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Abstract: Although primary open-angle glaucoma (POAG) is a major cause of blindness worldwide,
patients’ immune response and its relation to the disease course have not been fully unraveled in
terms of analyses of circulating B-cell subsets, as well as the association of these subsets with the
severity of POAG clinical features. Subjects and Methods: Flow cytometry was used to determine
B-cell subset frequencies from 30 POAG patients grouped by hierarchical cluster analysis or the mean
deviation (MD) of the visual field (VF) and correlated with the patients’ clinical and pathological
data, as well as with BSF-2(IL-6) and CSIF:TGIF(IL-10), which were quantified in peripheral blood
samples of patients and controls by ELISA. Results: The total B-cell frequency was increased in the
POAG group in comparison to the control group (n = 30). Frequencies of specific B-cell subsets, such
as double-negative (DN) and naïve B-cell subsets, were increased in relation to the severity of the
POAG disease. However, the unswitched memory B compartment subset decreased in the POAG
group. Other non-typical B-cell subsets such as DN B cells also showed significant changes according
to the POAG disease severity course. These differences allow us to identify POAG severity-associated
inflammatory clusters in patients with specifically altered B-cell subsets. Finally, ocular parameters,
biomarkers of inflammation, and other glaucoma-related or non-clinical scores exhibited correlations
with some of these B-cell subpopulations. Conclusion: The severity of the POAG disease course is
accompanied by changes in the B-cell subpopulation, namely, DN B cells. Furthermore, the existing
relationship of the B-cell subset frequencies with the clinical and the inflammatory parameters
BSF-2(IL-6), CSIF:TGIF(IL-10), and the BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio suggests that these B
lymphocyte cells could serve as potential molecular bio-markers for assessing POAG disease severity
and/or progression.

Keywords: glaucoma; B-cells subsets; BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio; POAG; double-negative
B cells; in silico
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1. Introduction

Glaucoma Epidemiology. Glaucoma is a major cause of irreversible vision loss world-
wide [1]. Eyewiki (https://eyewiki.aao.org/Primary_Open-Angle_Glaucoma) (Accessed
on 9 November 2023) describes glaucoma as being a “neuropathy” of the optic nerve with
progressive loss of the nerve fibers and cell bodies of the retinal ganglion cells. Primary
open-angle glaucoma (POAG) pathology is the most prevalent progressive and irreversible
glaucoma type showing optic nerve damage, without signs or symptoms. Therefore, it is
mandatory to predict an individual’s glaucomatous condition evolution and try to compact
its progression to facilitate selecting the appropriate therapeutic strategy [2,3], in an attempt
to slow down this condition from progressing to blindness. This could only be achieved
via early detection for early management.

Problem Definition. The visual field (VF) test characteristic changes provide infor-
mation about glaucoma occurrence. However, 25 to 33% of retinal ganglion cells must be
lost before producing significant VF abnormalities; therefore, early evidence for POAG
progression would be missed when using this test [1]. Intraocular pressure (IOP) (mmHg) is
the most significant glaucoma risk factor predictor, and up-till-now it is the only parameter
to prove treatment efficacy and to ensure decreased blindness risk with no further POAG
progression. Yet, during glaucoma management, 30 to 50% of glaucoma patients have nor-
mal IOP mmHg, suggesting the presence of other disease-progression contributing factors
to address and if these later factors change during POAG management, then disease-course
monitoring [4] is now facilitated.

POAG pathophysiology [5] determines the state-of-art biomarkers residing in the
aqueous humor or the trabecular meshwork, as well as the optic nerve and peripheral
blood [6]. These molecular markers dictate the extracellular matrix status and define
cell-signaling or stress molecules and immune surveillance. Therefore, it is noteworthy
to mention the “immunologic component” during the neurodegenerative glaucoma “neu-
ropathy” course as one of the risk factors contributing to the onset and progression of
glaucoma. Peripheral blood immune cells may have a role during POAG development
and/or progression. “B cells” play an important role in the body’s immune responses [7]
via the production of antibodies or immunoglobulins (Ig), antigen presentation to T cells,
and secretion of cytokines after differentiation to plasma cells.

B-cell surfaces express the cluster of differentiation (CD) 27 antigen and the immunoglobu-
lin (Ig) delta (D) by mature B cells. There are four human circulating B-cell subsets in blood:
naïve B cells (CD27−IgD+), unswitched memory B cells (CD27+IgD+), switched memory B
cells (CD27+IgD−), and finally, double-negative (DN) B cells (CD27−IgD−) [8]. More precisely,
mature total B cells express the immunodeficiency, common variable, 3 (CVID3); CD19(CVID3)
which is CD19+. Therefore, the four subsets of circulating B cells would be better annotated as
naïve B cells (CD19+CD27−IgD+), unswitched memory B cells (CD19+CD27+IgD+), classical
switched memory B cells (CD19+CD27+IgD−), and DN B cells (CD19+ CD27−IgD−).

According to BioGPS (http://biogps.org/#goto=genereport&id=930) (Accessed on
9 November 2023) CVID3(CD19) biological processes include B-1 B-cell differentiation,
proliferation involved in the immune response, Ig-mediated immune response, the antigen
receptor-mediated signaling pathway, regulation of the B-cell receptor signaling pathway,
and the regulation of B-cell activation.

BioGPS (http://biogps.org/#goto=genereport&id=939) (Accessed on 9 November
2023) defines CD27(TNFR) as a member of the tumor necrosis factor (TNF) receptor (TNFR)
superfamily; it is a universal memory B-cell marker, considered as a co-stimulatory immune
checkpoint. The molecular function of TNFR(CD27) is transmembrane signaling receptor
activity, and the biological processes are the cell surface receptor signaling pathway and
Ig-mediated immune response.

The membrane-attached Ig:antibody receptor IgD as defined by the BioGPS database
(http://biogps.org/#goto=genereport&id=3495) (Accessed on 9 November 2023), when
a specific antigen binds, will trigger the expansion and differentiation of B lymphocytes
to plasma cells to secret Ig, mediating the humoral immunity effector phase; therefore,
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these cells can eliminate bound antigens detected. Thence, B cell membrane-bound IgD
molecules are non-covalently associated with a heterodimer of CD79A and CD79B. IgD
expression starts when B cells are transitioning from immature to mature, where IgM and
IgD are expressed together. Mature naïve B cells show an increasing amount of IgD along
with a somewhat decreased production of IgM, while immature B cells typically express an
increased amount of IgM [9].

Before being stimulated by an antigen, naïve B cells express IgD. IgD downregulation
is indicative of isotype-switching [8]. Thus, analyzing circulating B-cell subsets and their
possible relationship with POAG clinical features and severity is attempted in the current
study.

Research Hypothesis

Glaucoma has an inflammatory arm in its pathology root cause; hence, biomarkers of
inflammation-balance that influence the “glaucoma disease course” are worth studying in
a POAG patients’ cohort in relation to circulating B-cell subsets.

The proinflammatory cytokine that stimulates B lymphocytes to produce Ig is B-cell
stimulatory factor 2:interleukin-6 BSF-2(IL-6). BSF-2(IL-6), according to a database search,
is a multifunctional cytokine http://biogps.org/#goto=genereport&id=3569 (Accessed on
9 November 2023) involved in crucial biological processes of acute phase reactions, acute
inflammatory response, leukocyte chemotaxis, the positive regulation of T-cell prolifera-
tion, positive regulation of tyrosine phosphorylation of STAT protein, positive regulation
of the receptor signaling pathway via JAK-STAT, and the positive regulation of B-cell
activation [10].

Otherwise, cytokine synthesis inhibitory factor/T-cell growth inhibitory factor/IL-10
CSIF:TGIF(IL-10), via an in silico database search http://biogps.org/#goto=genereport&
id=3586 (Accessed on 9 November 2023), is an anti-inflammatory cytokine, and its promoter
polymorphism has been previously associated with susceptibility to POAG [11]. Biological
processes encountered by CSIF/TGIF/IL-10 per the GeneAtlas U133A from the BioGPS
database are the upregulation of endothelial cell proliferation, B-cell apoptotic process,
Ig production, chronic inflammation in response to antigen stimuli, downregulation of
cytokine production for the immune response, nuclear factor kappa B cells’ (NFkB) seques-
tration within the cytoplasm, the downregulation of B-cell proliferation, BSF-2(IL-6), and
TNF production.

The study aimed to determine peripheral blood B-cell subsets’ frequency and distri-
bution in relation to inflammation biomarkers as severity-signatures in a case-controlled
POAG study. This is achieved via studying the frequency and distribution of B-cell subsets,
the inflammation markers BSF-2(IL-6) and CSIF:TGIF(IL-10), and their ratio in peripheral
blood samples from POAG patients’. Second, the study aimed to assess the utility of
various B-cell subsets and the BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio as potential molecular
markers for POAG disease severity.

2. Subjects and Methods

Study Design. A case-controlled single-center observational study, was carried out
during the period from May 2022 to March 2023.

Sample Size Calculation. We used the Epi InfoTM version 7.2 build 7.2.6 25 October
2023 (by the United States Centers for Disease Control and Prevention (CDC)) for sample
size calculation public domain software, considering a ratio of controls to cases of 1:1,
two-sided confidence level of 95%, and level of significance at 5% for 80% study power.
The minimum sample size calculated for this study was 59 cases based on a 4% prevalence
of POAG in Africa [12].

Study Participants. Thirty patients with POAG were recruited from the Outpatient
Clinic and the Department of Ophthalmology of Al-Zahraa University Hospital, Faculty of
Medicine for Girls, Al-Azhar University, Cairo, Egypt. They were compared with 30 age-
and sex-matched apparently healthy individuals as the control group, whose selection
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was based on the absence of the clinical signs of primary or secondary glaucoma or any
previous or current eye disease(s).

Medical and Family History and Examination. Full medical history was recorded
for all participants and a comprehensive ophthalmic examination for patients was per-
formed to confirm their eligibility to enroll in the study after signing the informed consent
(IC). Examination was conducted by an expert at the Department of Ophthalmology, Al-
Zahraa University Hospital, Faculty of Medicine for Girls, Al-Azhar University, Cairo,
Egypt, including visual acuity testing for visual clarity or sharpness determination (small
letters identification test), a bright-light slit-lamp bio-microscopy exam (BQ-900, Haag-
Streit, Köniz, Switzerland) for eye structure examination, non-contact Air-Puff Tonometry
(mputeCT-1 Corized Tonometer, Topcon Ltd., Newbury, UK) for IOP (mmHg) measure-
ment, gonioscopy for identifying the open-angle from the closed-angle glaucoma in a dark
room using a goniolens (Brand: Madhu; Made In New Delhi, India; Code: MIPL/I3),
dilated fundus examination, and the high-resolution micron-scale imaging method which
scans the eye tissue optical coherence tomography (OCT) (Humphrey Instruments Ltd.,
San Leandro, CA, USA) for a small picture target. From the corners, VF testing and analysis
is a standard 24-2 test program using the Humphrey VF Analyzer (Carl Zeiss Meditec, Inc.,
Dublin, CA, USA) that is performed in a semi-dark room with best-corrected near vision
correction. The test is repeated if it is found to be non-reliable to detect a learning effect and
maximize reliability indices. The mean deviation (MD) values represent the overall mean
departure of sensitivity at specific retinal points from the age-corrected normal values, and
the pattern standard deviation (PSD) represents focal loss or variability within the field and
considering any generalized depression.

Patients with POAG were diagnosed according to the European Glaucoma Society
Terminology and Guidelines for Glaucoma [13]. POAG patients had an IOP (mmHg)
elevation (more than 20 mmHg), glaucomatous disc changes in increased cup-to-disc (C/D)
ratio, disc notching, and neuro retinal rim thinning, with corresponding glaucomatous
changes in the VF and retinal nerve fiber layer (RNFL) thickness by OCT. The severity of
glaucoma was determined based on the MD of VF, where the early glaucomatous loss was
an MD of ≤6 dB, moderate glaucomatous loss 6 ≤ MD ≤ 12 dB, and severe glaucomatous
loss > 12 dB. Patients having closed-angle glaucoma, age-related macular degeneration,
high myopia, retinitis pigmentosa, inflammatory diseases, ischemic disease, a history
of intracranial lesions, increased IOP (mmHg) due to other known etiologies as trauma,
uveitis, or neovascular glaucoma were excluded. Those with the presence of hypertension
(HTN), diabetes mellites (D.M), cardiovascular diseases (CVD), cancer, and autoimmune
diseases such as rheumatoid arthritis (RA), scleroderma, and lupus syndrome, as well as
patients receiving any systemic drugs affecting the immune system, were also excluded
from the study.

Blood Samples Collection. Under controlled aseptic conditions, 5 mL of venous
blood was withdrawn from each participant. Each blood sample was divided into two
portions, one of 2 mL blood was transferred into serum gel separator tube, centrifuged
for serum separation, and the sera obtained were stored at −20 ◦C for BSF-2(IL-6) and
CSIF:TGIF(IL-10) levels’ measurement by ELISA. A total of 3 mL blood was transferred
to an EDTA-containing tube, immediately (within 2 h) processed for CBC, and measured
to determine the percentage of total B cells (CD19+), DN B cells (CD19+CD27−IgD−),
unswitched memory B cells (CD19+CD27+IgD+), naïve B cells (CD19+CD27−IgD+), and
classical switched memory B cells (CD19+CD27+IgD−) by flow cytometry (FC).

Laboratory Investigations. A complete blood count (CBC) was performed by a fully au-
tomated hematology analyzer (Sysmex, KX21N, Kobe, Japan). The platelets-to-lymphocytes
ratio (PLR), neutrophils-to-lymphocytes ratio (NLR), and monocytes-to-lymphocytes ratio
(MLR) were calculated.

B-cell subsets were analyzed by an FC assay using a multi-color Navios EX (Beckman
Coulter, Marseille, France) at the Clinical Pathology Department, Al-Zahraa University Hospi-
tal. A total of 1 ml of blood sample was washed 3 times by warm saline after adjusting the
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cell count (1 × 106 peripheral blood mononuclear cells), then 50 µL of that adjusted washed
fresh blood sample was added to each of two polystyrene tubes.

The first tube contained 5 µL of each of the following fluorochrome-conjugated antibod-
ies; FITC-conjugated anti-human surface IgD (Lot No. 200026), PE-conjugated anti-human
surface CD27 (Lot No. 200045), and APC-conjugated anti-human surface CD19 (Lot No.
200102) (all from Beckman-Coulter, Marsellia, France). The second tube was not loaded by
any fluorochrome-conjugated antibodies to determine the auto-florescence. After 15 min
incubation at room temperature in the dark, a lysis reagent was added for 8 min for lysing
RBCs before cells were washed with phosphate-buffered saline and centrifuged at 500× g.

In total, 100,000 events (number of cells counted using flow cytometry) were acquired
for analysis to ensure that rare populations in the peripheral blood were evaluated.

The gating strategy used dot plot forward and side scatter, with initial gating on mature
lymphocytes. Then, another graph was taken for gating on B lymphocytes (CD19+). A
quadrant plot was drawn representing anti-IgD on the x-axis and CD27 on the y-axis which
was gated on CD19+ lymphocytes. DN B cells were identified as the CD27−IgD− population,
unswitched memory B cells were identified as the CD27+IgD+ population, naïve B cells
were identified as the CD27−IgD+ population, and classical switched memory B cells were
identified as the CD27+IgD− population. This gating strategy is illustrated in Figure 1.
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Figure 1. Gating strategy for the detection of B cells and their subsets, where initial gating on mature
lymphocytes was performed using dot plot forward and side scatter (upper graph), then subsequent gating
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plot using IgD FITC INT (x-axis) and CD27 PE INT (y-axis) was drawn gated on CD19+ lymphocytes for
the determination of B-cell subsets (bottom graph).
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2.1. BSF-2(IL-6) and CSIF:TGIF(IL-10) Assays by ELISA

Serum BSF-2(IL-6) and CSIF:TGIF(IL-10) levels were measured using the commer-
cially available human ELISA kits, supplied by Bioassay Technology Laboratory (Shanghai,
China), Lot No. 202205001, 202205001, and Catalog No. E0090Hu, E0102Hu, respectively.
Using an ELISA system, which included a plate shaker–incubator (Thermo-Shaker from
EU for Grant Instruments Ltd., Cambs, UK), a plate reader (AS 1851 from DAS, Palombara
Sabina, Italy), and an ELISA washer (ELx50 Biokit, Rome, Italy) according to the manufac-
turer’s instructions, the assays were conducted using serum samples from both controls
and patients.

2.2. In Silico Database(s) Search and Bioinformatics Analysis
In Silico Identification of Immune Cells

To visualize closely related immune cells from the human peripheral blood mononu-
clear cells, single cells, or from eye immune cells, determination was performed using
uniform manifold approximation and projection (UMAP) [14] using the Human Universal
Single Cell Hub (HUSCH) which is an scRNA-seq database http://husch.comp-genomics.
org/#/info_tissue/ (Accessed on 4 September 2023).

2.3. PICKLE (Protein InteraCtion KnowLedgebasE)

PICKLE (Protein InteraCtion KnowLedgebasE) [15] Release 3.3, 1 October 2021. http:
//www.pickle.gr/ (Accessed on 9 November 2023). PICKLE is a meta-database for the
direct protein–protein interactome of the human proteomes, integrating publicly available
source protein–protein interaction (PPI) databases via genetic information ontology. The
visualization utilized Cytoscape.js 3.3.0.

2.4. Gene–Gene Interactions and Pathways by Bioinformatics Analysis

Prediction was carried out of the B-cell surface antigens CD19/CVID3 and CD27/TNFR’s
top interacting genes via gene-interaction at the University of California Santa Cruz (UCSC) [16]
Genome Browser RRID:SCR_005780. Genomics institute http://genome.ucsc.edu/index.html
(Accessed on 6 September 2023).

2.5. Statistical Analysis

This work used SPSS software v 26.0 (IBM, Armonk, NY, USA) https://www.ibm.
com/products/spss-statistics (Accessed on 13 July 2023) for collected data analysis. The
testing of groups’ data for normality was conducted using the Shapiro–Wilk normality
test. For the non-normally distributed data, the median (interquartile range (IQR) 25th
percentile–75th percentile: 1st–3rd quartile) was used. Mann–Whitney (U) was utilized
to compare the latter. For qualitative data, dichotomous parameters and the absolute
number (percentage) n (%) was the presentation form, and the Chi-square test (x2) was
used for comparison. To find the best cutoff, sensitivities (SNs), specificities (SPs), and
the area under the curve (AUC), the receiver operating characteristic (ROC) curve was
produced. Finally, the correlation between various variables was assessed using Spearman’s
correlation coefficient r. The significance level was set at a p value of less than 0.05.
Cohen’s q effect size measure was used to interpret the difference between two correlations
with proposed categories for the interpretation: <0.1: no effect; 0.1 to 0.3: small effect;
0.31 to 0.5: intermediate effect; >0.5: large effect [17] using the online calculator https:
//www.psychometrica.de/effect_size.html (Accessed on 2 February 2024).

3. Results
3.1. POAG Patients and Controls Demographic Characteristics, Clinical and Laboratory Data
Results

Regarding demographic data (Table 1), POAG patients and healthy controls had
no significant difference in terms of age or sex. Visual acuity was significantly lower in

http://husch.comp-genomics.org/#/info_tissue/
http://husch.comp-genomics.org/#/info_tissue/
http://www.pickle.gr/
http://www.pickle.gr/
http://genome.ucsc.edu/index.html
https://www.ibm.com/products/spss-statistics
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glaucoma patients (p < 0.001). Other clinical data showed a significant increase in IOP, C/D
ratio, MD, and PSD in POAG patients as compared with controls (p < 0.001).

Table 1. POAG patients (n = 30) and controls (n = 30) demographic characteristics, clinical, and
laboratory results.

Group, n Significance

Characteristics (Unit) Cases, 30 Control, 30 p-Value

Gender n(%) Male/Female 17(56.7%)/13(43.3%) 16(53.3%)/14(46.7%) NS

Age (year) 55.5 (49.0–59.2) 51.5 (43.75–55.0) NS

VA (Log MAR) 0.5 (0.3–0.6) 0.2 (0.00–0.20) <0.001 *

IOP (mmHg) 18.0 (15.7–22.2) 12.0 (11.0–14.2) <0.001 *

C/D 0.60 (0.51–0.8) 0.30 (0.20–0.40) <0.001 *

MD (dB) −13.0 (−20.3–−5.8) −2.0 (−2.6–−1.67) <0.001 *

PSD (dB) 5.6 (3.25–8.7) 2.1 (1.5–2.7) <0.001 *

WBCs (103/µL) 6.15 (4.6–7.7) 5.7 (4.8–6.6) NS

Absolute neutrophils count (103/µL) 3.1 (2.4–4.9) 3.0 (2.09–4.0) NS

Absolute lymphocytes count (103/µL) 1.95 (1.7–2.5) 2.1 (1.7–2.4) NS

NLR 1.56 (1.08–2.6) 1.5 (1.1–1.7) NS

Absolute monocytes (103/µL) 0.52 (0.30–0.8) 0.4 (0.30–0.42) 0.019 *

MLR 0.25 (0.14–0.36) 0.18 (0.14–0.23) 0.018 *

Platelets (103/µL) 247.0 (203.3–305.3) 235.0 (204.7–297.2) NS

PLR 121.7 (95.1–39.4) 118.0 (98.3–134.3) NS

Total B cells % (CD19+) 12.8 (9.4–15.1) 4.5 (3.6–5.6) <0.001 *

DN B cells % (CD19+CD27−IgD−) 16.45 (9.85–19.5) 6.7 (4.7–7.92) <0.001 *

Naïve B cells % (CD19+CD27−IgD+) 59.9 (53.7–70.3) 32.2 (25.8–42.8) <0.001 *

Unswitched memory B cells %
(CD19+CD27+IgD+) 9.3 (7.95–16.3) 21.7 (17.6–32.5) <0.001 *

Classical switched memory B cells %
(CD19+CD27+IgD−) 22.4 (16.7–29.3) 20.6 (10.5–25.7) NS

BSF-2(IL-6) (ng/L) 58.4 (41.1–76.6) 38.8(35.9–45.7) <0.001 *

CSIF:TGIF(IL-10) (ng/L) 73.15 (48.0–101.4) 100.1 (84.8–149.6) 0.001 *

BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio 0.76 (0.58–1.32) 0.36 (0.23–0.48) <0.001 *

Data are presented as the median (IQR: 1st–3rd quartile), statistics were computed using SPSS software, the Mann–
Whitney test was used for non-parametric data, and the Chi-square test (x2) for qualitative data (dichotomous parame-
ters), presented as the absolute number (%) (gender only). * Statistical significance at p-value < 0.05. [NS: non-significant.
VA: visual acuity, Log MAR: logarithm of minimal angle of resolution, IOP: intraocular pressure, DN: double negative,
C/D: cup disc ratio, MD: mean deviation, dB: decibel, PSD: pattern standard deviation of visual field, WBCs: white
blood cells, NLR: neutrophil-to-lymphocyte ratio, MLR: monocyte-to-lymphocyte ratio, PLR, platelet-to-lymphocyte
ratio, IL: interleukin].

There was a significant increase in the absolute monocytic count and MLR in POAG
patients when compared to controls (p < 0.05).

There was a significant increase in total B cells % in POAG patients in comparison
to controls (p < 0.001). Upon testing the distribution of different B-cell subsets in POAG
patients, there was a highly significant increase in the frequencies of the DN B-cell subset
(CD19+CD27−IgD−) and the naïve B-cell subset (CD19+CD27−lgD+) (p < 0.001) for all
POAG patients, while a significant decrease in the unswitched memory B-cell subset
(CD19+CD27+IgD+) (p < 0.001) was found in this group as compared with the control
group.

POAG patients had significantly increased serum pro-inflammatory BSF-2(IL-6) marker
level (p < 0.001), decreased anti-inflammatory CSIF:TGIF(IL-10) (p < 0.001), and an increase
in their ratio (p < 0.001).
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Moreover, there was a significant positive correlation between the percentage of the
DN B-cell subset and the MD of the visual field (marker of the clinical severity of glaucoma)
(r = 0.876, p < 0.001). However, there was a significant negative correlation between the
unswitched memory B-cell subset % and the MD of the visual field (r = −0.838, p < 0.001)
(Table 2). BSF-2(IL-6), but not the CSIF:TGIF(IL-10), and the BSF-2(IL-6) to CSIF:TGIF(IL-
10) ratio were positively correlated with the MD of the visual field (r = 0.684, p < 0.001).
Furthermore, the DN B-cell subset was the only B-cell subset that showed a significant
positive correlation with BSF-2(IL-6) and the BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio (Table 2).
It is noteworthy to mention that the effect size calculated for the correlation differences
between the significant correlations and the non-significant correlations results for the
B-cell subsets or the inflammatory biomarkers supports the Spearman’s correlation (r)
significant results among the POAG patients’ group (n = 30).

The discriminative utility of B-cell subsets and inflammation biomarkers for POAG
patients (n = 30).

ROC curve analysis (Table 3, Figure 2) was performed for B-cell subsets, BSF-2(IL-6),
CSIF:TGIF(IL-10), and the BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio to determine the diagnostic
performance of these parameters in POAG patients. At the total B-cells cut-off point of
>7.6%, POAG patients were identified with a sensitivity of 96.7% and specificity of 100%.
At DN B cells cut-off point of >8.15%, POAG patients were identified with a sensitivity of
90.0% and a specificity of 83.3%. At the naïve B-cell subset cut-off point of >44.1%, POAG
patients were identified with a sensitivity of 90.0% and a specificity of 83.3%.

At the unswitched memory B-cell subset cut-off point of <14.45%, POAG patients
were identified with a sensitivity of 83.3% and a specificity of 90.08%. At the BSF-2(IL-6)
cut-off point of >47.0 (ng/L), POAG patients were identified with a sensitivity of 73.3% and
a specificity of 83.3%. At the CSIF:TGIF(IL-10) cut-off point of <87.8 (ng/L), POAG patients
were identified with a sensitivity of 73.3% and a specificity of 73.3%. At the BSF-2(IL-6)
to CSIF:TGIF(IL-10) ratio cut-off point of >0.55, POAG patients were identified with a
sensitivity of 80.0% and a specificity of 90.0%.

From ROC analysis, total B and DN B cells exhibited an excellent capability of di-
agnosing POAG, where DN B cells exhibited a significantly better performance than the
BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio in diagnosing POAG; therefore, these can be used as
molecular predictors for POAG patients.

Table 4 shows the distribution of B-cell subsets and inflammation biomarkers according
to glaucoma severity in POAG patients’ group (n = 30).
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Table 2. Spearman’s correlation r of B-cell subsets and inflammation biomarkers measured with the glaucoma severity marker among POAG patients (n = 30).

Variable
MD BSF-2(IL-6) (ng/L) CSIF:TGIF(IL-10) (ng/L) BSF-2(IL-6) to CSIF:TGIF(IL-10) Ratio Cohen’s q/Effect Size

r p-Value r p-Value r p-Value r p-Value

MD - - 0.85 <0.001 * −0.03 NS 0.684 <0.001 * 0.42/medium

DN B cells % (CD19+CD27−IgD−) 0.876 <0.001 * 0.96 <0.001 * 0.065 NS 0.641 <0.001 * 0.588–1.186/large

naïve B cells (CD19+CD27−IgD+) −0.29 NS −0.18 NS −0.045 NS −0.13 NS no or small effect

Unswitched memory B cells %
(CD19+CD27+IgD+) −0.84 <0.001 * −0.97 <0.001 * −0.129 NS −0.61 NS 0.871/large

Classical switched memory B cells %
(CD19+CD27+IgD−) 0.146 NS 0.22 NS −0.175 # NS 0.353 # NS 0.546 #/large

Cohen’s q/effect size 2.579/large 0.69–4/large no or small effect no effect -
Spearman correlation coefficient (r) was calculated using SPSS software. All effect sizes were large or medium for the significant r; for NS r, no or small effect sizes differences were
obtained; # effect size was large for CSIF:TGIF(IL-10) and the ratio. * Statistical significance p-value < 0.05. Cohen’s q effect size estimation on the differences between correlations
[NS: non-significant, IL: interleukin, DN: double negative, MD: mean deviation].
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Table 3. Cut-off values for the discriminative ability of B-cell subsets, inflammation biomarkers
to differentiate POAG patients (n = 30) from controls (n = 30) with their AUC, sensitivities, and
specificities obtained from ROC curve analysis.

% 95% C.I.

Variable Cut-Off AUC SN SP p-Value Lower Upper

Total B cells % (CD19+) >7.6 0.997 96.7 100 <0.001 * 0.989 1.005

DN B cells % (CD19+CD27−IgD−) >8.15 0.994 90.0 83.3 <0.001 * 0.889 0.997

Naïve B cells % (CD19+CD27−IgD+) >44.1 0.951 90.0 83.3 <0.001 * 0.904 0.998

Unswitched memory B cells %
(CD19+CD27+IgD+) <14.45 0.855 73.3 90.0 <0.001 * 0.049 0.241

BSF-2(IL-6) (ng/L) >47.0 0.805 73.3 83.3 <0.001 * 0.683 0.927

CSIF:TGIF(IL-10) (ng/L) <87.8 0.754 73.3 73.3 0.001 * 0.630 0.878

BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio >0.55 0.859 80.0 90.0 <0.001 * 0.763 0.956

Data obtained from the ROC curve analysis using SPSS software. * Statistically significant p-value < 0.05, asymp-
tomatic 95% C.I. expressed as (lower bound–upper bound). [AUC: area under the curve, SN: sensitivity, SP: specificity,
IL: interleukin, DN: double negative, C.I.: confidence interval].
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Figure 2. ROC curve analysis showing the AUC for B-cell subsets: (A) DN B cells, (B) naïve B cells,
(C) unswitched memory B cells, (D) BSF-2(IL-6), (E) CSIF:TGIF(IL-10), (F) BSF-2(IL-6) to CSIF:TGIF(IL-
10) ratio to differentiate POAG patients (n = 30) from healthy controls (n = 30). * Statistical significance
p-value < 0.05.
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Table 4. Distribution of B-cell subsets and inflammation biomarkers according to glaucoma severity
in POAG patients (n = 30).

POAG Group (n = 30) Subclass, n Significance

Characteristics (Unit) Mild-to-Moderate, 12 Severe, 18 p-Value

Total B cells % (CD19+) 12.7 (9.5–14.7) 12.8 (9.12–15.3) NS

DN B cells % (CD19+CD27−IgD−) 9.0 (8.12–10.4) 18.9 (16.9–22.9) <0.001 *

Naïve B cells % (CD19+CD27−IgD+) 65.9 (56.27–76.6) 58.8 (44.8–68.2) NS

Unswitched memory B cells %
(CD19+CD27+IgD+) 18.6 (13.5–24.8) 8.3 (6.6–9.07) <0.001 *

Classical switched memory B cells %
(CD19+CD27+IgD−) 22.2 (11.6–27.7) 22.9 (17.4–36.6) NS

BSF-2(IL-6) (ng/L) 38.55 (29.02–50.6) 73.2 (61.1–80.8) <0.001 *

CSIF:TGIF(IL-10) (ng/L) 71.7 (59.15–104.2) 76.7 (45.4–90.9) NS

BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio 0.54 (0.35–0.68) 1.0 (0.75–1.7) <0.001 *

Data are presented as the median (IQR: 1st–3rd quartile), statistics were computed using SPSS software,
and the Mann–Whitney test was used for non-parametric data. * Statistical significance at p-value < 0.05.
[NS: non-significant, IL: interleukin, DN: double negative].

Based on the MD of the visual field, 12 (40%) cases out of 30 cases with POAG had
mild-to-moderate glaucoma, while 18 (60%) patients had severe disease (Table 4). Upon
comparing both groups, the DN B cells, BSF-2(IL-6), and BSF-2(IL-6) to CSIF:TGIF(IL-10)
ratio were significantly increased in severe cases, while unswitched memory B cells were
significantly decreased (p ≤ 0.001) when compared to mild-to-moderate cases.

3.2. In Silico Databases Analysis

The results for the identification of immune cells from blood and eye are shown in
Figure 3 (Accessed on 4 September 2023) showing blood and eye immune cells’ annotation
pattern details of hematopoietic cell clustering (http://husch.comp-genomics.org/#/info_
tissue/Blood) and (http://husch.comp-genomics.org/#/info_tissue/Eye) eye immune
cells’ annotation details. Cell type: B, with documented markers CVID3(CD19), CD79A,
and MS4A1, studied by the human universal single-cell hub (HUSCH) [UMAP, uniform
manifold approximation and projection].

Biomedicines 2024, 12, x FOR PEER REVIEW  12  of  20 
 

genomics.org/#/info_tissue/Blood)  and  (http://husch.comp-genomics.org/#/info_tis-

sue/Eye) eye  immune cells’ annotation details. Cell  type: B, with documented markers 

CVID3(CD19),  CD79A,  and MS4A1,  studied  by  the  human  universal  single-cell  hub 

(HUSCH) [UMAP, uniform manifold approximation and projection]. 

   

Figure 3. Blood and eye immune cell types expression analysis by the HUSCH http://husch.comp-

genomics.org/#/info_tissue/Blood  and  http://husch.comp-genomics.org/#/info_tissue/Eye,  respec-

tively (Accessed on 4 September 2023) [UMAP, uniform manifold approximation and projection]. 

B-cell  surface CDs  and  the  studied  inflammatory markers  interaction with  other 

genes as well as with each other, are visualized in Figure 4, retrieved from PICKLE data-

base  http://www.pickle.gr/Visualize/Display?ids=4410,5027,3427,4810&normalization-

Level=uniprot&queryType=normal&dataset=crosschecked&org=9606 (Accessed on 9 No-

vember 2023). 

Figure 3. Blood and eye immune cell types expression analysis by the HUSCH http://husch.comp-
genomics.org/#/info_tissue/Blood and http://husch.comp-genomics.org/#/info_tissue/Eye, re-
spectively (Accessed on 4 September 2023) [UMAP, uniform manifold approximation and projection].

http://husch.comp-genomics.org/#/info_tissue/Blood
http://husch.comp-genomics.org/#/info_tissue/Blood
http://husch.comp-genomics.org/#/info_tissue/Eye
http://husch.comp-genomics.org/#/info_tissue/Blood
http://husch.comp-genomics.org/#/info_tissue/Blood
http://husch.comp-genomics.org/#/info_tissue/Eye


Biomedicines 2024, 12, 485 12 of 19

B-cell surface CDs and the studied inflammatory markers interaction with other genes as
well as with each other, are visualized in Figure 4, retrieved from PICKLE database http://www.
pickle.gr/Visualize/Display?ids=4410,5027,3427,4810&normalizationLevel=uniprot&queryType=
normal&dataset=crosschecked&org=9606 (Accessed on 9 November 2023).

B-cells surface antigens gene–gene interactions and pathways from curated databases and
text-mining (Figure 5) (Accessed on 6 September 2023) on the UCSC genomics institute: https://
genome.ucsc.edu/cgi-bin/hgGeneGraph?gene=CD19&supportLevel=text&hideIndirect=on&
geneCount=25&geneCount=25&geneAnnot=drugbank&1=OK&lastGene=MIR21 and https://
genome.ucsc.edu/cgi-bin/hgGeneGraph?gene=CD27&supportLevel=text&hideIndirect=on&
geneCount=25&lastGene=MIR21&geneCount=25&geneAnnot=drugbank&1=OK for the B-cell
surface antigens CVID3(CD19) and TNFR(CD27), respectively.

The B-cell surface antigen CVID3(CD19)’s top interacting genes are BSF-2(IL-6), tar-
geted by ginseng and anti-cytokines/IL therapy (drug bank). However, the surface antigen
TNFR(CD27)’s top interacting genes are CSIF:TGIF(IL-10), where CSIF:TGIF(IL-10) dimin-
ishes TNFR (CD27) expression on the B-cell surface (CD27-IL-10). B-cell deletion caused by
TNFR(CD27) induced the production of INF gamma in T cells (CD27-INFgamma) treated
by glucosamine.
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4. Discussion

Fortunately, the critical neuroinflammation pathogenic event is treatable in the glau-
coma disease [18]. Glaucoma is a complex inflammatory neurodegenerative disorder of the
eye and is one of the main causes of irreversible blindness [19].

Lymphocytes constitute one important cellular component of the immune system
and are considered active promoters and active regulator players in various inflammatory
diseases [20] including glaucoma. Recently, research has focused on the “glaucoma im-
munological component” where the cytokine-mediating low-grade inflammatory reaction
activating the immune response may be crucial in glaucomatous optic neuropathy early
development [21].

In the current study, we investigated the frequency of total B cells and the distribution
of their subsets in POAG patients’ peripheral blood, where a significant increase in the total
B cells % in POAG patients as comparable to the control group was recorded. This was ex-
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plained by Yu et al., as a result of an excessive B-cell-mediated immune response [7], where
the role of B lymphocytes in glaucoma is immune-mediated for glaucoma-induced retinal
ganglion cells’ destruction [22]. Moreover, glaucoma patients’ retinas might experience
B-cell infiltration [23]. Therefore, our findings come along with these studies addressing
B-cell role in glaucoma development.

Upon testing the distribution of different B-cell subsets in a POAG patients’ cohort, there
was a highly significant increase in the frequencies of DN B-cell subset (CD19+CD27−IgD−)
and naïve B-cell subset (CD19+CD27−lgD+), while a significant decrease was seen in the
unswitched memory B-cell subset (CD19+CD27+IgD+). These results depicted naïve B-
cell generation enhancement during glaucoma. The lowered percentage of the unswitched
memory subset (CD19+CD27+IgD+) could be attributed to its accumulation in germinal
centers of secondary lymphatic organs, responsible for persistent Ig:antibodies production.
Pre-existing memory B cells might be re-activated and differentiated into atypical late memory
B cells known as the DN B-cell subset, which explains the significant increase in this cell
population in our POAG patients. DN B cells, named age-associated B cells, and atypical
memory B cells both have a dual function, both as pathologic cells mediating low-grade
proinflammatory cytokines’ production [24,25] or as protective cells via antigen presentation
and antigen-targeted immune responses co-stimulation [26]. These B cells are expanded in
the peripheral blood of both elderly healthy individuals and people with chronic infectious
diseases, autoimmune disorders [27,28] such as in systemic lupus erythematosus patients,
and obesity, diabetes, cardiovascular diseases, and cancer [29].

The current study presented an increased level of circulating DN B cells with a positive
correlation of this population with the POAG severity index MD of VF. These data suggest
that the DN B-cell subset has a pathogenic role in the POAG disease and might be a
potential molecular biomarker for monitoring POAG disease progression.

Although class switched memory B cells were reported to show a close relationship
with DN B cells in clonal analysis [30], there was no significant difference in the former
B-cell subset between the current POAG patients’ group and the control group.

Human blood B cells in different inflammatory environments produce different cy-
tokine profiles [31]. Intense inflammatory staining in the optic nerve head of glaucoma
eyes with an elevated proinflammatory BSF-2(IL-6) levels have been witnessed during
histological examinations of the human retina [32]. Ulhaq et al., (2021) highlighted the
importance of the BSF-2(IL-6) cytokine in the ocular inflammatory process in glaucoma and
confirmed its utility as an early marker of injured retinal ganglion cells in glaucomatous
animal models [11]. This is in line with our study findings.

Yang et al., (2019) found an alteration in BSF-2(IL-6), but not CSIF:TGIF(IL-10), levels in
T-cell culture supernatant from glaucoma patients [33]. In accordance with these results, the
Irkec et al., study results showed a low level of CSIF:TGIF(IL-10) production in glaucoma-
tous individuals [34], as was observed in the current study. The reverse was demonstrated
in the study by Chua et al. [35]. This discrepancy in the inflammatory biomarkers’ results
could be explained on the basis of patients’ different age characteristics and various disease
durations and activity, as well as the difference in treatment(s) they received.

CSIF:TGIF(IL-10) is a key regulator of the systemic anti-inflammatory responses and
functions to protect glaucoma patients from the persistent low-grade inflammatory state
causing eye tissue damage. CSIF:TGIF(IL-10) enhances the survival, proliferation, differen-
tiation and isotype switching of human B cells.

Gramlich et al., reported glaucomatous retinal tissues having dysregulated anti-
and pro-inflammatory cytokines patterns of increased TNF-α, IL-1β, BSF-2(IL-6), and
IL-8 levels [36] as compared to the non-glaucoma controls. Moreover, a notable pro-
duction of CSIF:TGIF(IL-10) was observed which downregulates “unnecessary” immune
responses [37].

Borkenstein et al. and Takai et al., found lower BSF-2(IL-6) levels in eyes from POAG
patients. This discrepancy in BSF-2(IL-6) results may be due to variations in disease severity
or variations in the patients’ degree of systemic inflammation encountered [38,39].
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In the present study, there was a significant positive correlation between both BSF-
2(IL-6) and the BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio with the MD of the VF, which is in
line with the circulating levels of both in patients’ blood. Similar results were obtained by
Ulhaq et al., 2021 [11], demonstrating the imbalance of the systemic inflammatory response
as marked by an increased BSF-2(IL-6) to CSIF:TGIF(IL-10) ratio contributing to POAG
severity. Therefore, it is important that this study has clearly identified, for the first time, in
clinical setting the frequency and distribution of blood B-cell subsets as a severity-related
signature in a POAG Egyptian patients’ cohort.

Huang et al., investigated POAG eyes and the mean VF defect (MD) of <12 and MD of
≥12 and reported that higher serum IL-4 and BSF-2(IL-6) levels were associated with more
advanced VF defects [40]. BSF-2(IL-6) is profibrotic and induces TGF-β, pseudo-exfoliation
materials leading to an elevated IOP (mmHg) to disrupt the outflow facility [41] during
the way-to-sight loss. B cells’ overproduction of BSF-2(IL-6) stimulates inflammation via
producing more pathogenic antibodies with an increase in harming T cells growth [42].
Freedman and Iserovich’s studies reported that intraocular cytokine levels were positively
correlated with IOP (mmHg) elevation [43] influencing the aqueous humor dynamics [44]
with more IOP (mmHg) increase.

Currently, the levels of CSIF:TGIF(IL-10) were negatively correlated with POAG
MD of VF; however, this correlation did not reach statistical significance. Surprisingly,
CSIF:TGIF(IL-10) levels were higher among patients with severe glaucoma compared with
patients having mild-to-moderate glaucoma, although this variation was not statistically
significant. B-cell subsets that produces CSIF:TGIF(IL-10) are protective and slow the
inflammatory diseases’ course [45,46].

To our knowledge, we are the first to perform ROC curve analysis for B cells and their
subsets in POAG patients (study strength). From ROC analysis, the total blood B cells and
DN B cells exhibited an excellent capability for diagnosing POAG. DN B cells exhibited a
significantly better discriminative performance than the BSF-2(IL-6) to CSIF:TGIF(IL-10)
ratio in diagnosing and/or predicting POAG disease course or severity.

B-cell depletion treatment normalizes BSF-2(IL-6) levels produced by multiple scle-
rosis patients’ B cells, and patients who respond well to B-cell depletion treatment, over
an extended period of time, experience a “reset” in their auto-immune condition-related
CSIF:TGIF(IL-10) levels’ deficiency, with their re-populated B cells directed towards con-
venient CSIF:TGIF(IL-10) production [47,48]. This therapeutic strategy can target the
expanded B-cell subset, having a good ameliorative impact on disease progression and/or
activity.

Therapeutic strategies to be developed (Tocilizumab an BSF-2(IL-6) receptor antag-
onist) or repurposed (from in silico findings) include selectively targeting the proinflam-
matory role of blood B-cell subsets to counteract its cytokine-producing biological func-
tion [49,50].

According to the bioinformatics results in Figure 5, BSF-2(IL-6) is one of the blood
B-cell surface antigen CVID3(CD19)’s top interacting genes (CD19-IL-6). BSF-2(IL-6) is
known to be targeted by ginseng (Drug Bank).

On the contrary, TNFR(CD27)’s (one of the B-cell surface antigens) top interacting
genes is CSIF:TGIF(IL-10) as CD27-IL-10, which mutually affect each other. Consequently,
blood B-cell depleted TNFR(CD27) induces the production of INF gamma in T cells (CD27-
INFgamma) an axis could be treated by glucosamine (Drug Bank).

Now, we can suggest that “POAG Pathogenesis Hallmark(s)” involves a “Molecular-
Network being Inflammation-Associated” (in silico retrieved in Figure 4) triggered by
an elevated IOP (mmHg) and the systemic low-grade inflammation state as an activating
stimulus (BSF-2(IL-6) increased serum level). However, the retinal microenvironment
dysregulation was not currently addressed (study limitation, to be conducted shortly).

According to the gene–gene and PPI databases bioinformatics search, the human major
immune regulatory cytokine CSIF:TGIF(IL-10) acts on many cells of the immune system,
having profound anti-inflammatory functions, limiting excessive tissue disruption com-
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ing in via inflammation. Mechanistically, CSIF:TGIF(IL-10) binds to its hetero-tetrameric
receptor comprising IL-10RA and IL-10RB leading to JAK1 and STAT2-IL-10 mediated
phosphorylation of STAT3. pSTAT3 finds its way to the nucleus, stimulating the anti-
inflammatory mediator’s expression to target macrophages and monocytes (they are the
antigen-presenting cells) to inhibit BSF-2(IL-6) release and therefore prohibit proinflamma-
tion or the acute phase response. This will stop POAG adverse effects from differentiated
Ig-secreting cells or lymphocyte and monocyte differentiation.

Recommendation. DN B-cell subset-related genes, effector signaling pathways, and
epigenetics identification in silico and clinically in a POAG Egyptian patients’ cohort.

5. Summary and Conclusions

Research on abnormalities in B-cell maturation and proliferation/control has provided
significant insight into the disease’s pathophysiology and/or clinical management, as the
pathophysiology of glaucoma is closely related to immunological and inflammatory blood
and B-cell responses. The clinical relevance of measuring and quantifying peripheral blood,
as liquid biopsy, B-cell frequency and B-cell subsets distribution as well as circulating
pro-/anti-inflammatory cytokines (BSF-2(IL-6), CSIF:TGIF(IL-10), and the BSF-2(IL-6) to
CSIF:TGIF(IL-10) ratio) may play an important role in POAG pathogenesis and might help
as potential molecular markers to assess POAG disease progression and severity.

Blocking B-cell surface markers’ target genes, identified via in silico gene–gene interac-
tion network databases and pathway curated databases, would present a promising future
potential anti-inflammatory treatment option(s); treatment based on blood B-cell subsets
identifying POAG patients; a step-toward compacting blindness increase worldwide.
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