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Abstract: Background: Chronic lymphocytic leukemia (CLL) is characterized by the prolif-
eration of dysfunctional B cells, resulting in significant immune dysregulation. Patients
with CLL exhibit varied responses to B cell receptor (BCR) targeted therapies, emphasizing
the need for tailored immunotherapy approaches. This study investigated B cell function
in untreated patients with CLL, and we further explored the effects of ex vivo protein
kinase C activation on immune checkpoint expression and B cell profiles. Methods: Periph-
eral blood samples were collected from 21 untreated patients with CLL at King Edward
Hospital in South Africa, between 2019 and 2022. B cells were stimulated with phorbol
myristate acetate (PMA) and ionomycin. Using flow cytometry, the study explored the
levels of B cell subsets and immune checkpoint proteins programmed cell death 1 (PD-1),
programmed cell death-ligand 1 (PD-L1), programmed cell death-ligand 2 (PD-L2) and
cytotoxic T-lymphocyte associated protein 4 (CTLA-4) expression on various B cell subsets.
Results: PMA and ionomycin B cell stimulation upregulated PD-1, CTLA-4 and PD-L2
expression on B cell subsets (p < 0.01). As expected, monoclonal antibodies targeting PD-1,
PD-L1 and CTLA-4 significantly downregulated the CTLA-4 expression of B cell subsets
(p < 0.05), while PD-L2 exhibited varied responses in different B cell subsets. Moreover,
PD-1 and PD-L1 expression on total B cells significantly declined following their blockage
(p < 0.01). In addition, these monoclonal antibodies increased the levels of CD19*CD27* B
cells (p < 0.0128) and activated CD19"CD27* B cells (p < 0.01). Conclusions: Protein kinase
C activation on B cells stimulates immune checkpoint expression. The use of monoclonal
antibodies on B cells plays a critical role in the B cell function through the reduction in
CD38 expressing activated B cells and upregulation of CD19"CD27* B cells. Moreover,
the monoclonal antibody targeting PD-1, PD-L1 and CTLA-4 are effective in reducing the
expression of CTLA-4 on B cell subsets, while PD-1 and PD-L1 blockage may be effective in
reducing the expression of these immune checkpoints on total B cells.

Keywords: chronic lymphocytic leukemia; immune checkpoint inhibitor; B cell subsets;
ionomyecin; phorbol myristate acetate

1. Introduction

Chronic lymphocytic leukemia (CLL) is a lymphoproliferative malignancy mediated
through B cell receptor (BCR) signaling and resistance to apoptosis due to overexpression
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of B cell lymphoma 2 (Bcl-2), resulting in the accumulation of mature CD5*, CD19*,
CD20*, CD23* functionally incompetent B cells in peripheral blood, bone marrow, lymph
nodes, and the spleen [1,2]. Aberrations in adaptive immune responses, are characteristic
features of CLL and drive immune suppression from the early stages of the disease [3,4].
Consequently, immune dysfunction increases the risk of secondary malignancies and
infections, which are the main contributors to morbidity and mortality in patients with
CLL [5].

In patients with CLL, B cell function is altered [6,7]. The BCR signaling pathway is
one of the key factors contributing to the anti-apoptotic responses of malignant B cells
in patients with CLL [8,9]. These signals contribute to cell survival and proliferation
of malignant B cells in CLL [10]. In addition, malignant B cells in patients with CLL
express chemokine receptors like CXCR4, which bind to CXCL12 in the bone marrow
microenvironment [11]. This interaction supports malignant B cell homing to the bone
marrow and provides survival signals [12].

Although immunosuppression is a state that is already evident in the early stages
of CLL, disease progression or poor response to therapy is a consequence of immune
dysfunction [13]. It has in fact become apparent that understanding immune responses is
a vital aspect of understanding disease pathogenesis, which could potentially lead to the
discovery of novel immunotherapies [3]. Activated B cells secrete immune checkpoints
such as programmed cell death protein 1 (PD-1) to maintain immune tolerance, to suppress
pathological autoimmune and inflammatory immune responses [14]. In CLL, BCR signaling
promotes immune evasion by modulating the expression of immune checkpoints such
as PD-1 and CTLA-4, suppressing T cell responses [3]. Immune checkpoint inhibition
using monoclonal antibodies (mAbs) that target the cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) or PD-1 pathway has reshaped the landscape of therapeutic strategies
for patients with CLL. Pembrolizumab, a PD-1-targeting agent, is associated with improved
overall survival in patients with CLL [15]. However, a recent study, showed that patients
with CLL may have variable treatment responses to CTLA-4 inhibitors, with unfavorable
treatment outcomes in patients with high CTLA-4 expression [16]. CTLA-4 can regulate
B cell activation both inside and outside of the germinal center, and this regulation can
occur independently of CD80 and CD86 [17]. Therefore, CTLA-4’s role in inhibiting B cell
activation still needs to be studied.

In patients with CLL, this BCR signaling pathway is disrupted [18,19]. Phorbol 12-
myristate 13-acetate (PMA) activates the protein kinase C (PKC) pathway, specifically the
classical PKC isoforms (PKC«, PKCf(3, and PKCy) by mimicking the action of diacylglycerol
(DAG), a second messenger generated during BCR signaling [20]. PKC-f is immediately
downstream of BCR and plays a vital role in malignant cell survival [21]. Understanding
the modulation of immune checkpoints when PKC is activated can reveal whether these
checkpoints contribute to survival or immune evasion in CLL. While PKC activation has
been studied in relation to BCR signaling, its direct influence on immune checkpoint
regulation in B cells has not been well explored. Furthermore, by modeling immune
checkpoint blockage under different immunological activation and exhaustion settings we
may stratify patients with CLL who will benefit from immunotherapy. We hypothesized
that B cell stimulation would increase the levels of immune checkpoint expression on B cell
subsets. The aim of this study was to investigate B cell function in untreated patients with
CLL and to further explore the effects of ex vivo protein kinase C activation on immune
checkpoint expression and B cell profiles.
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2. Methods and Materials
2.1. Patient Recruitment

We recruited patients at King Edward VIII Hospital, a tertiary healthcare institution in
Durban, KwaZulu-Natal, South Africa from July 2019 and May 2022. Ethical approval was
obtained from the University of KwaZulu-Natal Biomedical Research Ethics Committee
(BE456/18), South Africa. The study was conducted in accordance with the Declaration of
Helsinki, and all participants provided written informed consent.

2.2. Inclusion and Exclusion Criteria

We included untreated patients with CLL along with age-matched healthy controls
with no clinical signs of infection. Treated patients with CLL were excluded. Based on the
treatment initiation criteria, 16 patients were on a “watch and wait” approach and 5 had a
treatment indication at the time of sample collection [22].

2.3. Sample Collection

In total, 5 mL of peripheral blood samples were collected from consenting participants
through venipuncture, using 6 mL ethylenediaminetetraacetic acid (EDTA) tubes (BD
Bioscience, San Jose, CA, USA). Subsequently, the samples were transported under room
temperature conditions (20-25 °C) from the hospital to the laboratory.

2.4. Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood sam-
ples using the density-gradient centrifugation method with the use of Ficoll-Paque PLUS
(Amersham, Biosciences, Uppsala, Sweden), as previously described [23]. Briefly, 3 mL of
Ficoll-Paque PLUS was aliquoted into a 15 mL centrifuge tube (Sigma-Aldrich, Roedermark,
Germany), followed by the careful layering of 4 mL of whole blood onto the Ficoll-Paque
PLUS gradient. This was followed by subsequent centrifugation at 400x g for 40 min at
20 °C, the collected PBMCs was stored at —80 °C.

2.5. T Cell Depletion and B Cell Isolation from Peripheral Blood Mononuclear Cells

To enrich the B cell population within the obtained PBMCs, T cell depletion and
positive B cell selection were conducted using the BD IMag isolation system (BD Bio-
science, USA). Briefly, 50 uL of PBMCs were incubated with 5 uL of biotinylated human T
lymphocyte enrichment cocktail (BD Biosciences, San Jose, CA, USA) for 15 min at room
temperature. Following the incubation, 50 pL of streptavidin particles were introduced
to the T cell-depleted PBMC samples and incubated for 30 min at room temperature. The
samples were then reconstituted into 1 mL of 3.2% sodium-citrated buffer and placed on
the BD IMag for 8 min. Isolated B cells were reconstituted into 100 pL phosphate-buffered
saline (PBS) and stored at —80 °C.

2.6. Stimulation and Inhibition Assay

To assess B cell function in patients with CLL, B cells were treated with anti-CTLA-4,
anti-PD-L1 and anti-PD-1 monoclonal antibodies at a concentration of 10 pug/mL for an
hour [24]. We subsequently stimulated B cells as previously described [25,26]. Briefly, B cells
were suspended in a complete medium [RPMI 1640 supplemented with 5% foetal bovine
serum (FBS) and 1% liquid penicillin/streptomyosin (Biowest, Bradenton, FL, USA)] and
stimulated with phorbol 12-myristate 13-acetate (PMA) (12.5 ng/mL; Cayman Chemical,
Ann Arbor, MI, USA) and ionomycin (1.25 pg/mL; Cayman Chemical, Ann Arbor, MI, USA)
for 12 h, at 37 °C with 5% CO,. For the stimulation and inhibition assays, the following
co-culture conditions were used; (1) PMA and ionomycin stimulated B cells; (2) PMA and
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ionomycin stimulated B cells plus anti-PD-1; (3) PMA and ionomycin stimulated B cells
plus anti-PD-L1; (4) PMA and ionomycin stimulated B cells plus anti-CTLA-4.

2.7. Measurements of B Cell Subsets

To quantify B cell subsets, we made use of a six-color flow cytometry panel consisting
of CD38-FITC, CTLA-4-PE, PD-L2-APC, CD19-PE/Cy7, CD27-APC/Cy7, PD-1-PB450, PD-
L1-PE and Zombie Aqua-BV421 (BioLegend, San Diego, CA, USA). Viable cells were defined
as Zombie Aqua dye negative (Figure 1A). We acquired at least 5000 B cells (CD19" events)
(Figure 1B) and defined memory B cells (Bypm) as CD19*CD27* events [27,28], activated B
cells as CD197CD27~CD38* events and activated memory B cells as CD19"CD27*CD38*
events [28] (Figure 1C). Poststimulation B cell viability can be found in the Supplementary
File (Supplementary Figure S1).
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Figure 1. Gating strategy. B cells were isolated using magnetic bead sorting. (A) illustrates the
gates applied to distinguish between viable and non-viable B cells based on a Zombie Aqua dye.
(B) illustrates the gating on B cells based on side scatter (SSC) and CD19 expression. (C) illustrates
the gating of activated B cells defined as CD19*CD38*CD27~ events, memory B cells defined as
CD19"CD27+*CD38~ events and activated memory B cells defined as CD19"CD27+*CD38" events, re-
spectively. (D-G) illustrates the gating of CTLA-4, PD-1, PD-L1 and PD-L2, respectively. Histograms
were used to demonstrate the levels of CTLA-4 (H), PD-1 (I), PD-L1 (J) and PD-L2 expression (K) on
various co-culture conditions.

2.8. Measurements of Immune Checkpoint Levels on B Cell Subsets

To determine the levels of immune checkpoint expression on B cell subsets, we mea-
sured the expression of PD-1, PD-L1, PD-L2 and CTLA-4 on Bypy, and activated B cells
(Figure 1D-G). A total of 5000 CD19" events were acquired at a medium flow rate using the
Beckman Coulter DxFLEX flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) and ana-
lyzed using Kaluza version 1.2 (Beckman Coulter, Inc., Brea, CA, USA). Furthermore, we
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measured the levels of CTLA-4, PD-1, PD-L1 and PD-L2 expression on various co-culture
conditions (Figure 1H-K).

2.9. Sample Size Estimation

We determined the minimum sample size of patients required to detect a large effect
size (d) of 1.14 in the expression of immune checkpoints, at 80% power and alpha (o)
of 0.05 using GPower 3.1.94 software (Universitit, Diisseldorf, Germany). To detect a
large effect size between two independent means using an unpaired t-test, we needed a
minimum of twenty-one patients with CLL (n = 21) and twelve controls (n = 12).

2.10. Statistical Analysis

All statistical analysis was performed using GraphPad Prism version 8 software,
(GraphPad Software Inc., San Diego, CA, USA). A repeated measures one-way ANOVA
was used to compare parametric data with Dunnett’s as a post hoc test. The Friedman test
was used to compare nonparametric data of the same group with Dunn’s as a post hoc
test for multiple comparisons. To correct for multiple comparisons, a Bonferroni-corrected
critical p-value of <0.0167 was considered statistically significant. Non-parametric data
were reported as the median IQR and parametric data were presented as mean =+ SD.

3. Results
3.1. Patients Characteristics

This study comprised 21 patients with CLL, with a mean age of 62.33 & 13.31 years.
The included study participants were multi-ethnic, and comprised of African (n = 19),
Indian (n = 1) and European (n = 1). The study included 33.33% females and 66.67% males
(Table 1).

Table 1. The baseline characteristics and hematological parameters of the participants.

Control Patients with CLL
(n =12) [21] p-Value
Age (Years) 56.58 + 15.67 62.33 + 13.31 0.2714
Male, n (%) 58.33 61.9
Female, n (%) 41.67 38.1
White blood cell count (103 pL) 5.26 +£1.38 130.4 +29.71 0.0005
Red blood cell (10° uL) 4.74 4+ 0.94 2.10 £0.84 <0.0001
Haemoglobin (g/dL) 14.13 + 3.81 8.19 + 2.30 <0.0001
Platelets (103 uL) 2104 + 73.14 157.5 + 141.9 0.1831

3.2. Clinical Staging and Prognostic Markers in Patients with CLL

In patients with CLL, the diagnosis was based on standards from the International
Workshop on Chronic Lymphocytic Leukaemia [1]. The clinical CLL stage was determined
according to the Rai classification system [29], 47.61% were stage IV, 28.60% were stage II1
and 23.81% were stage II (Table 2). In our cohort, the most common cytogenetic abnormality
was 11g22 deletion (33.33%), followed by 13q14 deletion (28.60%) and 17p13 deletion
(14.30%). Only one patient had trisomy 12 (4.80%) and 19% had no abnormalities (Table 2).
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Table 2. Clinical staging and prognostic markers in patients with CLL (n = 21).

Clinical Parameters

RAI Staging
I, n (%) 0 (0)
I, n (%) 5(23.8)
01, n (%) 6 (28.6)
IV, n (%) 10 (47.6)
FISH Status
Trisomy 12, n (%) 1(4.8)
Deletions
11922, n (%) 7 (33.3)
13q14, n (%) 6 (28.6)
17p13, n (%) 3(14.3)
no abnormalities, n (%) 4 (19.0)
CLL-IPI
Low risk, n (%) 14 (66.7)
Intermediate risk, n (%) 4 (19)
High risk, n (%) 3(14.3)
Prognostic Biomarkers
B2M mg/L 0.74 + 0.30

3.3. Increased CD19*CD27* B Cell Levels and a Reduction in Activated B Cells Following
Immune Checkpoint Inhibition

In our B cell stimulation assays, there was no significant difference in the levels of
activated B cells following PMA and ionomycin B cell stimulation 7.630% (8.060-7.350)
when compared to the baseline levels 57.54% (64.57-52.97), p = 0.2480. However, there was
a significant decrease in the levels of activated B cells following anti-CTLA-4 treatment
3.340% (4.085-2.410) when compared to PMA and ionomycin stimulated B cells 7.630%
(8.060-7.350), p < 0.0001; anti-PD-1 treatment 4.300% (5.240-3.300) when compared to PMA
and ionomycin stimulated B cells 7.630% (8.060-7.350), p = 0.0044; and anti-PD-L1 treatment
4.630% (4.940-3.505) when compared to PMA and ionomycin stimulated B cells 7.630%
(8.060-7.350), p = 0.0044 (Figure 2A).
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Figure 2. B Cell Subsets in patients with CLL upon B cell stimulation and immune checkpoint inhibi-
tion. (A) illustrates the expression levels of activated B cells, (B) memory B cells, and (C) activated
memory B cells. The data are presented as the median =+ interquartile range (IQR). ¥, **, *** and ****
shows the level of significance between groups, ns: not significant.

Furthermore, there was no significant difference in the levels of CD19*CD27* B cells
following PMA and ionomycin B cell stimulation 92.47% (92.71-91.99) when compared to
the baseline levels 42.70% (45.76-33.40), p = 0.1917. However, there were significant increase
in the levels of CD19*CD27* B cells following anti-CTLA-4 treatment 96.48% (97.37-95.50)
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when compared to PMA and ionomycin stimulated B cells 92.47% (92.71-91.99), p < 0.0001;
anti-PD-1 treatment 95.65% (96.38-94.79) when compared to PMA and ionomycin stimu-
lated B cells 92.47% (92.71-91.99), p = 0.0064; and anti-PD-L1 treatment 95.30% (96.30-94.71)
when compared to PMA and ionomycin stimulated B cells 92.47% (92.71-91.99), p = 0.0128
(Figure 2B).

Moreover, there was no significant difference in the levels of activated CD19*CD27* B
cells following PMA and ionomycin B cell stimulation 90.81% (91.11-90.17) when compared
to the baseline levels 37.82% (43.21-30.74), p = 0.2480. However, there were significant
increase in the levels of activated CD19*CD27* B cells following anti-CTLA-4 treatment
95.99% (96.90-94.29) when compared to PMA and ionomycin stimulated B cells 90.81%
(91.11-90.17), p = 0.0003; anti-PD-1 treatment 94.73% (95.45-93.43) when compared to PMA
and ionomycin stimulated B cells 90.81% (91.11-90.17), p = 0.0044; and anti-PD-L1 treatment
94.41% (95.60-93.66) when compared to PMA and ionomycin stimulated B cells 90.81%
(91.11-90.17), p = 0.0091 (Figure 2C).

3.4. Increased Levels of CTLA-4 Expression on B Cell Subsets Following B Cell Stimulation and
Reduction Following Immune Checkpoint Inhibition

The levels of CTLA-4 expression were significantly increased in the B cells following
PMA and ionomycin B cell stimulation 81.49% (82.23-81.03) when compared to the baseline
levels 3.270% (5.650-1.310), p < 0.0001. There was a significant decrease in the levels of
CTLA-4 expression on B cells following anti-CTLA-4 treatment 41.09% (50.24-32.06) when
compared to PMA and ionomycin stimulated B cells 81.49% (82.23-81.03), p < 0.0001;
anti-PD-1 treatment 48.11% (64.42—41.25) when compared to PMA—-ionomycin stimulated
B cells 81.49% (82.23-81.03), p = 0.0341; and anti-PD-L1 treatment 44.92% (54.89-37.30)
when compared to PMA and ionomycin stimulated B cells 81.49% (82.23-81.03), p = 0.0004
(Figure 3A).

Furthermore, levels of CTLA-4 expression were increased in activated B cells following
PMA and ionomycin B cell stimulation 80.13% (80.75-79.75) when compared to the baseline
levels 3.300% (5.650-1.310), p < 0.0001. However, the levels of CTLA-4 expression were
decreased following anti-CTLA-4 treatment 40.36% (49.05-31.40) when compared to PMA
and ionomycin stimulated B cells 80.13% (80.75-79.75), p < 0.0001; anti-PD-1 treatment
47.04% (63.21-40.26) when compared to PMA and ionomycin stimulated B cells 80.13%
(80.75-79.75), p = 0.0341; and anti-PD-L1 treatment 44.13% (53.44-36.28) when compared to
PMA and ionomycin stimulated B cells 80.13% (80.75-79.75), p = 0.0003 (Figure 3B).

Moreover, the levels of CTLA-4 expression were significantly increased in memory B
cells following PMA and ionomycin B cell stimulation 77.28% (77.94-76.51) when compared
to the baseline levels 2.880% (5.460-1.220), p < 0.0001. However, the levels of CTLA-4
expression were decreased following anti-CTLA-4 treatment 38.68% (47.68-30.36) when
compared to PMA and ionomycin stimulated B cells 77.28% (77.94-76.51), p < 0.0001; anti-
PD-1 treatment 45.03% (60.98-39.39) when compared to PMA and ionomycin stimulated
B cells 77.28% (77.94-76.51), p = 0.0341; and anti-PD-L1 treatment 42.91% (51.01-35.33)
when compared to PMA and ionomycin stimulated B cells 77.28% (77.94-76.51), p = 0.0004
(Figure 3C).

In summary, PMA and ionomycin B cell stimulation increase CTLA-4 surface expression
on total B cells, activated B cells and memory B cells, while monoclonal antibodies targeting
PD-1, PD-L1 and CTLA-4 significantly reduce the expression on these B cell subsets.
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Figure 3. Immune checkpoint expression on B Cell subsets under different treatment conditions. The
figure illustrates the levels of PD-L2 and CTLA-4 expression on (A) total B cells, (B) activated B cells
and (C) memory B cells, respectively. The data are presented as the median =+ interquartile range
(IQR). *, **, ** and **** shows the level of significance between groups, ns: not significant.

3.5. Increased Levels of PD-1 Expression on B Cell Subsets Following B Cell Stimulation

The levels of PD-1 expression were significantly increased in the B cells following PMA
and ionomycin B cell stimulation (82.61 & 7.960) when compared to the baseline levels
(53.33% =+ 16.18), p = 0.0132. However, the PD-1 expression levels on B cells following
anti-PD-1 treatment (63.50% =+ 9.042), p = 0.0168 and anti-PD-L1 treatment (56.18% =+ 13.36),
p = 0.0082 were significantly decreased when compared to that of the PMA and ionomycin
stimulated B cells (82.61% =+ 7.960). The PD-1 levels on B cells following anti-CTLA-4
(57.54% =+ 21.27) were comparable to that of the PMA and ionomycin-stimulated B cells
(82.61% =+ 7.960), p = 0.0781 (Figure 3A).

Furthermore, levels of PD-1 expression were significantly increased in activated B cells
following PMA and ionomycin B cell stimulation 78.41% (86.93-76.06) when compared to
the baseline levels 65.68% (73.65-60.24), p = 0.0053. However, the levels of PD-1 expression
on activated B cells following anti-CTLA-4 treatment 73.85% (83.17-63.84), p = 0.7029;
anti-PD-1 treatment 72.62% (75.78-70.26), p = 0.3838 and anti-PD-L1 treatment 73.16%
(78.56-67.25), p = 0.5327 were comparable to the PMA and ionomycin stimulated B cells
78.41% (86.93-76.06), Figure 3B.

In addition, the PD1 expression levels on memory B cells following PMA and ion-
omycin B cell stimulation 72.15% (78.82-67.66) were increased when compared to that
of the baseline levels 36.85% (47.81-33.84), p = 0.0011. Interestingly, the PD-1 expression
levels were significantly decreased following anti-CTLA-4 treatment 50.61% (60.22—42.84),
p = 0.0185. However, these levels were comparable following anti-PD-1 treatment 70.76%
(77.89-64.00), p > 0.9999; and anti-PD-L1 treatment 66.13% (72.97-53.97), p > 0.9999 when
compared to PMA—-ionomycin stimulated B cells 72.15% (78.82-67.66), Figure 3C.
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In summary, PMA and ionomycin B cell stimulation increase PD-1 surface expression
on total B cells, activated B cells and memory B cells, while monoclonal antibodies targeting
PD-1 and PD-L1 significantly reduce the expression only on total B cells.

3.6. PD-L1 Expression Levels on B Cell Subsets Following B Cell Stimulation and Reduction
Following Immune Checkpoint Inhibition

The PD-L1 expression levels on B cells following PMA and ionomycin B cell stimu-
lation 52.00% (60.05—46.62) were comparable to the baseline levels 44.75% (52.71-31.23),
p = 0.0881. However, PD-L1 expression levels were significant decrease on B cells follow-
ing anti-CTLA-4 treatment 24.45% (31.52-16.97) when compared to PMA and ionomycin
stimulated B cells 52.00% (60.05-46.62), p = 0.0066; anti-PD-1 treatment 24.56% (27.35-18.94)
when compared to PMA-ionomycin stimulated B cells 52.00% (60.05-46.62), p = 0.0003;
and anti-PD-L1 treatment 28.65% (31.96-24.09) when compared to PMA and ionomycin
stimulated B cells 52.00% (60.05-46.62), p = 0.0002 (Figure 3A).

The PD-L1 expression levels on activated B cells following PMA and ionomycin
B cell stimulation (51.71% =+ 13.40) were increased when compared to the baseline lev-
els (37.49% £ 17.29), p = 0.0231. However, these levels decreased following anti-PD-1
treatment (24.55% =+ 5.647) when compared to PMA and ionomycin-stimulated B cells
(51.71% =+ 13.40), p = 0.0005 and anti-PD-L1 treatment (31.26% =+ 8.056) when compared to
PMA-ionomycin-stimulated B cells (51.71% =+ 13.40), p = 0.0021. However, the levels were
comparable following anti-CTLA-4 treatment (37.73% =+ 12.88) when compared to PMA
and ionomycin-stimulated B cells (51.71% = 13.40), p = 0.0963 (Figure 3B).

Furthermore, the PD-L1 expression levels on memory B cells following PMA and
ionomycin B cell stimulation 59.87% (64.40-55.31) were comparable when compared to
the baseline levels 58.26% (62.75-46.22), p > 0.9999. However, PD-L1 expression was
decreased following anti-PD-1 treatment 30.35% (37.51-18.22) when compared to PMA and
ionomycin stimulated B cells 59.87% (64.40-55.31), p = 0.0002; and anti-PD-L1 treatment
36.60% (49.13-26.59) when compared to PMA and ionomycin stimulated B cells 59.87%
(64.40-55.31), p = 0.0298. However, PD-L1 expression was comparable following anti-
CTLA-4 treatment 42.21% (52.65-30.92) when compared to PMA and ionomycin stimulated
B cells 59.87% (64.40-55.31), p = 0.6599 (Figure 3C).

In summary, PMA and ionomycin B cell stimulation had no significant effect on
PD-L1 surface expression on total B cells and memory B cells, while monoclonal antibod-
ies targeting PD-1, PD-L1 and CTLA-4 significantly reduced the expression on these B
cell subsets.

3.7. Increased Levels of PD-L2 Expression on B Cell Subsets Following B Cell Stimulation and
Varied Expression Following Immune Checkpoint Inhibition

Levels of PD-L2 expression were significantly increased in B cells following PMA and
ionomycin B cell stimulation (99.58% =+ 0.06966) when compared to the baseline levels
(0.3967% = 0.3343), p < 0.0001. However, the expression of PD-L2 on B cells following anti-
CTLA-4 treatment (99.33% =+ 0.3552), p = 0.0502 and anti-PD-1 treatment (99.60% =+ 0.2160),
p = 0.9928 and anti-PD-L1 treatment (99.39% =+ 0.2506), p = 0.0235 was comparable to that
of the PMA and ionomycin stimulated B cells (99.58% = 0.06966), Figure 3A.

Furthermore, levels of PD-L2 expression were significantly increased in activated B
cells following PMA and ionomycin B cell stimulation (98.26% =+ 0.1527) when compared to
the baseline levels (0.3624% =+ 0.2514), p < 0.0001. However, the levels of PD-L2 expression
on activated B cells following anti-CTLA-4 treatment (98.55% =+ 0.6834), p = 0.2811; anti-
PD-1 treatment (98.53% =+ 0.4412), p = 0.0639) and anti-PD-L1 treatment (98.41% = 0.3380),
p = 0.2955 were comparable to the PMA and ionomycin stimulated B cells (98.26% =+ 0.1527),
Figure 3B.
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In addition, the levels of PD-L2 expression on memory B cells following PMA and iono-
mycin B cell stimulation 82.23% (82.58-81.44) were comparable to that of the baseline levels
0.2000% (0.2600-0.08000), p = 0.4042. Interestingly, the PD-L2 expression was significantly
increased following anti-CTLA-4 treatment 92.97% (94.62-92.24), p < 0.0001; anti-PD-1
treatment 91.50% (92.86-89.31), p = 0.0006; and anti-PD-L1 treatment 90.66% (92.47-89.69),
p = 0.0091 compared to PMA-ionomycin stimulated B cells 82.23% (82.58-81.44), Figure 3C.

In summary, PMA and ionomycin B cell stimulation increased PD-L2 surface ex-
pression on total B cells, activated B cells and memory B cells, while monoclonal anti-
bodies targeting PD-1, PD-L1 and CTLA-4 had no effect on total and memory B cells
and significantly increased the expression on memory B cells. The summary table
showing the percentage expression of each immune checkpoint can be found in the
Supplementary File (Tables S1-53).

4. Discussion

The aim of this study was to investigate B cell function in untreated patients with
CLL and to further explore the effects of ex vivo protein kinase C activation on immune
checkpoint expression and B cell profiles. We previously evaluated the expression of
immune checkpoints (PD-1 and CTLA-4) on B cells from patients with CLL as compared
to healthy controls [30], we found that in patients with CLL, the expression of PD-1 and
CTLA-4 were increased in activated B cells and memory B cells. In our current study, we
observed increased levels of PD-1 and CTLA-4 expression on total B cells, activated B cells
and memory B cells following PMA and ionomycin B cell stimulation. In addition, the
PD-L2 protein was also elevated on total B cells and activated B cells. The PD-1 protein
is one of the novel regulators of B cell activation [24]. The PD-1 receptor interacts with
PD-L1 and PD-L2 which are released upon activation of B cells [31-33]. PD-L2 regulates
antibody production through the inhibition of interleukin 5 (IL-5) production by T cells [34].
Elevated PD-L2 expression on activated B cells in patients with CLL may lead to low
levels of plasma cells. Malignant B cells expressing CTLA-4 inhibit T cell activation [35].
Therefore, elevated CTLA-4 expression upon B cell activation in patients with CLL may
lead to T cell exhaustion.

Immune checkpoints are important regulators of immune function and they prevent
autoimmunity [36,37]. Malignant cells evade immune recognition and elimination partly
due to the immunosuppression induced by upregulated immune checkpoints [38]. Mono-
clonal antibodies that target immune checkpoint molecules have been developed and have
become the new standard therapy for numerous malignancies, including CLL [39-41]. Im-
mune checkpoints such as PD-1 and CTLA-4 are dysregulated in patients with CLL [42]. As
a result, immune checkpoint inhibitors, such as samalizumab and nivolumab targeting both
B and T cell function, are becoming more effective as a CLL therapeutic strategy [43,44].
However, there are contradictory findings on the effectiveness of immune checkpoint
inhibitors in patients with CLL [15,43,45-47].

In our study, we showed that blocking CTLA-4, PD-1 and PD-L1 upregulates the
levels of CD19*CD277 B cells and activated CD19*CD27* B cells. In addition, our study
showed that inhibition of these immune checkpoints downregulated the CD38-expressing
activated B cells. The ability of the adaptive immune system to mount quick and efficient
responses to infections depends on memory B cell development [48]. The accumulation
of functional incompetent matured B cells, which characterizes CLL, disrupts the normal
development and function of B cells, including memory B cells. Stimulation of the memory
B cell development or activation could potentially enhance the immune response against
malignant B cells [49,50]. Studies have shown that higher concentrations of memory B
cells in patients with CLL are associated with good prognosis [50]. This may suggest
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that a higher percentage of memory B cells in patients with CLL could be associated with
better clinical outcomes, including longer overall survival and slower disease progression.
However, given that our study stimulated B cells for only 12 h, the observed increase in
CD19*CD27* B cells may not necessarily represent bona fide memory B cells. In addition,
patients with CLL who have a higher proportion of malignant B cells expressing CD38
usually have a more aggressive form of the disease and a shorter overall survival [51,52].
The downregulation of activated B cells using immune checkpoint inhibitors may be
beneficial for patients with CLL.

Our study demonstrated that anti-CTLA-4, anti-PD1 and anti-PD-L1 downregulate
the expression of CTLA-4 on the total B cell population, activated B cells and memory B
cells (Figure 3), whereas the expression of PD-L2 was upregulated on the CD19*CD27* B
cells following anti-CTLA-4, anti-PD1 and anti-PD-L1. A recent study [16] showed that
CTLA-4 inhibition on CLL cell lines with an elevated expression of CTLA-4 stimulates
the survival of malignant cells, whereas CTLA-4 inhibition in the low CTLA-4 expressing
CLL cell lines does not affect apoptosis. This suggests that anti-CTLA therapy may be
unfavorable in some patients with CLL. A plausible explanation for the increased PD-L2
expression may be that PD-L2 acts as a compensatory mechanism to counteract the effect
of PD-L1 blockade [53]. Blocking PD-L1 may lead to compensatory upregulation of PD-L2,
allowing malignant cells to maintain immune suppression. In addition, our study did not
use monoclonal antibodies targeting PD-L2. To confirm this possibility, in our study, we
demonstrated that anti-PD1 and anti-PD-L1 downregulate the expression of PD-L1 on total
B cell population, activated B cells and memory B cells. Furthermore, PD-1 expression was
downregulated on total B cells following this blockage.

The main limitation of this study is that monoclonal antibodies were only used as
a monotherapy, we did not use a combination of these therapies. Dual immunotherapy
has been shown to improve immune response and overall survival rate in patients with
CLL [54-56]. Moreover, we did not determine the differences in cell death rates between
activated and non-activated B cells. In addition, the antibody competition between the
antibodies used for inhibition and those used for staining was not evaluated. Therefore,
more studies to address these limitations are needed. Due to the low sample size in our
study, the B cell-mediated immune response should be further investigated in larger patient
cohorts, particularly in another Sub-Saharan African country to confirm these findings.
Furthermore, we did not compare immune checkpoint expression between CLL and healthy
B cells following PKC activation. While our previous work demonstrated elevated baseline
immune checkpoint expression in CLL B cells compared to healthy controls, it remains
unclear whether the changes observed after PKC activation are unique to CLL B cells.
Future studies should explore this comparison to determine whether PKC-driven immune
checkpoint modulation differs between malignant and normal B cells.

5. Conclusions

Protein kinase C activation on B cells stimulates immune checkpoint expression. The
use of monoclonal antibodies on B cells plays a critical role in the B cell function through
the reduction in CD38 expressing activated B cells and upregulation of CD19*CD27* B
cells. Moreover, the monoclonal antibody targeting PD-1, PD-L1 and CTLA-4 are effective
in reducing the expression of CTLA-4 on B cell subsets, while PD-1 and PD-L1 blockage
may be effective in reducing the expression of these immune checkpoints on total B cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines13030741/s1, Figure S1: Post-stimulation viability.
83.6% viable B cells; Table S1: Immune checkpoints on total B cells; Table S2: Immune checkpoints on
activated B cells; Table S3: Immune checkpoints on CD19*CD27* cells.
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