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Abstract: Autoimmune disorders and some types of blood cancer originate when B lymphocytes
malfunction. In particular, when B cells produce antibodies recognizing the body’s proteins, it
leads to various autoimmune disorders. Additionally, when B cells of various developmental stages
transform into cancer cells, it results in blood cancers, including multiple myeloma, lymphoma, and
leukemia. Thus, new methods of targeting B cells are required for various patient groups. Here, we
used protein kinase inhibitors alectinib, brigatinib, ceritinib, crizotinib, entrectinib, and lorlatinib
previously approved as drugs treating anaplastic lymphoma kinase (ALK)-positive lung cancer
cells. We hypothesized that the same inhibitors will efficiently target leukocyte tyrosine kinase
(LTK)-positive, actively protein-secreting mature B lymphocytes, including plasma cells. We isolated
CD19-positive human B cells from the blood of healthy donors and used two alternative methods to
stimulate cell maturation toward plasma cells. Using cell proliferation and flow cytometry assays,
we found that ceritinib and entrectinib eliminate plasma cells from B cell populations. Alectinib,
brigatinib, and crizotinib also inhibited B cell proliferation, while lorlatinib had no or limited effect on
B cells. More generally, we concluded that several drugs previously developed to treat ALK-positive
malignant cells can be also used to treat LTK-positive B cells.
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1. Introduction

B lymphocytes initiate their development in the bone marrow and complete matura-
tion in peripheral lymphoid organs [1]. Cell development starts with pre-progenitor(pro)-B
cells and undergoes through pro-B and pre-B cells to immature and mature B lymphocytes
expressing B cell receptors (BCR). Later on, B cells express antibodies (immunoglobulins)
and then develop into larger plasma cells, which are specialized in antibody secretion [2].
While antibodies are crucial during the immune response to many diseases, some antibod-
ies recognize polypeptides naturally expressed by the normal cells in the body resulting in
various autoimmune diseases [3].

Early stage B cell maturation is associated with the V(D)] recombination process,
when Variable (V), Diversity (D), and Joining (J) gene segments assemble through DNA
recombination resulting in immunoglobulin heavy (IgH) and light (IgL) chains of antibod-
ies [1,4,5]. The V(D)J recombination process depends on the DNA double-strand breaks
(DSBs) initiated by recombination-activating gene (RAG)1/2 and then repaired in an error-
prone manner by the non-homologous DNA end-joining (NHE]) molecular pathway. The
NHE] is initiated by Ku70/Ku80(Ku86) factors recruited to the DSB and then facilitating
recruitment of downstream proteins, such as DNA-dependent protein kinase, catalytic
subunit (DNA-PKcs), DNA ligase 4 (LIGIV), X-ray repair cross-complementing protein 4
(XRCC4), XRCC4-like factor (XLF), Paralogue of XRCC4 and XLF (PAXX), and Modulator
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of Retrovirus Infection (MRI) [5,6]. Mature B cells can change the constant region of im-
munoglobulins in another recombination process called class switch recombination (CSR).
The CSR is initiated by DNA lesions introduced by activation-induced cytidine deaminase
(AID), and DNA breaks are repaired by NHE] [1,4-6].

There are several strategies used to treat autoimmune diseases, including targeting
the antibody-expressing B cells and surgically removing peripheral lymphoid organs [3],
although these methods are not ideal and patient management needs further improvement.
One strategy is to target antibody-producing B cells (plasma cells) via enzymes specifically
expressed in large amounts. One such protein is leukocyte tyrosine kinase (LTK) [7,8].
It was recently suggested that LTK-positive cancer cells as well as plasma cell-mediated
diseases can be treated using tyrosine kinase inhibitors [9].

LTK was identified as an endoplasmic reticulum (ER)-bound protein required for
efficient secretion (including antibodies), and it was proposed to be a potential target for
the development of new medicines [7]. LTK localizes to the ER and regulates ER export [7].
The LTK is a tyrosine kinase, which is very similar in structure to the anaplastic lymphoma
kinase (ALK) [7]. The ALK kinase is a known target in cancer therapy [10], and the available
medicines targeting ALK might also target the LTK.

Drug repurposing is an important direction in using developing medicines to treat
new diseases by targeting the same or different pathways [11-13]. While a lot of drug repur-
posing research was made focusing on anti-viral drug treatments and combinations [14-22],
here, we focused on drugs approved to treat ALK-positive cancers (alectinib, ceritinib,
crizotinib, brigatinib, entrectinib, lorlatinib [10]) to target ALK-negative but LTK-positive
mature B cells.

Gene fusions are an important driver of oncogenesis, and their detection has improved
patient outcomes. However, oncogenic drivers remain unknown in a substantial proportion
of lung cancers [23]. Examples of genes participating in oncogenic fusion include ALK,
ROS1, and RET [24]. CLIP1-LTK fusion is a recently reported translocation associated
with lung cancer [25]. Because of the similarity between the ALK and LTK structure, it
was possible to use medicines previously approved to treat ALK-positive lung cancers to
target LTK-positive ones [25]. In particular, five FDA-approved drugs (alectinib, brigatinib,
ceritinib, crizotinib, and lorlatinib) as well as multikinase inhibitors entrectinib and re-
potrectinib, were efficient in targeting LTK-positive lung cancer cells [25]. As B lymphocytes
are known to express LTK (but not ALK), we proposed that the drugs listed above could
target B cells that would allow drug repurposing to treat B-cell-related disorders [9].

Here, we exposed human B cells to tyrosine kinase inhibitors and found that alec-
tinib, brigatinib, ceritinib, crizotinib, and entrectinib inhibit the growth of B lymphocytes.
Furthermore, we validated the findings using two alternative B-cell stimulation systems.
Pre-clinical studies involving in vivo models will be needed to find out more optimal
medicines and concentrations for patient treatment.

2. Materials and Methods
2.1. Purification of CD19-Positive B Lymphocytes

A cluster of differentiation 19 (CD19)-positive B lymphocytes (total B cells) were
purified from buffy coats derived from healthy donors using magnetic microbeads (Mil-
tenyi Biotec, Bergisch Gladbach, Germany #130-050-301), according to the manufacturer’s
instructions. Samples from twenty-two donors are described in this study. Samples from ad-
ditional donors were used to optimize the protocols and are not included in the manuscript.
The purity of resulting B cells was validated using flow cytometry staining and analysis for
CD19 and IgM, as previously described [26-31].

2.2. Stimulation of B Cells

Purified CD19-positive B lymphocytes were kept in cell culture at 1.0-2.5 x 10° cells/mL
in 200 pL of Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with
10% heat-inactivated fetal bovine serum and penicillin/streptomycin. Recombinant human
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interleukins IL-4 (20 ng/mL; Cat# 200-04), IL-21 (50 ng/mL; Cat# 200-21; both Peprotech,
Cranbury, NJ, USA), and soluble recombinant human CD40L (100 ng/mL; MegaCD40L,
Enzo LifeSciences, Farmingdale, NY, USA, ALX-522-120-C010) were used to keep the
lymphocyte alive and to increase the purity of mature B cells. For differentiation toward
antibody-secreting cells, B lymphocytes were stimulated (0.25x10° cells/well) in the pres-
ence of CD40L and IL-4/IL-21 for 5 days [26]. Then, the tyrosine kinase inhibitors alectinib
(CH5424802, AF-802, RG-7853), brigatinib (AP26113), ceritinib (LDK378; S7083), crizotinib
(PF-02341066), entrectinib (RXDX-101), and lorlatinib (PF-6463922) (all from Selleckchem,
Houston, TX, USA) were added (0.1-30 uM, as indicated), and the cells were incubated for
two additional days. Equal volumes of the vehicle (DMSO/EtOH, EtOH, DMSO) were
used in the control wells. Fixable Viability Stain 510 (BD Biosciences; Franklin Lakes, NJ,
USA; Cat# 564406) was used to include life cells in the analyses. Samples from different
donors were used to generate every data point.

The inhibitor concentration range was chosen both based on the pilot experiments and
the capacity of the chemicals to dissolve (solubility). Moreover, the concentrations reported
in the literature are between 1 nM and 10 uM [25]. In our experimental settings, the con-
centrations lower than 0.1-1.0 uM had minor or no effect on the cells in our model system
(Figure 1), while concentrations of 10.0-30.0 uM resulted in nearly complete inhibition of
cell growth. Thus, we focused on the concentration range of 0.1-10.0 uM. For this, original
20 uM inhibitor solutions were made as a pre-mix, and 3-fold dilutions followed (10.0, 3.3,
1.1, 0.37, and 0.12 uM). The pre-mixed inhibitor-containing solutions were then combined
with an equal volume of cell suspension.
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Figure 1. Inhibition of CD19-positive B lymphocyte populations proliferation expressed as a per-
centage normalized to mock-treated controls. The efficiency of tyrosine kinase inhibitors alec-
tinib (A), brigatinib (B), ceritinib (C), crizotinib (D), entrectinib (E), and lorlatinib (F) was mea-
sured using incorporation of H3-Thymidine by B lymphocytes as counts per minute (CPM). Three
representative samples from three healthy donors (1, 2, and 3) are shown. The values were first
normalized to the mock-treated controls that are taken as “1”. Inhibition was then calculated as:
“Inhibition = 1 — normalized CPM”. Thus, lack of inhibition in mock-treated cells is expressed as
1 — 1 =0 (0% inhibition), while lack of radioactivity was taken as a total inhibition and resulted in
1 — 0 =1 (100% inhibition). The experiment was performed at least 6 times with selected inhibitors,
i.e., with alectinib (n = 7), brigatinib (n = 6), ceritinib (n = 10), crizotinib (1 = 6), entrectinib (n = 10), and
lorlatinib (n = 7). (G) Summary of six to ten experiments, as indicated, showing distribution of values.
Average + SEM is as follows: alectinib (2.5 & 0.2), brigatinib (6.0 & 1.5), ceritinib (1.8 % 0.1), crizotinib
(7.1 £ 0.3), entrectinib (3.4 & 0.5). The table containing experimental data for each experiment are
available in the Supplementary information (Figure S3). Each data point represents an individual
donor sample.
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2.3. Stimulation of Cells Using Immunocult Kit

Alternatively, the purified CD19-positive B lymphocytes were stimulated using an
Immunocult human B cell expansion kit (StemCell, Cambridge, UK; Cat# 100-0645), accord-
ing to the manufacturer’s instructions. Briefly, frozen PBMCs from healthy donors were
reconstituted in phosphate-buffered saline (PBS) buffer and washed twice in the centrifuge
at4 °C, 700 g for 5 min. CD19-positive B cells were isolated, as described above (Section 2.1).
The cells were expanded and differentiated using a human B cell expansion medium from
the ImmunoCult kit (StemCell, Cambridge, UK; Cat# 100-0645).

A human B cell expansion medium was prepared as described below. At room
temperature (15-25 °C), 2 mL of ImmunoCult-ACF Human B cell expansion supplement
was added to 98 mL of ImmunoCult-XF B cell base medium. The solution was mixed by
inverting the bottle several times.

B lymphocytes were diluted to 10° cells per mL. The cells were incubated at standard
conditions, 37 °C, and 5% CO; in a humidified incubator. The cell concentrations were
adjusted to 100,000 per mL using the same solution every three days by adding fresh
Human B cell expansion medium. On day ten, the tyrosine kinase inhibitors ceritinib
(LDK378; S7083) and entrectinib (RXDX-101) (both from Selleckchem, Houston, TX, USA)
were added at 1-10 pM, as indicated. Equal volumes of the vehicle (DMSO/EtOH, EtOH,
DMSO) were added to the control wells. Fixable Viability Stain 510 (BD Biosciences;
Franklin Lakes, NJ, USA; Cat# 564406) was used to include life cells in the analyses. Finally,
live cells were analyzed using a flow cytometry assay to identify mature B lymphocytes
(Section 2.4). Samples from different donors were used to generate every data point.

2.4. Flow Cytometry

The cells were washed in 98% PBS/2% fetal calf serum (FCS) buffer. Next, the cells
were stained with anti-human monoclonal antibodies on ice, then washed twice in the
same buffer (98%PBS/2%FCS) and once in PBS. For detection of intracellular B-lymphocyte
induced maturation protein 1 (BLIMP1) and interferon regulatory factor 4 (IRF4) expression,
the BD Pharmingen Transcription Buffer Set (BD Biosciences; Franklin Lakes, NJ, USA; Cat#
562574) was used. BLIMP1 was detected using PE Rat monoclonal anti-human/mouse
BLIMP1 (clone 6D3; BD Pharmingen; Franklin Lakes, NJ, USA; Cat# 564702). IRF4 was
detected using Alexa Fluor 488 Rat monoclonal anti-human/mouse IRF4 (clone IRF4.3E4;
Biolegends, San Diego, CA, USA; Cat# 646405). Finally, CD19-positive cells were gated
using CD19 Monoclonal Antibody (SJ25C1), PerCP-eFluor™ 710, eBioscience™ (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA; Cat# 46-0198-42). Flow cytometry analyses
were performed using Attune NXT (ThermoFisher Scientific; Waltham, MA, USA) flow
cytometer, and FlowJo software was used to analyze the cells.

2.5. Mature B Lymphocyte Inhibition Assay

Incorporation of 3H-Thymidine (Montebello Diagnostics, Oslo, Norway, MT6032) was
used to test functions of tyrosine kinase inhibitors (alectinib, brigatinib, ceritinib, crizotinib,
entrectinib, and lorlatinib), as previously described in [32]. A proportion of inhibition was
expressed as 100% (“1.0”) when there was no 3H-signal detected, while inhibition was 0%
(“0.0”) in the mock-treated cells.

Briefly, the cells were incubated in the RPMI medium complemented with IL-4, IL-21,
and CD40L, as described in Section 2.2. Following 5 days of incubation, 3H Thymidine
(1:200) and tyrosine kinase inhibitors (when indicated) were added to the solution, and the
cells were incubated for another 2 days (48 h), similar to the scheme in Figure 2A, except
the last stage. For radioactivity detection, B cells were lysed in water by osmotic pressure
and were transferred from 96 well plates to glass fiber filtermat (8 x 12 Filtermat A, GF/C,
100/pk, #1450-421, Perkin Elmer). The filters were rinsed with water and sealed in plastic
bags with a scintillation cocktail (OptiScint® LLT, #6013461, PerkinElmer). Radioactivity
was detected and analyzed using TopCount NXT microplate counter (SKU: IC 10005,
PerkinElmer).
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Figure 2. Ceritinib and entrectinib inhibit the proliferation of B lymphocytes in cell culture.
(A) Schematic overview of the experiment. (B) Examples of flow cytometry detecting live, CD19-
positive B lymphocytes expressing BLIMP1 and IRF4 (plasma cells). Stimulated mature B lymphocyte
populations included 64% of BLIMP1/IRF4 double-positive cells. Following 48 h of treatment with
3 uM and 10 uM of ceritinib, the proportion of BLIMP1/IRF4 double-positive cells reduced to 36%
and 4%, respectively. Similarly, following 48 h of treatment with 3 uM and 10 uM of entrectinib, the
proportion of BLIMP1/IRF4 double-positive cells reduced to 27% and 11%, respectively. (C) Summary
of five experiments similar to one shown in (B) with standard deviation. Samples from different
donors were used to generate every data point.

3. Results
3.1. ALK Inhibitors Prevent Accumulation of Thymidine in CD19-Positive B Cell Populations

Peripheral blood mononuclear cells (PBMC) from healthy donors were used to isolate
CD19-positive B lymphocytes and further stimulate these cells for maturation, as described
in the section “Materials and Methods (Sections 2.1 and 2.2)”. We then exposed the mature
B cells to tyrosine kinase (ALK) inhibitors, i.e., alectinib, brigatinib, ceritinib, crizotinib,
entrectinib, and lorlatinib, when indicated (Figure 1). The experiments were performed at
least six times in triplicates, and the average effective concentrations expected to inhibit half
of the cells (EC50) were the following: 2.5 uM for alectinib, 6.0 uM for brigatinib, 1.8 pM
for ceritinib, 7.1 uM for crizotinib, and 3.4 uM for entrectinib. Opposingly, even higher
concentrations of lorlatinib, i.e., 10 pM in 7 experiments and 30 uM in 5 experiments, did
not result in the inhibition of at least 50% of cells (e.g., Figure 1).

The summary of tyrosine kinase inhibitors EC50s is represented in Figures 1G and S3,
as a graph visualizing distribution (Figure 1G) and numbers with average and SEM
(Figure S3). Altogether, alectinib, ceritinib, and entrectinib demonstrated the lowest EC50
and thus are potential drugs for further pre-clinical studies, when depletion of mature B
cells is required, for example, during autoimmune disorders and multiple myeloma cancer.

3.2. Ceritinib and Entrectinib Eliminate BLIMP1/IRF4 Double-Positive B Cell Populations

We then focused on the effects of two tyrosine kinase inhibitors on mature B cell
populations, i.e., ceritinib and entrectinib. These drugs demonstrated prominent inhibitory
features (Figure 1), left high proportions of life cells at the end of the experiment, and are of
commercial interest. Both ceritinib and entrectinib inhibited mature B cell populations in
multiple experiments (summarized in Figure 1), with ceritinib showing lower EC50 concen-
trations and more consistent numbers (Figure 1). We then focused on live cell populations
of these CD19-positive B cells and analyzed the presence of mature BLIMP1/IRF4 double-
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positive lymphocytes, i.e., plasma cells [26,33] (Figure 2). We found that the majority of
live CD19-positive lymphocytes in our experiments with tyrosine kinase inhibitors were
BLIMP1/IRF4 double-positive (62 £ 7.7%, Figure 2). When the cells were incubated for 48 h
in the presence of ceritinib, the proportion of BLIMP1/IRF4 double-positive cells reduced,
e.g., to 36 & 8.2% when exposed to 3 uM of ceritinib, to 7 + 3.3% when exposed to 10 uM
of ceritinib, and 30 & 7.1% and 14 £ 3% when exposed to 3 pM and 10 uM of entrectinib,
respectively. Thus, we concluded that ceritinib and entrectinib eliminate BLIMP1/IRF4
double-positive mature B cell populations and have lower effects on live CD19-positive but
BLIMP1- and IRF4-negative cells.

3.3. Validation of Ceritinib and Entrectinib Inhibitory Effects on Plasma Cells

We then validated the previously obtained data on the inhibitory effects of ceritinib
and entrectinib using alternative B cell stimulation methods described in Materials and
Methods Section 2.3, with a commercially available kit. We isolated CD19-positive B cells,
stimulated the cells over ten days in cell culture, and then analyzed BLIMP1/IRF4 double-
positive populations (plasma cells) inside the live CD19 populations (Figure 3). We detected
relatively high proportions of BLIMP1/IRF4 populations (58% and 74%, as in the example
in Figure 3). However, BLIMP1/IRF4 double-positive populations reduced after 48 h of cell
exposure to ceritinib, i.e., only 44 & 4.5% of cells were detected at a concentration of 1 uM,
7 £ 4.0% at 3 uM, and 0 £ 0.0% at 10 uM. Similarly, exposure to entrectinib resulted in only
33 =+ 4.6% of BLIMP1/IRF4 double-positive cells at 3 uM, and 7 £ 4.0% at 10 uM (Figure 3).
The experiments were performed at least three times using samples from different donors,
and the representative populations are shown (Figure 3).
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Figure 3. Reduced proportions of IRF4+BLIMP1+ cells in the presence of tyrosine kinase inhibitors
ceritinib and entrectinib. (A) Schematic overview of the experiment. (B) Representative live CD19-
positive B cell populations labeled with BLIMP1 and IRF4 to select mature antibody-secreting B cells
(plasma cells). Exposure to increasing concentrations of ceritinib and entrectinib (1 uM, 3 uM, and
10 uM) resulted in reduced populations of BLIMP1/IRF4 double-positive mature B lymphocytes.
(C) Summary of three experiments similar to one shown in (B) with standard deviation. Samples
from different donors were used to generate every data point.

Altogether, we concluded that entrectinib and ceritinib inhibit the overall proliferation
of CD19-positive B lymphocytes as measured by thymidine incorporation (Figure 1), as
well as result in reduced populations of mature BLIMP1/IRF4 B cell populations (antibody-
expressing plasma cells), stimulated using two alternative protocols (Figures 2 and 3).
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4. Discussion

Antibody-expressing B lymphocytes, including a more mature form, plasma cells, are
therapeutic targets during severe autoimmune disorders, e.g., immune thrombocytope-
nia [3]. The treatment options include corticosteroids, rituximab targeting the majority of B
cell populations expressing CD20, daratumumab targeting mature B cells expressing CD38,
and sometimes splenectomy [3]. New and more effective methods of antibody-expressing
B cells targeting are required.

Here, we tested several known tyrosine kinase inhibitors developed and approved to
inhibit ALK-expressing cells. We used these inhibitors, however, to target ALK-negative
and LTK-positive plasma cells that secrete a lot of proteins (antibodies) using ER [7]. The
populations of BLIMP1/IRF4 double-positive plasma cells were reduced correlating with
inhibitor concentrations (Figures 2 and 3). Nevertheless, BLIMP1/IRF4-negative B cells,
previously selected as CD19-positive, were alive (Figures 2 and 3), suggesting some level of
specificity against antibody-secreting cells.

We used the tyrosine kinase inhibitor concentrations available in the literature [25] to
optimize the protocols and to find suitable conditions for our experiments (Figure 1). The
radioactivity assay based on the accumulation of 3H Thymidine was used for decades in
different variations. However, it was criticized by several authors due to several limitations,
i.e., irradiation of the cell components by the radioactivity itself [34]. Nevertheless, this
assay is still widely used (e.g., [32,35-37]), in combination with other methods. Thus, we
also used two flow cytometry-based methods to analyze the effects of tyrosine kinase
inhibitors on stimulated B cells (Figures 2 and 3).

ALK and LTK are structurally similar protein tyrosine kinases, involved in various
processes, including oncogenic transformations and autoimmune disorders [38]. Recently,
CLIP1-LTK fusion was identified as a driver of non-small cell lung cancer (NSCLC) [25].
While ALK is a well-established translocation partner in lung cancer, only initial knowledge
is available regarding LTK-dependent lung cancers [23,25]. Similar to ALK-positive patients,
some of the LTK-positive lung cancer patients had metastases to the central nervous system,
and the smoking history in LTK-positive patients was variable [23,25]. Identification of
LTK as a marker and target for lung cancer patients has several implications, including
development of new drugs specifically targeting LTK, which in turn can boost the therapy
of other LTK-positive pathologies. All the drugs used in our current study;, i.e., alectinib,
brigatinib, ceritinib, crizotinib, entrectinib, and lorlatinib, were originally developed to
target ALK, and appeared to reduce LTK phosphorylation in the context of CLIP1-LTK [25].
However, lorlatinib was selected as the best drug against CLIP1-LTK-induced cancer.
Contrary, in our studies, lorlatinib had the lowest effect on B cell proliferation (Figure 1).

Previously, we demonstrated that multiple drugs can be reused as potential antivi-
rals [11-19,39—43]. Our current study is the first one to demonstrate that ALK inhibitors
are acting on ALK-negative but LTK-positive [8] plasma cells. It opens options for further
drug repurposing, potentially considering all available inhibitors against ALK to be used
against LTK-positive cells, and, in particular, in cases of B-cell dependent disorders, such as
autoimmune diseases (e.g., immune thrombocytopenia) or cancer (e.g., multiple myeloma).

Moreover, during the B lymphocyte development, in the processes known as the
V(D)J] recombination and class switch recombination, there are many cases of known ge-
netic interaction [4-6]. Previously, synthetic lethality between the DNA repair proteins
Poly(ADP-Ribose) Polymerase 1 (PARP1) and Breast cancer type 1 (BRCA1) resulted in the
development of an anti-cancer drug, olaparib [44]. Today, genetic interaction is known in
B lymphocytes between NHE] factors and DNA damage response proteins (DDRs), for
example, between XLF and Ataxia telangiectasia mutated (ATM), histone H2AX [45], a me-
diator of DNA damage checkpoint protein 1 (MDC1) [29], p53-binding factor 1 (53BP1) [46],
PAXX [31], and MRI [47]. Thus, it is also possible to look for the B lymphocyte targeting
options using known and to be discovered genetic interactions, including synthetic lethality,
in the pathways required for B cell maturation, including the V(D)] recombination and
class switching.
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During the first screening (Figure 1), we identified several tyrosine kinase inhibitors
resulting in reduced rate of proliferation of B cell populations, including alectinib, brigatinib,
ceritinib, crizotinib, and entrectinib. To validate the findings using two other methods,
we focused on ceritinib and entrectinib. However, alectinib, brigatinib, and crizotinib are
also good candidates to be tested in the following studies, in addition to multiple similar
tyrosine kinase inhibitors available and reported in the literature (e.g., [25]). The cells
respond to ceritinib (3 M) differently in different experimental settings (Figures 2 and 3).
However, it is hard to compare these data points because the experiments were performed
using samples from different donors and the timing of the experiments differs (seven days
for Figure 2 and twelve days for Figure 3). In both cases, ceritinib had a clear effect on B
cell populations, validating the data in Figure 1.

The populations of the cells presented in Figures 2 and 3 are not identical. We explain
the different shapes of the cell populations for the following reasons. First, the stimulation
cocktail used was different, i.e., as described in the Materials and Methods for Figure 2,
and a commercially available kit (ImmunoCult) for Figure 3. Moreover, the cells described
in Figure 2 were incubated for five days before the inhibitors were added for another two
days. Differently, the cells in Figure 3 were incubated ten days before the inhibitors were
added. The cell fixation and population gating procedures, nevertheless, were the same for
both types of experiments (Materials and Methods, and Supplementary Figures S1 and S2).
In particular, dead cells and debris were always excluded from the analyses, and each data
point represents an individual donor.

In this study, we focused on tyrosine kinase inhibitors targeting human B lymphocytes.
However, it is possible that the same inhibitors will be targeting other cell types, e.g., T
lymphocytes, fibroblasts, etc. It cannot be excluded, because LTK can be expressed by
various cell types, and because the inhibitors are promiscuous and can potentially target
different enzymes, including in B cells. What is clear, however, is that these inhibitors do
not inhibit proliferation of all the cells (Figures 2 and 3), but rather some cell populations
are more sensitive (e.g., BLIMP1+IRF+) than others (e.g., BLIMP1-IRF-).

Further studies will include broader use of ALK inhibitors against LTK-positive cells,
and potentially vice versa. Following the cell-based experiments, pre-clinical studies will
be performed on animal models. However, the drugs are already approved to be used in
human patients, although to treat different diseases, which is why future approval of the
treatment options would be simpler.

5. Conclusions

Tyrosine kinase inhibitors alectinib, brigatinib, ceritinib, crizotinib, and entrectinib
lead to reduced proliferation levels of mature human B cells in cell culture. Ceritinib and
entrectinib eliminate BLIMP1/IRF4 double-positive B cell populations (antibody-secreting
plasma cells) at concentrations that allow BLIMP1/IRF4-negative B cells to survive. We
validated that ceritinib and entrectinib target plasma cells using two independent B-cell
stimulation methods.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom13030438/s1, Figure S1: Example of cell populations used
for the assays, including proportion of cells and yield, Figure S2: Example of cell populations used for
the assays, including proportion of cells and yield, and Figure S3: Summary of several experiments
as presented on Figure 1, including Average + SEM.
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