation might be initiated by glycosyl-
ation of phospholipids leading to formation of advanced glyca-
tion end products. This pathway might increase the severity
of inflammatory diseases, and the initiation and progression
of malignant tumors (50). GlycA and GlycB are identifiable
as two distinct signals in NMR spectroscopy that indicate the
glycation status of the most abundant acute-phase inflamma-
tory proteins, reflecting the patient inflammatory status (51).
From our results, there was increased concentrations of GlycA
and GlycB in the fourth metabotype (metabotype D) associ-
ated with low levels of lipid metabolites. Consistent with our
results, a previous study reported a similar PCa metabotype,
characterized by a high level of GlycB and reduced concentra-
tion of lipids (33). The possible origin of this metabotype is still
under investigation.

Conclusion

This study sheds light on the metabolic landscape of PCa
in Sudanese patients, emphasizing the potential of metabo-
lomics in enhancing personalized treatment strategies. The
identified metabolic subtypes using machine learning tech-
niques provide valuable insights into disease heterogeneity,
guiding targeted interventions. The associations between
lipid metabolites and PCa characteristics underscore the
importance of metabolic dysregulation in disease progres-
sion. Further research into the interplay between lipid and
amino acid metabolism, informed by our findings and previ-
ous studies, promises to deepen our understanding of PCa
pathogenesis and identify novel therapeutic targets.

Limitations and future directions

While the study provided valuable insights into the meta-
bolic variations among PCa patients with comorbidities like
hypertension, this study has some limitations that should be
considered. The relatively small sample size (50 patients) limits
the generalizability of the findings, and the focus on a specific
population in Sudan may not fully capture metabolic varia-
tions across different regions or ethnic groups. Finally, while
NMR spectroscopy was useful for metabolomic profiling, it
may have missed other relevant metabolites that more sensi-
tive techniques like mass spectrometry could detect. Despite
these limitations, the study offers practical insights identify-
ing distinct metabolic phenotypes in PCa patients, particularly
concerning hypertension. The findings may also contribute to
the development of biomarkers for early detection and risk
stratification, particularly in patients with metabolic comor-
bidities like hypertension. Further research could explore
these metabolic pathways to inform targeted therapies.
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