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Abstract: Background: Chemoresistance is an existing challenge faced in the treatment
of the hairy cell leukemia variant (HCL-v). Classical hairy cell leukemia (HCL-c) is very
sensitive to the standard of care with purine nucleoside analogs (PNAs) cladribine (cDa)
and pentostatin. However, almost half of these patients eventually become less sensitive
to chemotherapy and relapse. HCL-variant (HCL-v) is a biologically distinct entity from
HCL-c that is not sensitive to frontline PNA therapy, and this treatment is not recommended
for these patients. To address these treatment challenges, we investigated the role of B-cell
activating factor (BAFF) in promoting HCL-v cell chemoresistance. Methods: Flow cytom-
etry and quantitative PCR were used to measure the levels of BAFF and its receptors. To
determine BAFF activated pathways in HCL-c and HCL-v, the Bonna-12 HCL-c cell line or
HCL-v patient-derived cancer cells were stimulated with recombinat BAFF and activation
of common BAFF-activated pathways, including the nonclassical nuclear factor kappa B
(NF-kB) pathway, the Extracellular Signal-Regulated Kinase (Erk) and phosphatidylinositol-
3 (PI-3) kinase (PI3K)/AKT serine/threonine kinase (AKT) pathways were measured by
western blotting. To test whether BAFF signaling promotes chemoresistance in HCL-v, we
stimulated patient-derived HCL-v cells with BAFF and performed RNA sequencing. Lastly,
to confirm the functional implications of BAFF signaling in HCL-v, we treated patient-
derived HCL-v cells with exogenous BAFF before treatment with cladribine. Results:
We found that HCL-v patient-derived cancer cells express receptors of BAFF at varying
degrees and express relatively lower levels of membrane-bound BAFF ligand expression.
BAFF stimulation of these cells resulted in substantial activation of the nonclassical NF-
kB pathway, which is known to promote anti-apoptotic and pro-survival effects in B-cell
cancers. Conversely, in the Bonna-12 cell line, we observed constitutive activation of the
nonclassical NF-«B pathway. Through RNA sequencing, we found that BAFF upregulates
amyriad of genes that are known to promote chemoresistance in various cancers, including
IL1, CXCL1/2, CXCL5, CXCL8, TRAF3, and PTGS2. Lastly, we found that BAFF protects
these cells from cladribine-induced cell death in vitro. Conclusions: We conclude that
BAFF provides chemo-protection in HCL-v cells by activating nonclassical NF-«kB signaling,
which results in the upregulation of multiple pro-survival or anti-apoptotic genes. Our
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results highlight an important role of BAFF in HCL-v resistance to chemotherapy and sug-
gest that the BAFF blockade may enhance the chemosensitivity to PNAs in drug-resistant
HCL-v patients.

Keywords: hairy cell leukemia; chemoresistance; BAFF; HCL; Leukemia; chemo-protection;
drug resistance

1. Introduction

Classical hairy cell leukemia (HCL-c) is a rare malignancy of mature B-cells that makes
up 2% of mature non-Hodgkin lymphomas (NHL) [1]. HCL-c is characterized by the pres-
ence of mature small B lymphoid cells, with distinctive circumferential cytoplasmic villi,
or “hairy” projections, in the peripheral blood, bone marrow, and splenic red pulp [1,2].
This underlies the clinical symptoms seen in HCL patients, which include splenomegaly,
pancytopenia, anemia, neutropenia, thrombocytopenia, and infection [1]. Diagnosis in-
volves the detection of the “hairy” leukemic cells in the peripheral blood and the expression
of tartrate-resistant acid phosphatase (TRAP), CD103, CD123, CD25, and CD11c [3-5].
The BRAFV®YE point mutation, leading to constitutive mitogen-activated protein kinase
(MAPK) signaling, is seen in up to 90% of cases and is thought to be a driving genetic event
in HCL pathogenesis [6].

HCL-c is an indolent cancer that follows a chronic disease course. The standard
of care for symptomatic HCL-c patients includes a combination of rituximab with the
purine nucleoside analogs (PNAs) cladribine (cDa) or pentostatin [4,7]. Although treatment
with PNAs is effective, up to 58% of patients relapse within five years of initial treatment
and become less responsive to therapy [8,9]. Further, retreatment results in increased
toxicity and cost without evidence of a cure [10-12]. For these reasons, the current HCL-
c research is focused on identifying novel therapeutic targets to limit minimal residual
disease (MRD) and prolong relapse-free survival [9,13]. The treatment strategies under
investigation include BRAF/MEK inhibition, Bruton’s tyrosine kinase (BTK) inhibition,
and CD22-directed therapies [7,8]. Ongoing investigations into HCL-c disease biology will
allow for the development of novel therapeutic combinations to enhance chemosensitivity
and prevent relapse.

The variant form of hairy cell leukemia (HCL-v) has overlapping clinicopathologi-
cal features with HCL-c but is biologically distinct and presents unique treatment chal-
lenges [14]. The 5th edition of the World Health Organization Classification of Hema-
tolymphoid Tumor classifies HCL-v as splenic B-cell leukemia with prominent nucleoli
(SBLPN) [15]. The circulating HCL-v cells have a morphology in between prolymphocytes
and hairy cells [16]. These cells lack the expression of TRAP and the BRAFY?E mutation
and have a low immunogenic score, with no CD25 expression and weak CD123 expres-
sion [3,17]. Further, HCL-v patients have unique clinical presentations. These patients
do not present with splenomegaly, leukocytosis, or infections. The HCL-v disease course
is significantly more aggressive than HCL-c, with a median overall survival of 9 years
and a lack of response to PNAs [16]. The response rates to the combination of cDa and
rituximab and to B-cell receptor (BCR) signaling pathway inhibitors are also inferior to
HCL-c patients [16]. In addition to the lack of response to chemoimmunotherapy and lack
of molecular therapeutic targets, there is limited data from multi-center studies due to the
rarity of the disease, making treatment guidelines more difficult.

Enhancing the chemosensitivity of classical and variant HCL cells would help to
improve the outcomes of both diseases. This could help prevent relapse following PNA use
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for HCL-c patients and make frontline treatment more effective for HCL-v patients. To this
end, we are interested in identifying signaling pathways and genes that may be promoting
chemoresistance in HCL-v cells. B-cell activating factor (BAFF) is a tumor necrosis factor
(TNF)-family ligand that plays a critical role in promoting the maturation and survival
of developing B-cells [18]. Throughout their developmental processes, B-cells express the
three receptors of BAFF: BAFF receptor (BAFF-R), B-cell maturation antigen (BCMA), and
transmembrane activator and calcium-modulator and cyclophilin ligand (CAML) interactor
(TACI) [19,20]. BAFF ligation to these receptors activates pro-survival and pro-growth
pathways, including the classical and nonclassical nuclear factor kappa B (NF-«kB) path-
ways and the extracellular signal-regulated kinase (ERK) and phosphatidylinositol-3 (PI-3)
kinase (PI3K)/AKT serine/threonine kinase (AKT) pathways, to promote development
and prevent premature cell death [18,19,21].

Multiple cancers are known to rely on BAFF signaling to gain a survival edge. High
levels of serum BAFF and its receptors are seen in various B-cell cancers and are associated
with disease aggressiveness and a lack of therapeutic response [22-25]. Similarly, multiple
in vitro studies have demonstrated that BAFF stimulation reduces the chemosensitivity
of cancer cells, including multiple myeloma, chronic lymphocytic leukemia, and man-
tle cell lymphoma cells [26-29]. Conversely, BAFF neutralization or silencing restored
chemosensitivity to various agents. Therefore, we hypothesized that BAFF may have a
role in promoting chemoresistance in HCL-c and HCL-v and that its neutralization may
overcome treatment barriers, including the lack of initial response and relapse.

To this end, we embarked on exploring the role of BAFF in HCL-v chemoresistance.
We demonstrate that HCL-c cell lines and HCL-v patient samples express BAFF receptors,
most significantly BAFF-R and TACI. Because BAFF ligation to BAFF-R most significantly
activates the pro-cancerous nonclassical NF-kB pathway, we explored whether BAFF may
activate this pathway in HCL-c and HCL-v cells. We found constitutive activation in the
Bonna-12 HCL-c cell line and BAFF-induced signaling in HCL-v patient-derived cells.
We saw selective activation of this pathway, as the ERK and AKTpathways were not
significantly activated by BAFF in HCL-v cells. Through RNA sequencing, we found
that BAFF induces the expression of a host of genes known to promote chemoresistance.
Therefore, we explored whether BAFF can directly induce chemoprotection in vitro in HCL-
v cells. Functionally, we found that BAFF stimulation protected HCL-v patient-derived
cells from chemotherapy-induced cell death.

2. Materials and Methods
2.1. Patient Samples

All HCL-v patient samples were provided by the Hematological Malignancy Pro-
curement Program of the Wilmot Cancer Institute at the University of Rochester Medical
Center. These are splenic lymphocytes obtained by the Surgical Pathology Department
after diagnostic biopsies. These discarded and de-identified patient samples were obtained
under an approved IRB exemption protocol. All patients had an HCL-v diagnosis and
expressed the markers CD11c, CD19, CD20, and CD22.

2.2. Cell Lines

The Bonna-12 (Item#: ACC 150) and Hair-M (Item#: ACC 762) cell lines were obtained
from the Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures.
Both cell lines were originally established from classic hairy cell leukemia patients.
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2.3. Flow Cytometry

For flow cytometry staining, cells were washed with PBS, resuspended in 50 uL PBS,
and stained with 1.5 puL of the following antibodies: PE BAFF-R (Biolegend, San Diego, CA,
USA, catalog # 316906, clone 11c1), PCY-7 TACI (Biolegend, catalog # 311908, clone 1A1),
Percp BCMA (Biolegend, catalog # 357509, clone 19F2), and APC BAFF (Biolegend, catalog
# 366508, clone 1D6). After 15 min of incubation at room temperature in the dark, 1 mL of
PBS was added to wash out unbound antibodies before centrifugation. Cell pellets were
resuspended in 120 uL of PBS and run on the CytoFLEX flow cytometer (Beckman Coulter,
Brea, CA, USA). Live cells were gated from dead/dying cells by size on forward /side scatter
dot plots for each sample. Analysis was performed on CytExpert software version 2.5.0.77.

2.4. Real-Time Quantitative PCR

RNA was isolated from cell lines or patient-derived samples using the Qiagen
RNAEasy kit (catalog # 74104). The RNA concentration and purity (260/280 nanome-
ter ratio 2.0-2.1) was measured via NanoDrop™ 2000/2000c spectrophotometers (Thermo
Scientific™, Waltham, MA, USA), and 1 pg of RNA was reverse-transcribed into cDNA
using the iScript™ Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA, cata-
log# 1708840). The reaction mix was loaded into the Bio-Rad T100 thermocycler with the
following protocol: 5 min at 25 °C, 20 min at 46 °C, and 1 min at 95 °C, according to the
manufacturer’s instructions. For gPCR, 1 ng of cDNA was loaded with nuclease-free water,
primers (see Table 1 for sequences), and iQ Sybr green supermix (Bio-Rad, 170880). The
manufacturer’s protocol was followed for the cycling conditions and analysis.

Table 1. Primer sequences used for quantitative PCR.

Gene Primer Sequence

BAFF—forward GGAGGCAACTCCAGTCAG
BAFF—reverse CAGTGCAGTCCCAAACTACCAGGACTT
TACI—forward GAGCAAGGCAAGTTCTATGACC
TACI—reverse CCTTCCCGAGTTGTCTGAATTG
BCMA—forward ACCTTGTCAACTTCGATGTTCTT
BCMA—reverse CAGAGAATCGCATTCGTTCCTT
Actin—forward TCCACGAAmMInACTACCTTCAACTC
Actin—reverse GTCATACTCCTGCTTGCTGAT

2.5. Western Blotting

Cell lines or patient samples were stimulated with 250 ng/mL of recombinant human
BAFF (rthBAFF) (Biolegend, 559606) for 12-16 h. Total protein lysate was extracted with
RIPA buffer. Cells were washed with PBS, and the cell pellet was resuspended in 70 uL of
RIPA buffer with fresh protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA, PPC1010).
Samples were placed on a rotator for 40 min and were then centrifuged at 16,000 RCF for
15 min at 4 °C. The protein lysate was saved. For the cytoplasmic nuclear fractionation,
the NE-PER™ nuclear and cytoplasmic extraction reagents were used (Thermo Fischer
Scientific, catalog# 78833) following the manufacturer’s protocol. The protein concentration
was quantified by the Bradford Assay (Pierce BCA Protein Assay Kit with Dilution-Free
BSA Protein Standards, catalog# A55864, Thermo Fisher Scientific) and normalized across
the samples. Samples were combined with 4x Laemmli sample buffer (Bio-Rad, cata-
log# 1610747) and p-mercaptoethanol, boiled, and loaded into a 10% agarose gel. After
transfer to 0.4 um PVDF membrane, it was blocked with 5% milk in TBS-T for 1 h. Pri-
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mary and secondary antibody incubations were 1 h at room temperature or overnight
at 4 °C. Membranes were washed with 1x TBS-T three times for five minutes after anti-
body incubations. The following primary antibodies were used (all from Cell Signaling
Technology (Danvers, MA, USA)): p100/p52 NF-kB (catalog# 4882T), lamin B2 (catalog#
12255S), a-tubulin (catalog# 3873S), GAPDH (catalog# 97166S), phospho-ERK (catalog#
9101S), ERK(catalog# 4695S), phospho-AKT (catalog# 4058T), and AKT (catalog# 4691S).
The (3-actin (sc-47778) primary antibody was obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Secondary antibodies were purchased from Cell Signaling Technology:
anti-rabbit (7074S) and anti-mouse (7076S). Membranes were developed with Clarity™
Western ECL substrate (Bio-Rad, catalog# 1705061) or Amersham™ ECL Select™ Western
Blotting Detection Reagent (Cytiva, Marlborough, MA, USA, catalog# RPN2235) and were
imaged on the Bio-Rad ChemiDoc. Quantification of the band intensity was performed
using Image] software version 1.54d. For normalization, the intensity of the experimental
band was divided by that of the loading control GAPDH. For the phosphorylation studies
the intensity of the phosphorylated form of ERK or AKTwas divided by the total protein
levels and then divided by the GAPDH intensity level for normalization. To investigate the
reliance on the BAFF receptor for BAFF-induced activation of the nonclassical NF-«B, the
cells from Patient 131 were pre-incubated with 500 ng/mL of recombinant human BAFF
alone or in the presence of 15 ng/mL of BAFF receptor-neutralizing antibody for 16 h.
Cytoplasmic-nuclear fractionation and probing of the nonclassical NF-«B pathway was
performed as described above.

2.6. RNA Sequencing

HCL patient-derived splenocytes were stimulated with 250ng/mL recombinant hu-
man BAFF (Biolegend, catalog 559606) for 16 h. RNA was isolated using the Qiagen
RNAEasy extraction kit (catalog, 74104). Using the NanoDrop™ 2000/2000c Spectropho-
tometers (Thermo Scientific™), the RNA concentration and purity were measured. RNA
was normalized to 50 ng/pL in nuclease-free water and submitted to the CWRU Genomics
Core for quality control measurements and sequencing. RNA-Seq libraries were sequenced
using the [llumina platform (Novogene Corporation Inc., Sacramento, CA, USA). Reads
were trimmed and assessed for quality using TrimGalore! v0.4.2 (Babraham Bioinfor-
matics, Cambridge, UK), which is a wrapper script incorporating FastQC and cutadapt.
Filtered reads were aligned to the human reference genome (GRCh38) with STARaligner
v2.7.0. Annotation of the aligned reads was done using the GENCODE annotation for
GRCh38. Differential expression at the gene level was assessed using Cufflinks v2.2.2, and
expression values are reported as fragments per kilo base of exon per million fragments
mapped (FPKM). Differentially expressed genes were identified using a significance cutoff
g-value < 0.05 using Benjamini—-Hochberg multiple testing correction. The results of the
differential expression were further analyzed using iPathwayGuide (AdvaitaBio, Ann
Arbor, MI, USA) for pathway analysis.

2.7. Chemoresistance Experiment

Splenocytes derived from an HCL patient (Patient 058) were used for chemoresistance
experiments, and 500,000 cells per well in 1 mL of complete RPMI were plated in a 24-well
plate. Cells were pre-incubated with 250 ng/mL (1 uL) of rhBAFF (Biolegend, catalog#
559606) for 3 days. After 3 days, the cells were treated with 250 nM (1 puL) of cladribine
(APEXBIO, Houston, TX, USA, 501904737) and repeated BAFF stimulation. Control wells
received an equal volume of the solvent 0.1% DMSO. Cells were stimulated with BAFF
again on day 5. Cell number and viability were measured daily by trypan blue staining (1:1
volume of stain:cells) and Countess 3 Cell counter (Thermo Fischer).
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2.8. Statistics

Statistical tests are described in the respective figure legends. All statistical tests were
performed using GraphPad Prism 10.2.0. For RNA sequencing analysis, differential genes
were identified with a significance cutoff g-value < 0.05 using Benjamini-Hochberg multiple
testing correction. For the functional chemoresistance studies a one-way ANOVA was used
to compare the ‘BAFF and ‘BAFF + cDa’ groups over time. Tukey’s multiple hypothesis
correction was used.

3. Results
3.1. HCL-c and HCL-v Cells Express Receptors of BAFF

We first checked whether HCL-v patient samples and HCL-c cell lines express the
receptors of BAFF and membrane-bound ligand BAFF. In the cell lines and patient samples
that we analyzed, we saw a heterogeneous pattern of expression of membrane-bound BAFF
and its receptors. Significant populations of cancer cells from HCL-v Patients 030, 058, 131,
154, and 195 expressed BAFF-R (68.30%, 51.1%, 77.8%, 10.0%, and 63.0%) and TACI (43.8%,
39.7%, 75.2%, 13.6%, and 5.6%), respectively, per flow dot plots (Figure 1A). However,
we did not see a distinct BCMA-positive population in these samples. Cancer cells from
patients 058 and 154 had discernable membrane-bound BAFF-expressing cells, although
this was not as highly expressed as the receptors. The expression patterns of BAFF and its
receptors were validated at the gene level by RT-qPCR. Jeko-1 cells, a mantle cell lymphoma
line, were used as our reference, because these cells are known to express BAFF and its
receptors and depend on BAFF survival signaling [26]. The HCL-c cell lines Bonna-12 and
Hair-M had a greater gene expression level of BAFF, TACI, and BCMA relative to the Jeko-1
control and relatively lower levels of BAFF-R expression.

3.2. BAFF Preferentially Induces Signaling Through the Nonclassical NF-xB Pathway in
HCL-v Cells

After confirming that HCL-c/v cells express BAFF, we were interested in determining
pathways that may be activated in HCL-c and HCL-v cells upon BAFF stimulation. The
main pathways that BAFF is known to activate include the classical and nonclassical
NEF-«B pathways and the ERK and PI3K/AKT pathways [30,31]. The nonclassical NF-xB
pathway is most efficiently activated with BAFF ligation to BAFF-R relative to TACI or
BCMA. Upon ligand binding and receptor activation, the central MAP kinase NF-kappa-B-
inducing kinase (NIK) is stabilized, leading to activation of IKKx and proteolytic cleavage
of p100 to p52. P52 then dimerizes with RelB and translocates to the nucleus to activate
transcription [32]. Pathway activation, as measured by the accumulation of nuclear p52,
was independent of exogenous BAFF stimulation in Bonna-12 cells, suggesting an autocrine
BAFF signaling and constitutive pathway activation in these HCL-c cells (Figure 2A).
Conversely, we observed a clear exogenous BAFF-induced accumulation of nuclear p52 in
HCL-v cells (Patient 131), suggesting that these cells depend on paracrine BAFF signaling
(Figure 2B). BAFF-induced nonclassical NF-«kB pathway activation was also seen in the total
protein lysate from another HCL-v patient sample, Patient 154 (Figure 2C, left), suggesting
that this finding might be conserved among HCL-v patients. We also tested other BAFF-
induced pathways in these patient cells: the ERK and AKT pathways. Activation was
measured by increased phosphorylated-ERK or AKT, respectively. In Patient 154, we saw a
modest increase in phosphorylated ERK but decreased phosphorylated AKT (Figure 2C,
right). Therefore, we conclude that the pro-survival effects of BAFF stimulation of HCL
cells are likely mediated most significantly by the nonclassical NF-«B pathway. We then
stimulated patient cells with BAFF in the presence of a BAFF receptor-neutralizing antibody
and found a drastically decreased activation of the nonclassical NF-kB pathway relative
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to the BAFF-stimulated control. Thus, we conclude that specific activation of the BAFF
receptor induces activation of this pathway in HCL-v cells.
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Figure 1. HCL-c/v cells express receptors of BAFFE. (A) HCL-v patient-derived cancer cells from
multiple patients were stained with a panel of flow antibodies: BAFF (APC), BAFF-R (PE), TACI
(PE-Cy7), and BCMA (PerCP) or their matched isotype controls. Receptor staining is derived from
live/dead gating by forward/side scatter dot plots. Positive populations are relative to the shift of
isotype controls. (B) The expression of BAFF and its receptors was also analyzed by qPCR with Jeko-1
(mantle cell lymphoma) as the positive control, and 1 pg of cDNA derived from Jeko-1, HCL-v patient-
derived cancer cells, or the HCL cell lines Bonna-12 and Hair-M was combined with forward /reverse
primers, SYBR green master mix, and nuclease-free water and plated in triplicate. qPCR experiments
were repeated for a total of 3 independent experimental replicates.
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Figure 2. BAFF activates the alternative NF-«B pathway in patient-derived HCL-v cells. (A) Bonna-12
cells or (B,C) HCL patient-derived cancer cells (Patients ('PT’) 131 or 154) were stimulated with
250 ng/mL of recombinant human BAFFE. Cytoplasmic and nuclear lysates (Bonna-12 and PT 131)
or total cell lysate (PT 154) was harvested after 16 h. Activation of the nonclassical NF-«B pathway
is measured by the accumulation of p52 (A-C). AKT and ERK pathway activation is measured in
total cell lysate from PT 154 by the accumulation of p-AKT and p-ERK relative to the total protein.
Band intensities were measured using Image] software. The Bonna-12 Western was performed
three independent times, and Westerns using either patient samples were performed at least twice.
(D) HCL-v patient cells (PT 131) were stimulated with 500 ng/mL with or without 15 pg/mL of
BAFF-neutralizing antibody. After 16 h of incubation, cytoplasmic and nuclear protein lysates were
harvested, and activation of the nonclassical NF-«kB pathway was measured by p52 accumulation.

3.3. BAFF Induces Multiple Genes Involved in Chemoresistance in HCL-v Cells

The expression patterns among the control and BAFF-treated groups in the principal
component analysis (PCA) showed distinct clustering between the control and BAFF-
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stimulated samples (Figure 3A). There were 1447 differentially expressed (DE) genes with
BAFF stimulation among 15,008 with measured expression. The volcano plot displays only
the significant (p-value < 0.05, fold change > 0) differentially expressed genes (Figure 3B).
The top biological processes that were activated with BAFF stimulation include cytokine—
cytokine interaction (53 genes, 1.120 x 10~8), MAPK signaling (42 genes, 2.659 x 10~%),
NF-«B signaling (27 genes, 6.527 x 10~7), and pathways in cancer (71 genes, 1.411 x 107°)
(Figure 3C). The most significantly differentially expressed genes upon BAFF stimulation
with each biological process are mapped in Figure 3C.
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Figure 3. Overview of BAFF induced gene signatures in HCL-v. Cancer cells derived from splenocytes
of an HCL patient (Patient 195) were stimulated with 250 ng/mL of recombinant human BAFF for
16 h (n = 4 control, n = 4 BAFF stimulated). RNA was extracted after incubation and normalized to
50 ng/uL. Sequencing reads were aligned to the human reference genome (GRCh38) using the STAR
aligner. Differential genes were identified with a significance cutoff of g-value < 0.05 using Benjamini—
Hochberg multiple testing correction. (A) Principal component analysis (PCA) shows clustering
across quadruplicate samples in each group. (B) The volcano plot represents 1447 differentially
expressed genes. (C) Cytokine—cytokine receptor interaction, MAPK signaling, NF-«B signaling, and
pathways in cancer were among the most significantly upregulated processes in the pathway analysis.
(D) The ribbon plot represents the most significantly upregulated genes per process.
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Notably, many of the genes upregulated among these processes have been implicated
in chemoresistance in various cancer models. Interleukins alpha and beta (IL1A and IL1B)
were among the most differentially upregulated gene products with BAFF stimulation
(LogoFC 6.4 and 4.6, p-values 0.001 and 0.001, respectively). IL-1 signaling has been
increasingly implicated in chemoresistance in multiple solid tumors, including breast,
gastric, non-small cell lung cancer, head and neck squamous cell carcinoma, and colorectal
cancer [33-38]. For example, IL-1(3 was found to mediate the resistance of non-small cell
lung cancer cells to docetaxel by regulating the formation of polyploid giant cancer cells,
while its inhibition increased docetaxel sensitivity. As such, anakinra, an IL-1 receptor
(IL1R1) antagonist, is being or has been investigated in combination therapies for many
of these cancers to enhance chemosensitivity [39]. Although the data are less mature, IL-1
chemoresistance is being investigated in hematological malignancies as well, including
chronic myeloid leukemia (CML) and multiple myeloma [40]. In preclinical CML models,
adding a recombinant IL1 receptor antagonist increased the sensitivity of leukemic stem
cells to BCR-ABL tyrosine kinase inhibitor [41].

In addition to IL-1 upregulation, BAFF stimulation increased the expression of many
chemokines and chemokine receptors, which were classified into the biological processes
‘cytokine—cytokine receptor interactions” and ‘pathways in cancer’. These include CXCL1
(LogpFC 2.515, p-value 0.001), CXCL2 (Logy,FC 2.461, p-value 0.001), CXCL8 (Log,FC
1.923, p-value 0.001), and CXCRS5 (LogyFC 2.021, p-value 0.001), all of which promote
chemoresistance (Figures 3B and 4) [42—-44]. For example, in breast cancer models, treatment
with chemotherapy was found to induce TNF-« activation of NF-«kB to increase CXCR1/2
expression, to reduce sensitivity to therapy [42]. CXCL8 was also identified in triple-
negative breast cancer as a potential druggable target, as it was found to promote paclitaxel
resistance [44].

In addition, 71 differentially expressed genes were grouped into ‘pathways in cancer’,
and a number of these genes are known to promote chemoresistance. Prostaglandin-
endoperoxide synthase-2 (PTGS2, Log,FC 5.416, p = 0.001) was the most highly expressed
gene in this group with BAFF stimulation and is associated with chemoresistance and
predicts poor survival in non-small cell lung cancer (NSCLC) (Figures 3D and 4D) [45].
Mechanistically, cisplatin induces PTGS2 expression through ERK1/2-NF-kB signaling,
which increases PTGS2 in a positive feedback loop and promotes multidrug resistance [45].
TRAF1 was also upregulated with BAFF stimulation in HCL cells and is also identified as
an attractive therapeutic target in multiple cancers (Figures 3D and 4D). TRAF1 confers
resistance to apoptosis in NSCLC, Hodgkin’s lymphoma, and renal cell carcinoma, in which
it specifically diminishes the sensitivity to sunitinib [46—48].

3.4. BAFF Promotes Chemoresistance in HCL-v Cells

After we observed that BAFF upregulated many genes that are implicated in chemore-
sistance in HCL cells, we sought to verify that these transcriptional changes have a func-
tional effect. To this end, we pre-incubated patient-derived HCL-v cells from Patient
058 with recombinant BAFF before treatment with cDa, the frontline standard of care for
classical HCL patients. As expected, cDa alone significantly decreased viability and cell
numbers after 3 and 4 days, respectively (Figure 5). However, BAFF rescued these cells
from chemotherapy-induced cell death. The cells that were stimulated with BAFF before
cDa treatment maintained similar cell numbers and viability as the control or BAFF-only
cells, suggesting that BAFF signaling plays a key role in HCL-v chemoresistance. Impor-
tantly, the cancer cells used in this study were from an HCL-v patient (Patient 058), and
generally, these patients do not respond well to frontline therapies, suggesting that BAFF
neutralization could potentially sensitize these patients to frontline chemotherapy.



Biomedicines 2025, 13, 890

11 of 16
A I Group Group
° ] [ | CCL24 BAFF
IL19
CSF2RB Control
RELT

CD40
CXCR3
] IL24
IFNGR1
CXCLS

NERSE10D

IL23A
IL21R
CXCL3
EBI3
CCL4
CXCL8
CCL22
TNFRSF9
CCL3L3

CXCL1
CXCRS

INHBA
IL13RA1
PRLR

AMH
CXCL10
TNFRSF19
IFNLR1
TNFRSF13B
TNFSF12
IL16
TNFRSF13C
TGFBR2
TNFRSF21
CCL8
TNFSF10
TNFSF13
CSF1R
TNFSF9

CXCL16
CCR1
CCR6
ACVR1C
BMPR2
QQQQ 2 QQQQ
|3|=|3|1$$%$ |='|='|=|='$g$$
o..mulﬂl'nl'ﬂlﬂ o..mwl'nl'nlml'n
o = v 'w o = v 'w

C. Differentially expressed genes in ‘cytokine-cytokine receptor interaction’ pathway

cxcL
ILIA  |NHBA |CXcL2 CXCL8

ILT
it

CCL22
CXCL5 CCR

CXCR5

THRRSF19
RS
Acvric
TFSF:
THRRS P36
cxeLts
THrsF2
THFSF
cxeLo
Rt
RS
rsF
owRz
arBR2

L L I i IR

D. Differentially expressed genes in ‘pathways in cancer’

PTGS2 FZD8 NFKBIA NFKB2
l TRAF1 MAPKS8 RASGRP3

L e e N K ot N B e Y 8 it N et e AR R ¥ ]

BIRC3 JAK3 l
5,,]_&.5;.%:55 : _s_lm___;_si L__1i L i1 1 sifef msi;_éii,,
7% i
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Figure 5. BAFF protects patient-derived HCL-v cells from cladribine. Patient-derived HCL-v cells
(Patient 058) were plated at 400,000 cells per well and pre-incubated with 250 ng/mL recombinant
human BAFF three days prior to cladribine (cDa) treatment. On day 1, cells were treated with
250 nM cDa and re-stimulated with rhBAFF. Cells were stimulated with BAFF again on day 2.
(A) Proliferation and (B) viability were measured by trypan blue staining. The control well received
the solvent control (0.1% DMSO). A one-way ANOVA with Tukey’s multiple hypothesis correction
was used to measure significance over time (upper). p-values of proliferation (A) were 0.0086 (day 4)
and 0.0006 (day 5). p-values for viability (B) were 0.0096 (day 3) and 0.0260 (day 5). The experiment
was performed with this patient sample n = 2 times. * p < 0.05, ** p < 0.01, ** p < 0.001.

4. Discussion

Resistance to frontline therapy is still a challenge in managing HCL-c and HCL-v
patients [7,49]. In this study, we identified BAFF as one of the factors involved in the
chemo-protection of HCL-c and HCL-v cells. We verified that HCL-v cells derived from
multiple patients express BAFF-R and TACI even at higher levels than the mantle cell
lymphoma cell line (Jeko-1), which is known to express these receptors and confer survival
benefits from BAFF signaling [26]. HCL-v patient cells expressed both ligand BAFF and
its receptors, which points to a possibility of both autocrine and paracrine BAFF signaling
happening in these cells. The HCL~c cell lines Bonna-12 and Hair-M showed expression of
BAFF, TACI, and BCMA.

We were interested in identifying the signaling cascades induced by BAFF in HCL-
c/v cells. In these signaling studies, we found that the HCL-c Bonna-12 cells display
constitutive nonclassical NF-kB pathway activation. We attribute this finding to acquired
genetic changes in this transformed cell line to gain survival advantage in the culture. This
might also be due to BAFF autocrine signaling, as these cells express both BAFF ligand
and its receptors. However, in HCL-v patient-derived cancer cells, the nonclassical NF-xB
pathway was activated only when stimulated with exogenous BAFF. Our data suggest that
activation of this pathway is specifically mediated by BAFF ligation of the BAFF receptor.
Persistent signaling of the nonclassical NF-kB pathway upregulates pro-growth and anti-
apoptotic functions in multiple B cell cancers, including multiple myeloma, Hodgkin’s
lymphoma, mantle cell lymphoma, adult T-cell leukemias/lymphomas, and diffuse large
B-cell lymphoma (DLBCL) [32,50,51]. In these cancer models, nonclassical NF-«B pathway
activation leads to the upregulation of anti-apoptotic and pro-survival proteins conferring
chemoresistance. However, to our knowledge, the BAFF-induced nonclassical NF-«B
pathway in HCL-v cells or the potential for this being a therapeutic target have not been
described until now.
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The PI3K/AKT and ERK pathways are also known to be BAFF-activated in lymphoid
malignancies. However, we only saw a modest increase in phosphorylated ERK and a
decrease in phosphorylated AKT post-BAFF stimulation in HCL-v patient-derived cells.
Additionally, it has been shown that BAFF-R activates PI3K/AKT signaling in human naive
B-cells to upregulate the genes involved in migration, proliferation, growth, and survival.
However, this does not occur in switched memory cells [21]. It is, therefore, possible that
PI3K/AKT signaling downstream of BAFF-R is disease-specific, cell-type specific, or even
depends on the maturation stage of the B cells, considering that HCL is a mature B-cell
neoplasm [9].

Our RNA sequencing results in HCL-v cells induced with BAFF suggest that BAFF
induces a myriad of genes that are implicated in the chemoresistance of B-cell cancers. In
the pathway analysis, NF-«kB signaling was one of the most enriched pathways, and many
genes that are involved in the nonclassical NF-kB pathway were upregulated. These results
also suggest that the effects of BAFF on chemoresistance are potentially mediated through
the activation of an alternative NF-«kB pathway. Signaling intermediates that were increased
include TRAF1, BIRC3, NFKB2, and RELB. Additionally, BAFF stimulation also resulted
in the upregulation of known anti-apoptotic genes PIM2 and BCL-2 that are upregulated
with RelB-p52 translocation to the nucleus after pathway activation. For brevity, not all the
BAFF-induced genes that are involved in chemoresistance were discussed, but there are
many others that were upregulated, including IL23A, FPR2, INHBA, CCR4, CXCR5, JAK3,
CCR7,CCL22, TRAF1, MAPKS, FZDS, and RasGRP3 [43,46,52-60]. Overall, these findings
are supported by recent work in FMS-like tyrosine kinase 3 (FLT3)-mutant acute myeloid
leukemia (AML), in which Cao et al. found that nonclassical NF-«B signaling induced the
expression of CXCL1, CXCL5, and CXCLS to promote resistance to gilteritinib [61].

We confirmed the BAFF-mediated protection of patient-derived HCL-v cells from
chemotherapy-induced cell death. We have previously demonstrated BAFF-induced chemo-
protection in multiple other B-cell cancer models, including acute lymphoblastic leukemia
and mantle cell lymphoma, and other groups have also shown this effect in myeloma and
chronic lymphocytic leukemia models [26-29,62]. Given these studies, it was unsurprising
that BAFF protects HCL-v, a rare B-cell cancer, from chemotherapy-induced cell death. A
more detailed study of BAFF-secreted levels in the HCL-c and HCL-v disease microenvi-
ronment will reveal the role of microenvironmental BAFF in chemo-protection, and this
will help to design new combination therapies to inhibit BAFF receptors or neutralize BAFF
or both in combination with chemotherapy to sensitize drug-resistant cancer cells.

In conclusion, we present evidence that BAFF upregulates multiple genes involved in
chemoresistance and functionally decreases sensitivity to cladribine in HCL-v cells. This
is likely mediated by BAFF ligation to BAFFR and activation of the nonclassical NF-«B
pathway. Because chemosensitivity is a challenge in classical and variant HCL treatment,
this study has valuable translational potential. Future work, preclinically or in clinical
trials, can investigate combination therapy of PNAs with BAFF neutralization, such as with
the BAFF-neutralizing antibody belimumab. Overall, we present an important finding that
may lead to new therapeutic combinations that could improve outcomes in HCL patients.

Author Contributions: C.F. performed the experiments, analyzed the data, and wrote the manuscript;
D.F, AR, and K. K. performed some experiments; E.R.C. analyzed the RNA sequencing data. P.R.
and R.B. provided patient cells and characterized those cells. R.P. conceived the study, oversaw the
study, designed the experiments, guided the research personnel, performed the data analysis, and
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the HCL2025 initiative by The Hairy Cell Leukemia Foun-
dation (HCLF) and The Leukemia & Lymphoma Society (LLS). This research was also funded by



Biomedicines 2025, 13, 890 14 of 16

the CWRU Genomics Core facility. We also thank the support of the Shared Resources of the Case
Comprehensive Cancer Center (P30CA043703).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: R.P. serves as a Scientific Advisory Board Member of Luminary Therapeutics.

References

1.  Paillassa, J.; Maitre, E.; Troussard, X. Hairy Cell Leukemia (HCL) and HCL Variant: Updates and Spotlights on Therapeutic
Advances. Curr. Oncol. Rep. 2022, 24, 1133-1143. [CrossRef]

2. Konkay, K.; Uppin, M.S.; Uppin, S.G.; Raghunadha Rao, D.; Geetha, C.; Paul, T.R. Hairy cell leukemia: Clinicopathological and
immunophenotypic study. Indian. ]. Hematol. Blood Transfus. 2014, 30, 180-186. [CrossRef] [PubMed]

3. Kreitman, R.J. Hairy cell leukemia: Present and future directions. Leuk. Lymphoma 2019, 60, 2869-2879. [CrossRef]

4. Troussard, X.; Maitre, E.; Cornet, E. Hairy cell leukemia 2022: Update on diagnosis, risk-stratification, and treatment. Am. |.
Hematol. 2022, 97, 226-236. [CrossRef] [PubMed]

5. Maitre, E.; Cornet, E.; Salaun, V.; Kerneves, P.; Cheze, S.; Repesse, Y.; Damaj, G.; Troussard, X. Inmunophenotypic Analysis of
Hairy Cell Leukemia (HCL) and Hairy Cell Leukemia-like (HCL-like) Disorders. Cancers 2022, 14, 1050. [CrossRef] [PubMed]

6.  Maitre, E.; Paillassa, J.; Troussard, X. Novel targeted treatments in hairy cell leukemia and other hairy cell-like disorders. Front.
Oncol. 2022, 12, 1068981. [CrossRef]

7. Chihara, D.; Kreitman, R.J. Treatment of hairy cell leukemia. Expert. Rev. Hematol. 2020, 13, 1107-1117. [CrossRef]

8.  Falini, B.; De Carolis, L.; Tiacci, E. How I treat refractory/relapsed hairy cell leukemia with BRAF inhibitors. Blood 2022, 139,
2294-2305. [CrossRef]

9.  Jain, P; Pemmaraju, N.; Ravandi, F. Update on the biology and treatment options for hairy cell leukemia. Curr. Treat. Options
Oncol. 2014, 15, 187-209. [CrossRef]

10. Tiacci, E.; De Carolis, L.; Simonetti, E.; Capponi, M.; Ambrosetti, A.; Lucia, E.; Antolino, A.; Pulsoni, A.; Ferrari, S.; Zinzani,
PL,; et al. Vemurafenib plus Rituximab in Refractory or Relapsed Hairy-Cell Leukemia. N. Engl. |. Med. 2021, 384, 1810-1823.
[CrossRef]

11. Tiacdi, E.; De Carolis, L.; Simonetti, E.; Merluzzi, M.; Bennati, A.; Perriello, V.M.; Pucciarini, A.; Santi, A.; Venanzi, A.; Pettirossi,
V.; et al. Safety and efficacy of the BRAF inhibitor dabrafenib in relapsed or refractory hairy cell leukemia: A pilot phase-2 clinical
trial. Leukemia 2021, 35, 3314-3318. [CrossRef] [PubMed]

12.  Chihara, D.; Arons, E.; Stetler-Stevenson, M.; Yuan, C.M.; Wang, HW.; Zhou, H.; Raffeld, M.; Xi, L.; Steinberg, S.M.; Feurtado, J.;
et al. Randomized Phase II Study of First-Line Cladribine With Concurrent or Delayed Rituximab in Patients With Hairy Cell
Leukemia. J. Clin. Oncol. 2020, 38, 1527-1538. [CrossRef] [PubMed]

13. Fanta, P.T,; Saven, A. Hairy cell leukemia. Cancer Treat. Res. 2008, 142, 193-209. [CrossRef]

14. Shao, H.; Calvo, K.R.; Gronborg, M.; Tembhare, P.R.; Kreitman, R.J.; Stetler-Stevenson, M.; Yuan, C.M. Distinguishing hairy
cell leukemia variant from hairy cell leukemia: Development and validation of diagnostic criteria. Leuk. Res. 2013, 37, 401-409.
[CrossRef]

15. Alaggio, R.; Amador, C.; Anagnostopoulos, I.; Attygalle, A.D.; Araujo, I.B.O.; Berti, E.; Bhagat, G.; Borges, A.M.; Boyer, D.;
Calaminici, M.; et al. The 5th edition of the World Health Organization Classification of Haematolymphoid Tumours: Lymphoid
Neoplasms. Leukemia 2022, 36, 1720-1748. [CrossRef] [PubMed]

16. Kumar Upadhyay, A.; Kumar, M.; Prasad, A.; Shekhar, S.; Singh, R. A Case of Hairy Cell Leukemia Variant: Literature Analysis
With Focus on Unmet Needs. Cureus 2023, 15, e47085. [CrossRef] [PubMed]

17. Paillassa, J.; Safa, E; Troussard, X. Updates in hairy cell leukemia (HCL) and variant-type HCL (HCL-V): Rationale for targeted
treatments with a focus on ibrutinib. Ther. Adv. Hematol. 2022, 13, 20406207221090886. [CrossRef]

18. Rihacek, M.; Bienertova-Vasku, J.; Valik, D.; Sterba, ].; Pilatova, K.; Zdrazilova-Dubska, L. B-Cell Activating Factor as a Cancer
Biomarker and Its Implications in Cancer-Related Cachexia. Biomed. Res. Int. 2015, 2015, 792187. [CrossRef]

19. Smulski, C.R.; Eibel, H. BAFF and BAFF-Receptor in B Cell Selection and Survival. Front. Immunol. 2018, 9, 2285. [CrossRef]

20. Garcia-Carmona, Y.; Fribourg, M.; Sowa, A.; Cerutti, A.; Cunningham-Rundles, C. TACI and endogenous APRIL in B cell
maturation. Clin. Immunol. 2023, 253, 109689. [CrossRef]

21. Sevdali, E.; Block, V.; Lataretu, M.; Li, H.; Smulski, C.R.; Briem, ].S.; Heitz, Y.; Fischer, B.; Ramirez, N.].; Grimbacher, B.; et al.

BAFEFR activates PI3K/AKT signaling in human naive but not in switched memory B cells through direct interactions with B cell
antigen receptors. Cell Rep. 2022, 39, 111019. [CrossRef] [PubMed]


https://doi.org/10.1007/s11912-022-01285-1
https://doi.org/10.1007/s12288-013-0231-x
https://www.ncbi.nlm.nih.gov/pubmed/25114404
https://doi.org/10.1080/10428194.2019.1608536
https://doi.org/10.1002/ajh.26390
https://www.ncbi.nlm.nih.gov/pubmed/34710243
https://doi.org/10.3390/cancers14041050
https://www.ncbi.nlm.nih.gov/pubmed/35205796
https://doi.org/10.3389/fonc.2022.1068981
https://doi.org/10.1080/17474086.2020.1819231
https://doi.org/10.1182/blood.2021013502
https://doi.org/10.1007/s11864-014-0285-5
https://doi.org/10.1056/NEJMoa2031298
https://doi.org/10.1038/s41375-021-01210-8
https://www.ncbi.nlm.nih.gov/pubmed/33731847
https://doi.org/10.1200/JCO.19.02250
https://www.ncbi.nlm.nih.gov/pubmed/32109194
https://doi.org/10.1007/978-0-387-73744-7_8
https://doi.org/10.1016/j.leukres.2012.11.021
https://doi.org/10.1038/s41375-022-01620-2
https://www.ncbi.nlm.nih.gov/pubmed/35732829
https://doi.org/10.7759/cureus.47085
https://www.ncbi.nlm.nih.gov/pubmed/38022018
https://doi.org/10.1177/20406207221090886
https://doi.org/10.1155/2015/792187
https://doi.org/10.3389/fimmu.2018.02285
https://doi.org/10.1016/j.clim.2023.109689
https://doi.org/10.1016/j.celrep.2022.111019
https://www.ncbi.nlm.nih.gov/pubmed/35767961

Biomedicines 2025, 13, 890 15 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ullah, M.A.; Mackay, F. The BAFF-APRIL System in Cancer. Cancers 2023, 15, 1791. [CrossRef] [PubMed]

Novak, A.].; Grote, D.M.; Stenson, M.; Ziesmer, S.C.; Witzig, T.E.; Habermann, T.M.; Harder, B.; Ristow, K.M.; Bram, R.].; Jelinek,
D.F,; et al. Expression of BLyS and its receptors in B-cell non-Hodgkin lymphoma: Correlation with disease activity and patient
outcome. Blood 2004, 104, 2247-2253. [CrossRef] [PubMed]

OKi, Y.; Georgakis, G.V.; Migone, T.S.; Kwak, L.W.; Younes, A. Prognostic significance of serum B-lymphocyte stimulator in
Hodgkin’s lymphoma. Haematologica 2007, 92, 269-270. [CrossRef]

Onda, K; lijima, K.; Katagiri, Y.U.; Okita, H.; Saito, M.; Shimizu, T.; Kiyokawa, N. Differential effects of BAFF on B cell precursor
acute lymphoblastic leukemia and Burkitt lymphoma. Int. . Hematol. 2010, 91, 808-819. [CrossRef]

Zhang, K.; Roy, N.K.; Vicioso, Y.; Woo, ].; Beck, R.; de Lima, M.; Caimi, P; Feinberg, D.; Parameswaran, R. BAFF receptor antibody
for mantle cell lymphoma therapy. Oncoimmunology 2021, 10, 1893501. [CrossRef]

Tandler, C.; Schmidt, M.; Heitmann, ].S.; Hierold, J.; Schmidyt, J.; Schneider, P.; Dorfel, D.; Walz, ].; Salih, H.R. Neutralization of
B-Cell Activating Factor (BAFF) by Belimumab Reinforces Small Molecule Inhibitor Treatment in Chronic Lymphocytic Leukemia.
Cancers 2020, 12, 2725. [CrossRef]

Moreaux, J.; Legouffe, E.; Jourdan, E.; Quittet, P; Reme, T.; Lugagne, C.; Moine, P.; Rossi, ].F; Klein, B.; Tarte, K. BAFF and APRIL
protect myeloma cells from apoptosis induced by interleukin 6 deprivation and dexamethasone. Blood 2004, 103, 3148-3157.
[CrossRef]

McWilliams, E.M.; Lucas, C.R.; Chen, T.; Harrington, B.K.; Wasmuth, R.; Campbell, A.; Rogers, K.A.; Cheney, C.M.; Mo,
X.; Andritsos, L.A.; et al. Anti-BAFF-R antibody VAY-736 demonstrates promising preclinical activity in CLL and enhances
effectiveness of ibrutinib. Blood Adv. 2019, 3, 447-460. [CrossRef]

Otipoby, K.L.; Sasaki, Y.; Schmidt-Supprian, M.; Patke, A.; Gareus, R.; Pasparakis, M.; Tarakhovsky, A.; Rajewsky, K. BAFF
activates Akt and Erk through BAFF-R in an IKK1-dependent manner in primary mouse B cells. Proc. Natl. Acad. Sci. USA 2008,
105, 12435-12438. [CrossRef]

Sun, S.C. Non-canonical NF-kappaB signaling pathway. Cell Res. 2011, 21, 71-85. [CrossRef] [PubMed]

Tegowski, M.; Baldwin, A. Noncanonical NF-kappaB in Cancer. Biomedicines 2018, 6, 66. [CrossRef] [PubMed]

Stanam, A.; Gibson-Corley, K.N.; Love-Homan, L.; Ihejirika, N.; Simons, A.L. Interleukin-1 blockade overcomes erlotinib
resistance in head and neck squamous cell carcinoma. Oncotarget 2016, 7, 76087-76100. [CrossRef] [PubMed]

Gelfo, V.; Rodia, M.T.; Pucci, M.; Dall’Ora, M.; Santi, S.; Solmi, R.; Roth, L.; Lindzen, M.; Bonafe, M.; Bertotti, A.; et al. A module
of inflammatory cytokines defines resistance of colorectal cancer to EGFR inhibitors. Oncotarget 2016, 7, 72167-72183. [CrossRef]
Singh, S.; Xiao, Z.; Bavisi, K.; Roszik, J.; Melendez, B.D.; Wang, Z.; Cantwell, M.]J.; Davis, R.E.; Lizee, G.; Hwu, P; et al. IL-1alpha
Mediates Innate and Acquired Resistance to Immunotherapy in Melanoma. J. Immunol. 2021, 206, 1966-1975. [CrossRef]

Zhao, S.; Xing, S.; Wang, L.; Ouyang, M,; Liu, S.; Sun, L.; Yu, H. IL-1beta is involved in docetaxel chemoresistance by regulating
the formation of polyploid giant cancer cells in non-small cell lung cancer. Sci. Rep. 2023, 13, 12763. [CrossRef]

Xuan, Y.; Wang, Y.N. Hypoxia/IL-1lalpha axis promotes gastric cancer progression and drug resistance. J. Dig. Dis. 2017, 18,
511-520. [CrossRef]

Liu, S.; Lee, ].S;; Jie, C.; Park, M.H.; Iwakura, Y.; Patel, Y.; Soni, M.; Reisman, D.; Chen, H. HER2 Overexpression Triggers
an ILlalpha Proinflammatory Circuit to Drive Tumorigenesis and Promote Chemotherapy Resistance. Cancer Res. 2018, 78,
2040-2051. [CrossRef]

Gelfo, V.; Romaniello, D.; Mazzeschi, M.; Sgarzi, M.; Grilli, G.; Morselli, A.; Manzan, B.; Rihawi, K.; Lauriola, M. Roles of IL-1 in
Cancer: From Tumor Progression to Resistance to Targeted Therapies. Int. J. Mol. Sci. 2020, 21, 6009. [CrossRef]

de Mooij, C.E.M.; Netea, M.G.; van der Velden, W.; Blijlevens, N.M.A. Targeting the interleukin-1 pathway in patients with
hematological disorders. Blood 2017, 129, 3155-3164. [CrossRef]

Zhang, B.; Chu, S.; Agarwal, P; Campbell, V.L.; Hopcroft, L.; Jorgensen, H.G.; Lin, A.; Gaal, K.; Holyoake, T.L.; Bhatia, R.
Inhibition of interleukin-1 signaling enhances elimination of tyrosine kinase inhibitor-treated CML stem cells. Blood 2016, 128,
2671-2682. [CrossRef] [PubMed]

Acharyya, S.; Oskarsson, T.; Vanharanta, S.; Malladi, S.; Kim, J.; Morris, P.G.; Manova-Todorova, K.; Leversha, M.; Hogg, N.;
Seshan, V.E.; et al. A CXCL1 paracrine network links cancer chemoresistance and metastasis. Cell 2012, 150, 165-178. [CrossRef]
[PubMed]

Cabioglu, N.; Onder, S.; Karatay, H.; Bayram, A.; Oner, G.; Tukenmez, M.; Muslumanoglu, M.; Igci, A.; Dinccag, A.; Ozmen, V,;
et al. New Emerging Chemokine Receptors: CCR5 or CXCR5 on Tumor Is Associated with Poor Response to Chemotherapy and
Poor Prognosis in Locally Advanced Triple-Negative Breast Cancer. Cancers 2024, 16, 2388. [CrossRef] [PubMed]

Yi, M,; Peng, C.; Xia, B.; Gan, L. CXCLS8 Facilitates the Survival and Paclitaxel-Resistance of Triple-Negative Breast Cancers. Clin.
Breast Cancer 2022, 22, €191-e198. [CrossRef]

Lin, X.M.; Luo, W.; Wang, H.; Li, R.Z.; Huang, Y.S.; Chen, L.K.; Wu, X.P. The Role of Prostaglandin-Endoperoxide Synthase-2 in
Chemoresistance of Non-Small Cell Lung Cancer. Front. Pharmacol. 2019, 10, 836. [CrossRef]


https://doi.org/10.3390/cancers15061791
https://www.ncbi.nlm.nih.gov/pubmed/36980677
https://doi.org/10.1182/blood-2004-02-0762
https://www.ncbi.nlm.nih.gov/pubmed/15251985
https://doi.org/10.3324/haematol.10678
https://doi.org/10.1007/s12185-010-0567-z
https://doi.org/10.1080/2162402X.2021.1893501
https://doi.org/10.3390/cancers12102725
https://doi.org/10.1182/blood-2003-06-1984
https://doi.org/10.1182/bloodadvances.2018025684
https://doi.org/10.1073/pnas.0805460105
https://doi.org/10.1038/cr.2010.177
https://www.ncbi.nlm.nih.gov/pubmed/21173796
https://doi.org/10.3390/biomedicines6020066
https://www.ncbi.nlm.nih.gov/pubmed/29874793
https://doi.org/10.18632/oncotarget.12590
https://www.ncbi.nlm.nih.gov/pubmed/27738319
https://doi.org/10.18632/oncotarget.12354
https://doi.org/10.4049/jimmunol.2000523
https://doi.org/10.1038/s41598-023-39880-2
https://doi.org/10.1111/1751-2980.12496
https://doi.org/10.1158/0008-5472.CAN-17-2761
https://doi.org/10.3390/ijms21176009
https://doi.org/10.1182/blood-2016-12-754994
https://doi.org/10.1182/blood-2015-11-679928
https://www.ncbi.nlm.nih.gov/pubmed/27621307
https://doi.org/10.1016/j.cell.2012.04.042
https://www.ncbi.nlm.nih.gov/pubmed/22770218
https://doi.org/10.3390/cancers16132388
https://www.ncbi.nlm.nih.gov/pubmed/39001456
https://doi.org/10.1016/j.clbc.2021.06.009
https://doi.org/10.3389/fphar.2019.00836

Biomedicines 2025, 13, 890 16 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chen, Y,; Lu, Z,; Qi, C.; Yu, C.; Li, Y,; Huan, W.; Wang, R.; Luo, W,; Shen, D.; Ding, L.; et al. N(6)-methyladenosine-modified
TRAF1 promotes sunitinib resistance by regulating apoptosis and angiogenesis in a METTL14-dependent manner in renal cell
carcinoma. Mol. Cancer 2022, 21, 111. [CrossRef]

Wang, Q.; Gao, G.; Zhang, T.; Yao, K.; Chen, H.; Park, M.H.; Yamamoto, H.; Wang, K.; Ma, W.; Malakhova, M.; et al. TRAF1 Is
Critical for Regulating the BRAF/MEK/ERK Pathway in Non-Small Cell Lung Carcinogenesis. Cancer Res. 2018, 78, 3982-3994.
[CrossRef]

Durkop, H.; Hirsch, B.; Hahn, C.; Foss, H.D.; Stein, H. Differential expression and function of A20 and TRAF1 in Hodgkin
lymphoma and anaplastic large cell lymphoma and their induction by CD30 stimulation. ]. Pathol. 2003, 200, 229-239. [CrossRef]
Liu, Q.; Harris, N.; Epperla, N.; Andritsos, L.A. Current and Emerging Therapeutic Options for Hairy Cell Leukemia Variant.
Onco Targets Ther. 2021, 14, 1797-1805. [CrossRef]

Morgan, D.; Garg, M.; Tergaonkar, V.; Tan, S.Y.; Sethi, G. Pharmacological significance of the non-canonical NF-kappaB pathway
in tumorigenesis. Biochim. Biophys. Acta Rev. Cancer 2020, 1874, 188449. [CrossRef]

Nuan-Aliman, S.; Bordereaux, D.; Thieblemont, C.; Baud, V. The Alternative RelB NF-kB Subunit Exerts a Critical Survival
Function upon Metabolic Stress in Diffuse Large B-Cell Lymphoma-Derived Cells. Biomedicines 2022, 10, 348. [CrossRef]
Marshall, L.A.; Marubayashi, S.; Jorapur, A.; Jacobson, S.; Zibinsky, M.; Robles, O.; Hu, D.X,; Jackson, J.J.; Pookot, D.; Sanchez, J.;
et al. Tumors establish resistance to immunotherapy by regulating T(reg) recruitment via CCR4. J. Immunother. Cancer 2020, 8,
€000764. [CrossRef] [PubMed]

Li, FEL.; Gu, LH,; Tong, Y.L.; Chen, R.Q.; Chen, S.Y;; Yu, X.L.; Liu, N; Lu, J.L.; Si, Y.; Sun, ].H.; et al. INHBA promotes tumor
growth and induces resistance to PD-L1 blockade by suppressing IFN-gamma signaling. Acta Pharmacol. Sin. 2024, 46, 448-461.
[CrossRef] [PubMed]

Zhou, Y,; Su, Y,; Zhu, H.,; Wang, X,; Li, X.; Dai, C.; Xu, C.; Zheng, T.; Mao, C.; Chen, D. Interleukin-23 receptor signaling mediates
cancer dormancy and radioresistance in human esophageal squamous carcinoma cells via the Wnt/Notch pathway. . Mol. Med.
2019, 97, 177-188. [CrossRef] [PubMed]

Bodaar, K.; Yamagata, N.; Barthe, A.; Landrigan, J.; Chonghaile, T.N.; Burns, M.; Stevenson, K.E.; Devidas, M.; Loh, M.L.; Hunger,
S.P; et al. JAK3 mutations and mitochondrial apoptosis resistance in T-cell acute lymphoblastic leukemia. Leukemia 2022, 36,
1499-1507. [CrossRef]

Geraldo, L.H.; Garcia, C.; Xu, Y.; Leser, ES.; Grimaldi, I.; de Camargo Magalhaes, E.S.; Dejaegher, J.; Solie, L.; Pereira, C.M.;
Correia, A.H.; et al. CCL21-CCR7 signaling promotes microglia/macrophage recruitment and chemotherapy resistance in
glioblastoma. Cell Mol. Life Sci. 2023, 80, 179. [CrossRef]

Chen, J.; Zhao, D.; Zhang, L.; Zhang, J.; Xiao, Y.; Wu, Q.; Wang, Y.; Zhan, Q. Tumor-associated macrophage (TAM)-secreted CCL22
confers cisplatin resistance of esophageal squamous cell carcinoma (ESCC) cells via regulating the activity of diacylglycerol
kinase alpha (DGKalpha)/NOX4 axis. Drug Resist. Updat. 2024, 73, 101055. [CrossRef]

Xu, P; Zhang, G.; Hou, S.; Sha, L.G. MAPKS8 mediates resistance to temozolomide and apoptosis of glioblastoma cells through
MAPK signaling pathway. Biomed. Pharmacother. 2018, 106, 1419-1427. [CrossRef]

Yin, S.; Xu, L.; Bonfil, R.D.; Banerjee, S.; Sarkar, EH.; Sethi, S.; Reddy, K.B. Tumor-initiating cells and FZD8 play a major role in
drug resistance in triple-negative breast cancer. Mol. Cancer Ther. 2013, 12, 491-498. [CrossRef]

Yang, D.; Kedei, N.; Li, L.; Tao, J.; Velasquez, ].E.; Michalowski, A.M.; Toth, B.I.; Marincsak, R.; Varga, A.; Biro, T.; et al. RasGRP3
contributes to formation and maintenance of the prostate cancer phenotype. Cancer Res. 2010, 70, 7905-7917. [CrossRef]

Cao, H.; Tadros, V.; Hiramoto, B.; Leeper, K.; Hino, C.; Xiao, J.; Pham, B.; Kim, D.H.; Reeves, M.E.; Chen, C.S; et al. Targeting
TKI-Activated NFKB2-MIF/CXCLs-CXCR?2 Signaling Pathways in FLT3 Mutated Acute Myeloid Leukemia Reduced Blast
Viability. Biomedicines 2022, 10, 1038. [CrossRef] [PubMed]

Vicioso, Y.; Gram, H.; Beck, R.; Asthana, A.; Zhang, K.; Wong, D.P,; Letterio, J.; Parameswaran, R. Combination Therapy for
Treating Advanced Drug-Resistant Acute Lymphoblastic Leukemia. Cancer Immunol. Res. 2019, 7, 1106-1119. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12943-022-01549-1
https://doi.org/10.1158/0008-5472.CAN-18-0429
https://doi.org/10.1002/path.1351
https://doi.org/10.2147/OTT.S242247
https://doi.org/10.1016/j.bbcan.2020.188449
https://doi.org/10.3390/biomedicines10020348
https://doi.org/10.1136/jitc-2020-000764
https://www.ncbi.nlm.nih.gov/pubmed/33243932
https://doi.org/10.1038/s41401-024-01381-x
https://www.ncbi.nlm.nih.gov/pubmed/39223366
https://doi.org/10.1007/s00109-018-1724-8
https://www.ncbi.nlm.nih.gov/pubmed/30483821
https://doi.org/10.1038/s41375-022-01558-5
https://doi.org/10.1007/s00018-023-04788-7
https://doi.org/10.1016/j.drup.2024.101055
https://doi.org/10.1016/j.biopha.2018.06.084
https://doi.org/10.1158/1535-7163.MCT-12-1090
https://doi.org/10.1158/0008-5472.CAN-09-4729
https://doi.org/10.3390/biomedicines10051038
https://www.ncbi.nlm.nih.gov/pubmed/35625776
https://doi.org/10.1158/2326-6066.CIR-19-0058
https://www.ncbi.nlm.nih.gov/pubmed/31138521

	Introduction 
	Materials and Methods 
	Patient Samples 
	Cell Lines 
	Flow Cytometry 
	Real-Time Quantitative PCR 
	Western Blotting 
	RNA Sequencing 
	Chemoresistance Experiment 
	Statistics 

	Results 
	HCL-c and HCL-v Cells Express Receptors of BAFF 
	BAFF Preferentially Induces Signaling Through the Nonclassical NF-B Pathway in HCL-v Cells 
	BAFF Induces Multiple Genes Involved in Chemoresistance in HCL-v Cells 
	BAFF Promotes Chemoresistance in HCL-v Cells 

	Discussion 
	References

