
Citation: Pouliasi, F.; Salamaliki, C.;

Kanaloupitis, S.; Verigou, E.; Liolis, E.;

Koutras, A.; Makatsoris, T.; Kalofonos,

C.; Liossis, S.-N.; Solomou, E.E.

Exploring the Dynamics of B Cell

Subpopulations in Response to

Immune Checkpoint Inhibitors: A

Prospective Study. Appl. Sci. 2024, 14,

4990. https://doi.org/10.3390/

app14124990

Academic Editors: Bhanwar

Lal Puniya and Rada Amin

Received: 31 March 2024

Revised: 2 June 2024

Accepted: 4 June 2024

Published: 7 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Exploring the Dynamics of B Cell Subpopulations in Response
to Immune Checkpoint Inhibitors: A Prospective Study
Foteini Pouliasi 1, Christina Salamaliki 1, Stavros Kanaloupitis 1, Evgenia Verigou 2, Elias Liolis 3,
Angelos Koutras 3 , Thomas Makatsoris 3, Charalambos Kalofonos 3, Stamatis-Nick Liossis 4

and Elena E. Solomou 1,*

1 Department of Internal Medicine, University of Patras Medical School, 26504 Rion, Greece;
fotinipouliasi@gmail.com (F.P.); chrisalam2008@gmail.com (C.S.); stavros5675@gmail.com (S.K.)

2 Department of Internal Medicine, Division of Hematology, University of Patras Medical School,
26504 Rion, Greece; j.verigou@gmail.com

3 Department of Internal Medicine, Division of Oncology, University of Patras Medical School,
26504 Rion, Greece; lioliselias@yahoo.gr (E.L.); angkoutr@otenet.gr (A.K.); maktom@yahoo.com (T.M.);
kalofonos@upatras.gr (C.K.)

4 Department of Internal Medicine, Division of Rheumatology, University of Patras Medical School,
26504 Rion, Greece; sliossis@upatras.gr

* Correspondence: elenasolomou@hotmail.com

Abstract: Globally, the efforts to find the best cancer treatment are demanding and very intensive.
Immunotherapy has gained an important role as a second or sometimes first line of treatment for
various types of cancer. PD-1/PD-L1 checkpoint inhibitors are an impending category of immunother-
apy, and their mechanism, as well as their interaction with T cells, are well studied. However, our
knowledge about any possible effect(s) of immunotherapy on B cells is limited. In this prospective
study, we asked the question of any possible alterations of circulating B cells (numbers and subsets)
occurring during immunotherapy in patients with cancer and of the potential correlation of such
changes with the outcomes and with development of immune-related adverse events (irAEs). We
enrolled 20 cancer patients who received PD-1 checkpoint inhibitors and 8 healthy donors (HD).
Patients underwent regular clinical assessment and imaging using the iRECIST criteria for 6 months
following immunotherapy. Peripheral blood samples were collected before and during PD-1 check-
point inhibitor therapy, and flow cytometry analysis of peripheral blood mononuclear cells (PBMCs)
was performed, evaluating various circulating B cell subset phenotypes, including mature naïve B
cells, memory B cells, regulatory B cells (Bregs), antibody-secreting cells (ASCs), and age-related
B cells (ABCs). Statistical analysis was employed to compare the differences of B cells between
different groups and among sequential data within the same group. Total circulating CD19+ B cell
counts remained stable across both groups (responders (R), nonresponders (NR)) and timepoints.
However, there was a significant rise in mature naïve B cells and decline in memory B cells at the
initiation of the treatment in the R group compared to healthy donors and to the NR group. Such
changes were correlated with a good response to immunotherapy. On the contrary, higher numbers
of ABCs at baseline were seen in the NR group and were correlated with resistance to treatment. As
far as immune-related adverse events are concerned, no significant changes were recorded among
the different B cell subpopulations evaluated in both groups. Our study provides preliminary data
suggesting that B cell subset changes during immunotherapy may correlate with immune checkpoint
inhibitor-induced clinical responses in patients with neoplasia. Further investigations to delineate
the potential role(s) of B cells in patients undergoing immunotherapy are needed.

Keywords: B cells; checkpoint inhibitors; immunotherapy; immune-related adverse events; NSCLC;
carcinoma
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1. Introduction

Cancer is one of the most common diseases and the leading cause of death worldwide
in the last decades. Furthermore, in the last two decades, there have been approximately
20 million new cancer cases per year, according to World Health Organization in 2024,
accounting for nearly 10 million deaths [1,2], making it the second deadliest disease in the
United States, after heart disease [1–3]. Breast cancer seems to be the most common type
of cancer among females, while lung cancer is not only the commonest one in the male
population but also the deadliest one, regardless of gender [2].

After years of research, a promising treatment option of immune checkpoint inhibitors
emerged, such as anti-CTLA-4 and anti-PD-1/PD-L1, but only a small amount of data are
known about their effect on B cells.

Undeniably, the immune system’s role in cancer pathophysiology has been the center
of investigations during the last decades. Cancer acceleration and proliferation depend
on the equilibrium among cancer immunosurveillance, genetic instability, immune home-
ostasis, and the ability of cancer cells to escape detection [4]. Cancer cell evasion can
occur through activating negative regulatory pathways (checkpoints), such as cytotoxic
T-lymphocyte protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) [5,6]. CTLA-
4 is a protein receptor that is expressed on the surface of T cells and, by competing for
the co-stimulatory molecule CD28 for binding to CD80 and CD86 ligands, downregulates
the naïve T cell activation in the initial stages. Alongside this, antigen-stimulated T cells
express PD-1 receptors on their surface, that bind to its ligand PD-L1 or PD-L2, and inhibit
T cell proliferation, cytokine release, and cytotoxicity [5,7].

PD-1 is a type I transmembrane glycoprotein of 288 amino acids that is encoded by the
PDCP1 gene in chromosome 2 and belongs to the CD28 family. It is expressed on the surface
of T cells, B cells, dendritic cells (DCs), activated monocytes, natural killer cells (NKs),
macrophages, and many tumor-infiltrating T cells (TILS). It has two ligands that belong
to the B7 family: PD-L1, a type I transmembrane protein of 290 amino acids encoded by
the CD274 gene in chromosome 9, and PD-L2, a protein of 273 amino acids encoded by the
CD273 gene. PD-L1 is expressed in resting T cells, B cells, DCs, macrophages, monocytes,
vascular endothelial cells, pancreatic islets, and many types of cancer cells, whereas PD-L2
is expressed in macrophages, DCs, and mast cells. Multiple proinflammatory molecules
that are produced by tumor microenvironments (TMEs), such as INF-γ, TNF-α, IL-2, IL-10,
GM-CSF, VEGF, and oncogenes such as PTEN, induce the upregulation of PD-L1 [8–14].
Under normal circumstances, the PD-1/PD-L1 signaling pathway plays a critical role in
the homeostasis of the immune system in response to inflammation (infection, cancer
etc.), avoiding overstimulation of effector T cells, hence protecting the healthy tissues
and avoiding autoimmunity [15,16]. However, many cancer cells overexpress the PD-
L1, helping the tumor cells to evade the immune surveillance by inducing apoptosis of
activated effector T cells, driving them into exhaustion, inhibiting their proliferation, and
enhancing the function of regulatory T cells (Tregs) [8,9,17,18]. Through these interactions,
the tumor disrupts the equilibrium between suppressive and promoter anticancer factors,
inducing its acceleration and metastasis.

Immune checkpoint inhibitors (ICIs) are monoclonal antibodies (mAbs) that block the
PD-1/PD-L1 and CTLA-4 axis, promoting a dynamic and limitless anticancer response
of effector T cells. To date, there are eight FDA approved mAbs that are used on a daily
clinical routine, blocking PD-1 (nivolumab, pembrolizumab, cemiplimab, and dostarlimab),
its ligand PD-L1 (atezolizumab, avelumab, and durvalumab) or the CTLA-4 receptor
(ipilimumab), improving overall survival (OS) and progression-free survival (PFS) rates
in a lot of patients with advanced malignancies, included melanoma, non-small-cell lung
cancer (NSCLC), head and neck squamous cell carcinoma, urothelial carcinoma (UC), renal
cell carcinoma (RCC), hepatocellular carcinoma, metastatic small-cell lung cancer (SCLC),
colorectal carcinoma, and Hodgkin’s lymphoma [8,11,19–22], whereas alternative potential
checkpoint targets in immune cells are under investigation, such as lymphocyte activation
gene-3 (LAG-3) that interacts with major histocompatibility complex (MHC) class II, along
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with T cell immunoglobulin-3 (TIM-3) that binds with galectin-9 and carcinoembryonic
antigen-related cell adhesion molecule (CARCAM)-1, preventing the promotion of immune
tolerance [21]

Despite the promising results of immunotherapy, several patients will not benefit from
this therapy. Many tumor cells’ intrinsic and extrinsic factors induce primary resistance
mechanisms, including insufficient tumor immunogenicity and neoantigen presentation
(MHC dysfunction), PD-L1 expression and irreversible T cell exhaustion, immunosup-
pressive tumor microenvironment (TME), and cellular signaling pathways as a primary
resistance to INF-γ signaling [14,23]. Hence, predictive biomarkers that determine tumor
response to therapy are essential. It is debated, though, whether the PD-L1 tumor mi-
croenvironment overexpression is a positive or negative biomarker. High nonsynonymous
mutation burden, DNA mismatch repair deficiency, and tumor-infiltrating immune cells
are also possible predictive factors; however, their use is limited [5,10,24]. Nevertheless, the
host’s immune system and gut microbiome are critical parameters in the prediction of the
response in any type of therapy. Peripheral blood biomarkers such as absolute neutrophil
count, neutrophil to lymphocytes ratio, eosinophil counts and lactate dehydrogenase levels
may anticipate cheaper and more accessible predictive markers [5,10,24–26].

ICIs are considered to have less toxicity and better safety and tolerance in compari-
son to conventional treatment, though, occasionally, toxicity can range from mild to fatal,
inducing the discontinuation of immunotherapy [27,28]. Most toxicities are the result of
excessive immune activation against healthy tissues and could affect any organ system [29].
These immune-related adverse events (irAEs) have a median onset within 2–16 weeks from
the first dose of immunotherapy; nevertheless, late irAEs could be mentioned even after
12 months from the completion of therapy [29,30]. The severity of irAEs depends on the
used ICI, the dose, and the host’s immune status, and increases exponentially by receiving
a combination of agents [28,29]. Conventionally, irAEs are endocrinopathies, cutaneous,
gastrointestinal, pulmonary, renal, neurologic, rheumatic manifestations, and vasculitis;
however, autoimmune colitis, pneumonitis, and myocarditis are the most fatal [28–35].
Although there is a strong correlation between irAEs and improved PFS in patients who re-
ceived ICIs, there is a need to develop personalized surveillance strategies during treatment
to reduce the incidence and mortality of immune-related toxicities [28,36].

As far as B cells are concerned, their role in cancer immunity is controversial [37,38].
Studies report that they can have both protumor and antitumor effects and their activity
depends on various factors, including the context of the tumor microenvironment, the
histologic type of cancer, and the stage of cancer progression. Beyond any doubt, their
involvement in adaptive immunity as antibody-secreting cells (ASCs), antigen-presenting
cells (APCs), and cytotoxic cells is well clarified [37,39]. In a tumor microenvironment, B
cells can be activated by cancer antigens, neoantigens, or self-antigens through T-dependent
or T-independent response [40,41]. This activation can lead to the differentiation of B
cells into short-lived plasmablasts, long-lived plasma cells, and memory cells, which all
produce high-affinity antibodies that mediate opsonization, antibody-dependent cellular
cytotoxicity (ADCC), and activation of the complement-dependent cytotoxicity (CDC),
thus making B cells the pivotal effector cell of humoral immunity [37,41,42]. Moreover,
B cells can act as APCs to activate T effector cells in TME [37,39], though the role of
regulatory B cells (Bregs) in cancer immunity and their intervention in tumor growth is
under great investigation. These cells can arise with many different phenotypes from
different subpopulations of B cells, while the CD19 + CD24hiCD38hi phenotype seems to
be the most common human one for Bregs. Their signature characteristic is the production
of cytokines such as IL-10, IL-35, and TGF-β and the capacity to inhibit T cell-mediated
tumor cytotoxicity [37,39,41–44]. Furthermore, activated B cells and Bregs that express in
their surface the PD-L1, an immune checkpoint, can, as mentioned before, induce tolerance
and limit effector T cell responses [37,40–43]. Finally, it is necessary to mention that the age-
associated B cells (ABCs), a unique memory B cell subpopulation, are implicated in aging,
autoimmunity, and chronic inflammation through autoantibody production, cytokine
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induction, and T cell helper activation [45,46], yet their role in cancer and immunotherapy
is understudied.

The role of circulating B cells as a prognostic factor in patients treated with ICIs is
not established. In this study, we wanted to explore the role of distinct circulating B cell
populations during treatment with immune checkpoint inhibitors in cancer patients and in-
vestigate the possibility of finding a precise biomarker for treatment response. Additionally,
we wanted to explore if there are any alterations in different circulating B cell populations
in patients who developed immune-related adverse events (irAE group). Our aim was to
examine whether any circulating B cell population could potentially be used as a prediction
marker for the development of irAEs.

2. Material and Methods
2.1. Patients and Healthy Donors

In this prospective study, 20 patients with a histologic diagnosis of NSCLC, UC,
RCC, or squamous cell carcinoma of head and neck (SCCHN) who were at the starting
point of their treatment with a PD-1 inhibitor, either nivolumab or pembrolizumab, were
enrolled. The study was conducted in accordance with the Declaration of Helsinki and the
International Conference on Harmonization for Good Clinical Practice standards of care and
was approved by the University Hospital of Patras Ethics Committee. A written informed
consent was provided from the participants before their enrolment. Our patients’ median
age was 58 years (range 43–80), all of whom were Caucasians, and the male-to-female ratio
was 14 to 6. The cancer diagnosis was as follows: fourteen patients were diagnosed with
non-small-cell lung cancer (NSCLC), four with urothelial carcinoma (UC), one with renal
cell carcinoma (RCC), and one with head–neck cancer of squamous cells (SCCHN). Patients’
demographics are shown in Table 1. All study subjects included in the study were patients
who needed treatment with monotherapy with immune checkpoint inhibitors as a second-
or third-line treatment option. All patients were enrolled sequentially at recruitment and
were not selected based on their cancer type. More patients included had NSCLC, since
this type of cancer is more common in our Oncology department. None of the patients
had past medical history of autoimmune disease. None of the patients were treated with
corticosteroids at least 6 months before study enrolment [47]. Additionally, eight age- and
sex-matched healthy donors with no history of malignancy or autoimmune disease were
enrolled, representing the control subject group.

Table 1. Demographics of study subjects. Patients’ (Pt) and healthy donors’ (HD) demographics
are shown in the table along with evaluation of response during the first 6 months of CPI treatment
(irAEs: immune-related adverse events, PD: progressive disease, R: response; complete response;
partial response; stable disease, M: male, F: female, †: indicates deceased patients, ANA: antinu-
clear antibody).

Number Patient or
Healthy Donor Gender Age Malignancy CPI Line of

Treatment
Timepoint of Last

Evaluation Outcome irAEs/
Autoimmunity

1 † Pt M 62 Uca pembrolizumab 2nd 2 PD -

2 † Pt M 65 NSCLC nivolumab 2nd 2 PD -

3 † Pt F 47 NSCLC nivolumab 3rd 4 PD -

4 † Pt M 72 NSCLC nivolumab 2nd 2 PD -

5 Pt M 70 NSCLC nivolumab 2nd 2 R -

6 † Pt M 54 NSCLC nivolumab 2nd 3 PD -

7 Pt M 65 Uca pembrolizumab 2nd 4 R -

8 † Pt M 75 Uca pembrolizumab 2nd 1 PD -
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Table 1. Cont.

Number Patient or
Healthy Donor Gender Age Malignancy CPI Line of

Treatment
Timepoint of Last

Evaluation Outcome irAEs/
Autoimmunity

9 Pt F 65 NSCLC nivolumab 2nd 4 R -

10 Pt F 53 RCC nivolumab 2nd 4 R -

11 Pt M 62 NSCLC nivolumab 2nd 4 R -

12 Pt M 80 NSCLC pembrolizumab 2nd 4 R Colitis
ANA (+)

13 Pt F 63 NSCLC nivolumab 2nd 4 R thyroiditis

14 † Pt F 64 NSCLC nivolumab 2nd 4 R -

15 Pt F 56 NSCLC pembrolizumab 3rd 4 PD -

16 † Pt M 65 NSCLC nivolumab 2nd 2 PD -

17 † Pt M 55 Uca pembrolizumab 2nd 3 Nonevaluable Pneumonitis
ANA (+)

18 Pt M 77 NSCLC nivolumab 2nd 4 R thyroiditis

19 Pt M 60 SCCHN nivolumab 2nd 4 R -

20 Pt M 64 NSCLC nivolumab 2nd 2 PD -

21 HD F 53 no - - - - -

22 HD M 60 no - - - - -

23 HD F 58 no - - - - -

24 HD F 81 no - - - - -

25 HD M 45 no - - - - -

26 HD M 63 no - - - - -

27 HD M 43 no - - - - -

28 HD F 39 no - - - - -

2.2. Cells

Heparinized peripheral blood was drawn (15 mL) immediately before each scheduled
treatment with ICI infusion from all patients. Subsequently, peripheral blood mononuclear
cells (PBMCs) were promptly separated using a density gradient centrifugation medium
according to the manufacturer’s instructions (LYMPHOSEP, Biowest) and then stored at
−80 ◦C until flow cytometry analysis, as previously described [48].

2.3. Flow Cytometry

In our study, we examined the percentages of B cells at each timepoint during the
patient’s therapy by analyzing both intracellular and surface expression of labeled antigens
as previously described (49) (Supplemental Figure S1). Briefly, PBMCs were washed in
phosphate-buffered saline (PBS), and then incubated on ice for 45 min with a purified
human IgG (Antibodies Inc, Davis, CA, USA), to block nonspecific Fc binding sites. Cells
were then washed and incubated on ice with the fluorochrome-conjugated mAb or their
respective isotypic-control mAb for 1 h. Antibodies against intracellular targets were
added after fixation and permeabilization of the cells based on manufacturer’s instructions
(True-NuclearTM Transcription Factor Buffer Set, Bio Legend). It is important to note that
we carried out assessments for all time points of each patient on the same day. We carried
out experiments of the patients and healthy subjects in parallel. All the flow cytometry
experiments were conducted using a Beckman Counter Cytomics FC 500 cytometer. All
antibodies used are shown in Supplemental Table S1. The surface markers for each subpop-
ulation used are shown below and as previously described: mature naïve B cells: CD19
+ CD24loCD38lo [49,50], memory B cells: CD19 + CD24hiCD38lo [49,50], Bregs: CD19 +
CD24hiCD38hi [37,49–52], antibody-secreting cells (ASCs): CD19 + CD24loCD38hi [49,50],
age-associated B cells (ABCs): CD19 + CD11c + CD21-Tbet + [45,53–56].
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2.4. Statistical Analysis

An unpaired t-test was employed when comparing data between different groups
(responders, nonresponders, or healthy donors), and a one-way repeated-measures ANOVA
analysis was used to analyze sequential data within the same group of patients (responders
or nonresponders). Values of p < 0.05 were considered statistically significant. Analyses
were performed using GraphPad Prism 5 (Version 10) by GraphPad Software Inc. (Boston,
MA, USA).

3. Results
3.1. Study Design

All patients who participated in the study were evaluated, especially for new symp-
toms correlated with possible irAEs, every 2 or 3 weeks at their scheduled visits for the
ICI administration. Those who were clinically stable underwent computed tomography
scans at the timepoints of 12 and 24 weeks after therapy initiation to assess the outcome
of immunotherapy, according to the immune response evaluation criteria in solid tumors
(iRECIST) [47]. The majority of our patients (n = 14) received nivolumab at a standard dose
of 240 mg intravenously every two weeks and seven patients received pembrolizumab
(n = 7) at a standard dose of 300 mg intravenously every three weeks. Patients with disease
progression according to iRECIST were considered nonresponders (NRs), while cancer
patients with partial or complete response and those with stable disease were characterized
as responders (Rs).

Peripheral blood samples were analyzed in sequential time points (explanation of the
study design is shown in Figure 1) immediately before every infusion of the inhibitor, as
well as at three and six months after treatment initiation.
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3.2. Patients’ Response to Treatment and Adverse Events

All the patients in the study received CPI as a second- or third-line treatment due to
previous treatment failures. Among our patients, 10 out of 20 continued their immunother-
apy for more than 6 months as they were categorized as responders by that time, and
no serious adverse events were reported for them. On the other hand, 10 out of 20 pa-
tients were nonresponders. Six of them succumbed to disease progression after receiving
2–3 doses of CPI, while three patients switched to alternative treatment regimens due
to disease progression, which was diagnosed during scheduled computed tomography
(CT) scans (two switched at the 3-month timepoint and one at the 6-month timepoint).
One patient passed away due to autoimmune pneumonitis 3 months after initiating CPI
treatment without being marked as a responder or nonresponder (Table 1, Supplemental
Table S2).
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In terms of autoimmune complications within the first six months of immunotherapy,
one patient, who was evaluated as a nonresponder, receiving pembrolizumab developed
fatal pneumonitis. Three patients who were assumed as responders, two of them receiving
nivolumab, experienced hypothyroidism, and the other one, who received pembrolizumab,
reported persistent diarrhea. It was noticed that the irAEs in these patients were developed
within about 2–3 months after the initiation of ICI treatment, just before the third timepoint
(Table 1).

At timepoint 0, antinuclear antibody (ANA) screenings were available for all the
patients. Among them, four were found to be ANA-positive, despite not having a his-
tory of autoimmune disease. Notably, half of the patients who eventually developed
immune-related adverse events (irAEs) (two out of four) had a positive ANA test before
the beginning of treatment. The patient who developed autoimmune pneumonitis had the
highest ANA titer at baseline, which was 1/640.

3.3. CD19+ Cells

At baseline, there was no significant difference in CD19+ subpopulation among re-
sponders (Rs), nonresponders (NRs), and healthy subjects (Supplemental Table S3). We did
not find any significant change in the circulating CD19+ subpopulation at any time point
examined between patients and healthy subjects (Figure 2a, Supplemental Table S3). Our
data analysis showed no remarkable outcome from the comparison among responders, non-
responders, and HDs at any timepoint in our study. Moreover, when a repeated-measures
one-way ANOVA was performed to investigate the consequences of ICI treatment on
CD19+ counts of either the responder or nonresponder group, no significant results were
found during the study period. This analysis suggests that PD-1 inhibitors have no specific
impact on a CD19+ circulating B cell subpopulation.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 17 
 

developed fatal pneumonitis. Three patients who were assumed as responders, two of 
them receiving nivolumab, experienced hypothyroidism, and the other one, who received 
pembrolizumab, reported persistent diarrhea. It was noticed that the irAEs in these pa-
tients were developed within about 2–3 months after the initiation of ICI treatment, just 
before the third timepoint (Table 1). 

At timepoint 0, antinuclear antibody (ANA) screenings were available for all the pa-
tients. Among them, four were found to be ANA-positive, despite not having a history of 
autoimmune disease. Notably, half of the patients who eventually developed immune-
related adverse events (irAEs) (two out of four) had a positive ANA test before the begin-
ning of treatment. The patient who developed autoimmune pneumonitis had the highest 
ANA titer at baseline, which was 1/640. 

3.3. CD19+ Cells 
At baseline, there was no significant difference in CD19+ subpopulation among re-

sponders (Rs), nonresponders (NRs), and healthy subjects (Supplemental Table S3). We 
did not find any significant change in the circulating CD19+ subpopulation at any time 
point examined between patients and healthy subjects (Figure 2a, Supplemental Table S3). 
Our data analysis showed no remarkable outcome from the comparison among respond-
ers, nonresponders, and HDs at any timepoint in our study. Moreover, when a repeated-
measures one-way ANOVA was performed to investigate the consequences of ICI treat-
ment on CD19+ counts of either the responder or nonresponder group, no significant re-
sults were found during the study period. This analysis suggests that PD-1 inhibitors have 
no specific impact on a CD19+ circulating B cell subpopulation. 

(a)  (b)  

(c)  (d)  

Figure 2. Cont.



Appl. Sci. 2024, 14, 4990 8 of 17Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 17 
 

(e)    

Figure 2. Change in B cell populations during treatment with immune checkpoint inhibitors. The 
changes in the percentages of CD19+ B cells, mature naïve B cells, memory B cells, Bregs, and ASC 
among participants enrolled in the study at each timepoint are shown (HD, healthy donors; R-tp0-
4, responders’ groups at every timepoint of the study subsequentially from 0 to 4; NR-tp0-4, nonre-
sponders’ groups at every timepoint of the study from 0 to 4; * if p < 0.05). (a) CD19+ subpopulation 
remained almost stable among HDs, Rs, and NRs during the period of immunotherapy. (b) Re-
sponders (Rs) had significantly elevated levels of mature naïve B cells compared to healthy donors 
(HDs) at timepoints (tps) 0, 2, and 3. Nonresponders (NRs) confirmed significant elevation of that 
subpopulation compared to healthy donors (HDs) only at timepoint 2. (c) At baseline, responders 
(Rs) had significantly fewer memory B cells compared to healthy donors (HDs). Additionally, the 
only significant difference between responders and nonresponders was at timepoint 1. (d) No sig-
nificant difference was noticed in Bregs. (e) ASC counts were almost similar among HDs, Rs, and 
NRs during study. 

3.3.1. Mature Naïve B Cells 
At all timepoints examined, responders had constantly elevated levels of the mature 

naïve circulating B cells compared to HDs; however, statistical significance was reached 
only at timepoints 0, 2, and 3 (p0 = 0.0232, p2 = 0.0139, p3 = 0.00027) (Figure 2b, Supplemental 
Table S4). Additionally, comparing NRs to HDs during the study, NRs had similar levels 
of mature naïve B cells, except from timepoint 2, where an important increase in the non-
responders’ group was observed (p = 0.0472). These data imply that antitumor therapy 
with PD-1 inhibitors may have better efficacy in patients who start treatment with higher 
levels of circulating mature naïve B cells compared to patients with lower levels. 

3.3.2. Memory B Cells 
We also observed that Rs had significantly lower circulating memory B cells com-

pared to HDs at timepoint 0 (p = 0.0033) (Figure 2c). In contrast, differences between NRs 
and HDs at baseline were not of statistical significance (p = 0.3058). Interestingly, at 
timepoint 1, memory B cells that belonged to Rs were significantly lower than NR’s (p = 
0.0224), although when looking at time points 2–4, there was no observation of the same 
pattern (Figure 2c, Supplemental Table S5). These results led us to the conclusion that pa-
tients who initiate treatment with lower counts of memory B cells and maintain these lev-
els during immunotherapy may show better response. 

3.4. Regulatory B Cells (Bregs) and Antibody-Secreting Cells (ASC) 
During the comparison of the subpopulations of Bregs and ASCs among R, NR, and 

HD study groups, at all timepoints, no statistically significant difference was observed 
(Figure 2d and 2e, Supplemental Tables S6 and S7, respectively). Notably, although the 
Breg subpopulation was decreased in the NR group compared to the HD and R groups, 
no statistical significance was reached at any timepoint (Figure 2d). Moreover, when a 

Figure 2. Change in B cell populations during treatment with immune checkpoint inhibitors. The
changes in the percentages of CD19+ B cells, mature naïve B cells, memory B cells, Bregs, and
ASC among participants enrolled in the study at each timepoint are shown (HD, healthy donors;
R-tp0-4, responders’ groups at every timepoint of the study subsequentially from 0 to 4; NR-tp0-
4, nonresponders’ groups at every timepoint of the study from 0 to 4; * if p < 0.05). (a) CD19+
subpopulation remained almost stable among HDs, Rs, and NRs during the period of immunotherapy.
(b) Responders (Rs) had significantly elevated levels of mature naïve B cells compared to healthy
donors (HDs) at timepoints (tps) 0, 2, and 3. Nonresponders (NRs) confirmed significant elevation of
that subpopulation compared to healthy donors (HDs) only at timepoint 2. (c) At baseline, responders
(Rs) had significantly fewer memory B cells compared to healthy donors (HDs). Additionally, the only
significant difference between responders and nonresponders was at timepoint 1. (d) No significant
difference was noticed in Bregs. (e) ASC counts were almost similar among HDs, Rs, and NRs
during study.

3.3.1. Mature Naïve B Cells

At all timepoints examined, responders had constantly elevated levels of the mature
naïve circulating B cells compared to HDs; however, statistical significance was reached
only at timepoints 0, 2, and 3 (p0 = 0.0232, p2 = 0.0139, p3 = 0.00027) (Figure 2b, Supplemental
Table S4). Additionally, comparing NRs to HDs during the study, NRs had similar levels
of mature naïve B cells, except from timepoint 2, where an important increase in the
nonresponders’ group was observed (p = 0.0472). These data imply that antitumor therapy
with PD-1 inhibitors may have better efficacy in patients who start treatment with higher
levels of circulating mature naïve B cells compared to patients with lower levels.

3.3.2. Memory B Cells

We also observed that Rs had significantly lower circulating memory B cells compared
to HDs at timepoint 0 (p = 0.0033) (Figure 2c). In contrast, differences between NRs and
HDs at baseline were not of statistical significance (p = 0.3058). Interestingly, at timepoint 1,
memory B cells that belonged to Rs were significantly lower than NR’s (p = 0.0224), al-
though when looking at time points 2–4, there was no observation of the same pattern
(Figure 2c, Supplemental Table S5). These results led us to the conclusion that patients who
initiate treatment with lower counts of memory B cells and maintain these levels during
immunotherapy may show better response.

3.4. Regulatory B Cells (Bregs) and Antibody-Secreting Cells (ASC)

During the comparison of the subpopulations of Bregs and ASCs among R, NR, and
HD study groups, at all timepoints, no statistically significant difference was observed
(Figure 2d,e, Supplemental Tables S6 and S7, respectively). Notably, although the Breg sub-
population was decreased in the NR group compared to the HD and R groups, no statistical
significance was reached at any timepoint (Figure 2d). Moreover, when a repeated-measures
one-way ANOVA test was performed to examine the impact of the immunotherapy in Bregs
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counts, no significant changes were reported (responders: p = 0.8, F = 0.4; nonresponders:
p = 0.35, F = 1.13).

Similar results were obtained comparing ASC among HDs, Rs and NRs (Figure 2e,
Supplemental Table S7). Furthermore, the number of ASCs remained stable throughout
the treatment, indicating no substantial impact of immunotherapy on ASC by one-way
ANOVA (responders: p = 0.31, F = 1.226; nonresponders: p = 0.91, F = 0.23).

Our results suggest that Bregs and ASC circulating populations are not affected
during treatment.

3.5. Aged-Associated B Cells (ABCs)

At baseline, the NR group showed significantly higher circulating ABC counts com-
pared to R group (p = 0.04), although there was no statistical significance compared to
HDs (p = 0.06) (Figure 3a, Supplemental Table S8). Moreover, at timepoint 4, responders
had a significant decrease compared to HDs (p = 0.02). Contrary, comparing NR’s ABCs
at timepoints 1–3 to the ABC counts of HDs, they had constantly significantly increased
levels (p1 = 0.01, p2 = 0.02, p3 = 0.03). Notably, in either group, there were no significant
deviations in ABC counts during the treatment period (one-way ANOVA test, responders:
p = 0.48; nonresponders: p = 0.45).
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Figure 3. ABCs and Tbet levels show significant differences during treatment. The graphs show the
alterations in the percentage of ABC cells and change in MFI of Tbet among all participants enrolled
in the study at each timepoint (HD, healthy donors; R-tp0-4, responder groups at every timepoint of
the study subsequentially from 0 to 4; NR-tp0-4, nonresponder groups at every timepoint of the study
from 0 to 4; * if p < 0.05, ** if p < 0.001). (a) Nonresponders (NR) had a significantly elevated ABC
count compared to responders (R) at the baseline. At the same time, similar alterations of NRs’ ABC
counts were noticed compared to healthy donors (HDs) at all three following timepoints examined.
At timepoint (tp) 4, responders (Rs) had significantly decreased counts compared to healthy donors.
(b) Only at baseline did nonresponders have significantly higher levels of MFI Tbet compared to
responders. At timepoint (tp) 3, nonresponders revealed a significant elevation of MFI Tbet.

When we analyzed the mean fluorescence intensity (MFI) of Tbet, we found a signifi-
cant difference between Rs and NRs at baseline (p = 0.0002), but there was no difference at
any other timepoint (Figure 3b, Supplemental Table S9). However, regarding the nonrespon-
ders’ group, the repeated-measures one-way ANOVA revealed a statistically significant
impact of immunotherapy on ABC counts (F = 7.451, p = 0.001), showing a significant
increase 3 months after a numerical decrease in the preceding timepoints. Differences
were significant between timepoints 1 and 3 (95% C.I. = [−1.410, −0.3147]) and 2 and 3
(95% C.I. = [−1.370, −0.2577]).

Based on these results, the ABC subpopulation may play a major role in the PD-1 in-
hibitor therapy response. Patients with steadily increased counts of ABCs have inadequate
outcomes from ICI therapy. Moreover, the fact that in the NR group a significant eleva-
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tion in their ABCs counts at timepoint 3 was noted suggests that ABCs could potentially
serve as new negative prediction markers, but further investigation is needed to come to a
definite conclusion.

Immune-Related Adverse Events (irAEs)

We then examined the possible alterations of the B cell subpopulations analyzed
between patients who developed adverse events and those who did not. Firstly, as far as
total CD19+ B cells are concerned, there was no statistically significant difference among
the groups of HDs, patients who developed irAEs (irAE group), and those who did not
develop immune-related adverse events (non-irAE group). However, at timepoint 4, total
CD19+ B cells were remarkably decreased in both groups of patients compared to the
HD group (pirAEs = 0.01, pnon-irAEs = 0.009), as they also were for the non-irAE group at
timepoint 3 (p = 0.04) (Figure 4a, Supplemental Table S10).
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Figure 4. Alterations in different B cell populations in patients who developed immune-related
adverse events (HD, healthy donors; irAEs (0)–(4), the patient group that developed irAEs at every
timepoint of the study subsequential from 0 to 4; N-irAEs (0)–(4), the patient group that did not
develop irAEs at every timepoint of the study from 0 to 4; * if p < 0.05, ** if p < 0.001). (a) CD19+
alterations were similar between patients who developed irAEs and those who did not. (b) An
increase in mature naïve B cell counts at timepoints 2 and 3 in both groups was observed. (c) Similar
alterations in memory B cell subpopulation between both groups compared to HDs were noticed
at almost all timepoints. (d) Significant changes were noted only at timepoint 2 in the non-irAE
group compared to healthy donors, despite the numerical decline of Bregs counts in both groups at
timepoints 2 and 3. (e) No significant variations of ASC count among irAEs, non-irAEs, and healthy
donors during the period of immunotherapy. (f,g) ABC subpopulation of the non-irAE group was
significantly increased compared to healthy donors only at timepoints 1 and 2.

The subpopulation of mature naïve B cells seemed to follow a similar motif in both
groups (patients who developed irAEs and those who did not) when they were com-
pared to healthy donors (Figure 4b, Supplemental Table S11). Especially, both groups
confirmed a significant elevation compared to HDs only at timepoints 2 (pirAEs = 0.0103,
pnon-irAEs = 0.0292) and 3 (pirAEs = 0.005, pnon-irAEs = 0.0). No significant difference was
observed during the comparison between the irAE group and non-irAE group at any
timepoint. Additionally, when a repeated-measures one-way ANOVA test was performed,
none of these groups were affected by immunotherapy during our study (irAEs: F = 1.625,
p = 0.2036; non-irAEs: F = 1.1, p = 0.3657).

Moreover, the subpopulation of memory B cells was notably diminished in both
irAE and non-irAE groups compared to HDs at almost all timepoints (pirAEs(1) = 0.04,
pirAEs(2) = 0.01, pirAEs(3) = 0.03, pirAEs(4) = 0.02) (pnon-irAEs(0) = 0.03, pnon-irAEs(1) = 0.006,
pnon-irAEs(2) = 0.0004, pnon-irAEs(3) = 0.002, pnon-irAEs(4) = 0.01) (Figure 4c, Supplemental
Table S12). However, it seemed that there was no difference between irAE and non-irAE
groups in memory B cell counts, as we did not observe any impact of immunotherapy
in these groups for the particular subpopulation when we regarded a repeated-measures
one-way ANOVA test (memory irAEs: F = 0.41, p = 0.79; memory non-irAEs: F = 1.49,
p = 0.21).

Regarding Bregs pattern, it seemed that in both groups there was a numerical decline
in their count at timepoints 2 and 3, whereas significant changes were noted at time point 2
in the non-irAE group compared to HDs (p = 0.025) (Figure 4d, Supplemental Table S13).
Additionally, no noticeable impact of immunotherapy was found during the first 6 months
of our observation in the Bregs count in each group. Moreover, in ABCs subpopulation
counts, we observed an increase only in timepoint 1 (p = 0.03) and 2 (p = 0.04) of the
non-irAE group when compared to HDs (Figure 4f,g, Supplemental Table S14). However,
at timepoint 4 in irAE and non-irAE groups, there was a numerical decrease; regarding a
repeated-measures one-way ANOVA test, no significant alterations were noticed (irAEs:
F0.55, p = 0.69; non-irAEs: F = 0.77, p = 0.55). Finally, it is important to mention that no



Appl. Sci. 2024, 14, 4990 12 of 17

significant differences were observed when comparing the count of ASC B cells of irAE,
non-irAE, and HD groups at every timepoint separately, as long as they had variation
during the period of treatment (Figure 4e).

There is a strong involvement of almost all subpopulations of circulating B cells in
the possibility of a patient developing, or not, irAEs due to ICI administration. Neverthe-
less, even if the differences were significant in both groups compared to HDs, important
alterations between the irAE and non-irAE groups were not found. As PD-1 inhibitors
trigger the patient’s immune system against tumors, our facts empower the suggestion that
circulating B cells are strongly involved in this procedure. However, from these data, we
could not extract a specific marker that would determine whether or not a patient is going
to develop irAEs.

4. Discussion

In this prospective study, we tried to understand the impact of ICIs in circulating
B cells, with the potential of creating in the future an easy and accessible marker for
ICI response. Starting from ICI initiation up to six months, including five subsequent
timepoints of blood sampling and clinical evaluation, we focused on B cells as the main
mediator of autoimmunity and their crucial subpopulations, whose role is understudied.
We examined the circulating CD19+, mature naïve, memory, regulatory, antibody-secreting,
and age-associated B cells and how they correlate with alterations in ICI response and the
development of irAEs.

Our aim was to explore the potential effect of the ICI treatment on different circulating
B cell populations. Our analysis revealed nuanced variations between responders, non-
responders, and healthy donors; nevertheless, it depicted distinct alterations in various
B cell subpopulations during the course of immunotherapy. While CD19+ B cell counts
remained relatively stable within all groups and timepoints, suggesting a low impact of
ICIs on them, significant differences were observed in specific B cell subsets. At the treat-
ment onset, responders revealed a notable rise in mature naïve B cells and a decline in
memory cells compared to HDs, showcasing a potential correlation with positive treatment
responses. This assumption was reinforced by the fact that responders’ mature naïve B
cells exhibited, during the period of the study, elevated counts compared to HDs, with the
timepoints 2 and 3 to be the ones with a statistically significant result; in addition, there
was a significant reduction in memory B cell subpopulation at time point 1 compared to
nonresponders. Notwithstanding, nonresponders exhibited a numerical decrease in the
memory B cell subset, with no statistical significance to be obtained, in combination with the
fact that in the mature naïve B cell subset, nonresponders showed a significant increase only
at time point 2 when compared to HDs, weakening the potential functional discrepancy in
the immunomodulatory effects of ICIs between the two groups. The detected elevation
in ABCs in nonresponders at baseline compared to responders, although not significant
compared to HDs, enhanced by similar results of Tbet MFI analysis, suggests a possible
treatment resistance.

In the procedure of investigating a possible pattern of irAEs incidence, the similar
behavior of both irAE and non-irAE groups compared to HDs did not reveal a possible
prognostic factor. However, CD19+ and memory B cells showed a decrease, while mature
naïve B cells obtained an increase in both groups compared to HDs at multiple timepoints,
indicating no significant difference between irAE and non-irAE groups. Regarding the
non-irAE group, the significant elevation of ABCs at timepoints 1 and 2 and the decline of
B regs cells at timepoint 2 compared to HDs showcased a possible correlation with irAEs
induction, though further investigation is needed.

Our findings align with the existing literature, supporting that there is no significant
association of B cell count and their subtypes between responders and nonresponders at
the baseline of the treatment [40,57–59], though some data revealed a lower CD19+ count in
patients with partial response or stable disease compared to nonresponders [60]. Moreover,
according to a published similar study, elevated levels of nonswitched memory cells at
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baseline were associated with a higher proportion of response as well as an improvement
in OS and PFS [61]. When a study for the behavior of B cells in melanoma and RCC was
demonstrated, it revealed that responders had a higher count of B cell receptors (BCRs)
and higher expression of memory and activated B cells [40,62]. As far as the elevation of
ABCs in nonresponders is concerned, our data validate established research, confirming
that higher counts of the CD21− subtype were associated with lower odds for treatment
response [57], not to mention that early changes in the peripheral B cells, especially an
increase in CD21− and plasmablasts, were associated with higher frequency and grade of
irAEs. Especially, a reduction in baseline levels of total circulating B cells and an increase in
CD21lo and plasmablasts during immunotherapy were related to significantly higher odds
of development of high-grade irAEs [41,58,63].

To date, it is established that tumor-associated B cells are crucial to maintaining
intratumor inflammation, in addition to the association of B cell depletion with improved
survival, whereas further investigation is needed [40,59,64]. Additionally, when a similar
anti-PD-L1 drug (atezolizumab) was studied, it depicted the importance of intratumoral
B cells and especially plasma cells and their correlation with OS and the possible use
as predictive value [65]. In partial agreement with our results, a study observed B cell
changes when a combination of immune checkpoint inhibitors was performed, revealed
a lower count of circulating B cells, a stable behavior of naïve and memory cells, and a
higher rate of plasmablasts and CD21− cells that induce higher rates of irAEs [58]. Very
recently, it was shown that targeting and lowering myeloid-derived hematopoietic stem
cells can potentially rejuvenate the immune system [66]. Whether this applies to ICI needs
to be determined.

Limitations of our study are the following: First, the small number of patients analyzed
cannot lead us to definite conclusions, but this study was used as a starting point to further
analyze the time points of potential interest in a larger population. Second, most of our
patients received ICI as a second- or third-line treatment option. We cannot safely exclude
that previous treatment has no effect on B cell populations. Additionally, the long-term
alterations in B cells or the late onset of irAEs might not be captured in a six-month period
of follow-up.

5. Conclusions

In conclusion, we show, for the first time, the analysis of different B cell subpopulations
in different timepoints through a 6-month period of immunotherapy with anti-PD-1 drugs.
Although the number analyzed is small to come to definite conclusions, we show distinct
differences in various B cell subsets, offering a serious candidacy for novel biomarkers in ICI
response or irAEs development. Interesting in our study are the main variations observed
in subpopulations of naïve B cells, memory B cells, and ABCs, both in response interplay
and in the possibility of irAEs development. These findings enhance the complex role of
B cells in the context of ICI treatment, providing the necessity for further investigation to
develop personalized treatment strategies and better management of irAEs in the future.
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ABCs age-associated B cells
ADCC antibody-dependent cellular cytotoxicity
ANA antinuclear antibody
APCs antigen-presenting cells
ASCs antibody-secreting cells
BCR B cell receptor
Bregs regulatory B cells
CARCAM carcinoembryonic antigen-related cell adhesion molecule
CDC complement-dependent cytotoxicity
CRC colorectal carcinoma
CT computed tomography
CTLA-4 cytotoxic T-lymphocyte protein 4
DC dendritic cells
HCC hepatocellular carcinoma
HD healthy donor
HL Hodgkin’s lymphoma
ICI immune checkpoint inhibitor
irAEs immune-related adverse events
iRECIST immune-related response evaluation criteria in solid tumors
LAG-3 lymphocyte activation gene-3
mAb monoclonal antibody
MHC major histocompatibility complex
NSCLC non-small-cell lung cancer
NK natural killer cells
NR nonresponders
NR-tp nonresponders timepoint
OS overall survival
PBMCs peripheral blood mononuclear cells
PFS progression-free survival
R responders
RCC renal cell carcinoma
R-tp responders timepoint
SCCHN squamous cell carcinoma of head and neck
SCLC metastatic small cells lung cancer
TILs tumor-infiltrating lymphocytes
TIM-3 T cell immunoglobulin-3
TME tumor microenvironment
Tregs regulatory T cells
UC urothelial carcinoma
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