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Introduction: Chronic lymphocytic leukemia (CLL) is characterized by an
aberrant cytokine network that can support tumor growth by triggering janus
kinase (JAK)/STAT pathways. Targeting cytokine-signaling should then be a
rational therapeutic strategy but the JAK inhibitor ruxolitinib failed to control
and seemingly accelerated the disease in clinical trials.

Methods: The effect of ruxolitinib on primary human CLL cells was studied in
vitro and in vivo.

Results: Ruxolitinib increased phosphorylation of IRAK4, an important toll-like
receptor (TLR)- signaling intermediate, in circulating CLL cells in vitro. It also
enhanced p38 and NFKB1 phosphorylation while lowering STAT3
phosphorylation in CLL cells activated with TLR-7/8 agonists and IL-2. Among
the cytokines made by activated CLL cells, high levels of IL-10 contributed
strongly to STAT3 phosphorylation and inhibited TLR7 activity. Ruxolitinib limited
TLR-mediated /L10 transcription and markedly reduced IL-10 production in vitro.
It also decreased blood levels of IL-10 while increasing TNFa along with
phospho-p38 expression and gene sets associated with TLR-activation in CLL
cells in vivo. The bruton's tyrosine kinase inhibitor ibrutinib decreased IL-10
production in vitro but, in contrast to ruxolitinib, blocked initial /L10 transcription
induced by TLR-signaling in vitro, decreased TNFa production, and deactivates
CLL cells in vivo.

Discussion: These findings suggest the possible benefits of inhibiting growth
factors with JAK inhibitors in CLL are outweighed by negative effects on potential
tumor suppressors such as IL-10 that allow unrestrained activation of NFkB by
drivers such as TLRs. Specific inhibition of growth-promoting cytokines with
blocking antibodies or infusing suppressive cytokines like IL-10 might be better
strategies to manipulate cytokines in CLL.
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Introduction

Inhibitors of bruton’s tyrosine kinase (BTK) such as ibrutinib or
of BCL-2 like venetoclax and chimeric antigen receptor (CAR)-T
cells have increased treatment options and improved outcomes for
CLL patients (1-3). Unfortunately, these novel modalities are rarely
curative as single agents and patients with CLL symptomatic
enough to require treatment are still likely to die eventually of
their disease. Additional therapeutic targets are needed to provide
further lines of therapy and overcome resistance to existing agents.

Aberrant cytokine-signaling would seem to be a rational drug
target in CLL. Cytokines such as IL-10, IL-6, IL-4, interferon (IFN)-
B, and IFN-a signal through combinations of janus kinases (JAKs)
to phosphorylate signal transduction and activator of transcription
(STAT) proteins (4). Members of this family such as STAT3
regulate genes that promote the growth and survival of CLL cells
(5, 6).

Cytokines can also mediate drug-resistance. Growth and anti-
apoptotic signals from the B cell receptor (BCR) along with
chemokine- and toll-like-receptors (TLRs) are delivered to CLL
cells in lymphoid organ microenvironments called proliferation
centers (PCs) through pathways that involve BTK and are blocked
by ibrutinib (7). BTK-independent microenvironmental signals
may allow CLL cells to persist in the presence of ibrutinib (8).
We showed IFN-signaling remains active in patients on ibrutinib
and may support survival of CLL cells and eventual disease
progression (9). Cytokine-signaling may also cause resistance to
cytotoxic drugs like venetoclax by upregulating anti-apoptotic BCL-
2 family members such as MCL1 (10). STAT3 is a central mediator
of immunosuppression in the cancer microenvironment and its
activation by cytokines, particularly IL-10, could mediate resistance
to CAR-T cells (11, 12).

Based on these considerations, we carried out several clinical
trials with ruxolitinib in CLL patients (13-15). Ruxolitinib is a
JAK1/2 inhibitor approved for the treatment of graft-versus-host
disease and myeloid disorders including myelofibrosis and
polycythemia vera (15). By blocking growth-promoting effects of
cytokines, ruxolitinib was expected to behave much like ibrutinib as
a single agent but it turned out to have dramatically opposite clinical
activity (13). Like ibrutinib, ruxolitinib did cause an initial
lymphocytosis with decreased lymphadenopathy, thought to
reflect trafficking of leukemia cells from PCs into the blood (7,
13). With ibrutinib, lymphocytosis, lymphadenopathy, and serum
lactate dehydrogenase (LDH) levels that reflect metabolic activity
(16) characteristically decrease over time (1). In contrast, sustained
lymphocytosis, recurrent lymphadenopathy, and increased LDH
levels that accompany more aggressive clinical behavior were seen
with ruxolitinib (13). Ibrutinib generally improves anemia and gives
prolonged disease control (1) while ruxolitinib caused significant
anemia, potentially from increases in TNFo that can suppress
erythropoiesis (17), and had little therapeutic activity during the
time it was administered to patients (13). Similar but more muted
effects were observed when ruxolitinib was given to patients on
ibrutinib with lower tumor burdens (14, 15).
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Taken together, these observations suggested CLL cells become
activated when cytokine-signaling was blocked by ruxolitinib in
vivo. The studies in this paper were undertaken to try to identify
possible mechanisms for this effect.

Methods
Antibodies and reagents

Fluorescent CD83 and TNFa antibodies were obtained from
BD Biosciences (Bedford, MA, USA). Human IL-10, IL10R, and IL-
6 blocking antibodies were from eBioscience (San Diego, CA, USA).
Resiquimod and PB-actin antibodies were from Sigma-Aldrich (St
Louis, MO, USA). Ruxolitinib was from SelleckChem (Houston,
TX, USA). The IL-6 receptor-blocking antibody Actemra (Roche
Canada, Mississauga, ON, Canada), IL-2 (Chiron, Corp., San
Francisco, CA, USA), and human IFN-f1b (Novartis
Pharmaceuticals Canada Inc, Dorval, QC, Canada) were
purchased from the Sunnybrook Cancer Centre pharmacy. IL-10,
IL-6, IL-4, CXCL10, CXCLS8, CCL2, CLL3, and CCL5 were from
Peprotech (Rocky Hill, NJ, USA). The TACE inhibitor, TAPI, was
from Peptides International (Louisville, KY). AIM-V serum-free
media was from Thermofisher Scientific (Mississauga, ON,
Canada). Goat anti-human IgM Fc-specific antibodies were from
Jackson ImmunoResearch Labs (West Grove, PA, USA). Phospho-
(Y705) STAT3 (Cat. No 9131), total STAT3, phospho-NFkB p105
(Ser933) (Cat. No. 4806), total p105, phospho-p38 MAPK (Thr180/
Tyr182) (Cat. No. 9211), total p38, phospho-IRAK4 (Thr345/
Ser346) (Cat.No 11927), total IRAK4, and secondary horseradish
peroxidase-conjugated anti-rabbit and anti-mouse antibodies (Cat.
Nos. 7074 and 7076, respectively) were from Cell Signaling
Technology (Beverly, MA). The IFN-o receptor (IFNAR)
antibody anifrolumab (18) was a gift from AstraZeneca.

CLL cells

For most in vitro experiments, CLL cells were isolated as before
(6,9, 10) by negative selection from the blood of consenting patients
attending a specialized CLL clinic at Sunnybrook. Cells were used
immediately and patients were untreated for at least 6 months prior
to blood collection.

In some instances, CLL cells and plasma stored at -80°C from a
previously described trial of ruxolitinib in symptomatic CLL
patients (ClinicalTrials.gov, NCT02015208) (13) were used for
immunoblotting and cytokine measurements.

Cell culture
Purified CLL cells (1.5x10° cells/ml) were cultured in serum-

free AIM-V medium plus 2-ME (Sigma-Aldrich) (5x107° M) in 6-
or 24-well plates (BD Labware) at 37°C in 5% CO, for the times
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indicated in the figure legends. Resiquimod and IL-2 were used at 1
pg/ml and 500 U/ml, respectively. CLL cells stimulated with IL-2
and Resiquimod are designated “2S” cells (19, 20).

Co-culture experiments on OP9 control and CD40L-expressing
OP9 stromal cells were performed as described before (20). Stromal
cells were seeded into 24-well plates at a concentration of 5x10*
cells/well 24 h prior to initiation of CLL co-cultures and incubated
at 37°C and 5% CO, in alpha-MEM supplemented with 20% FBS
(Gibco). After confirming the stromal layer was confluent by phase
contrast microscopy, CLL cells were added at a final concentration
of 2-6x10° cells/ml along with TL-4 (10 ng/ml) in the presence or
absence of ruxolitinib. Culture supernatants were collected
48 h later.

Immunophenotyping

Staining of nucleated cells was determined as before (9, 19) by
gating on forward- and side-scatter properties with isotype-
matched irrelevant antibodies (PharMingen) as negative controls.
Ten thousand viable counts were analyzed with a FACScan flow
cytometer that was standardized with SpheroParticles (Spherotech
Inc., Chicago, IL) and CELLQUEST software (Becton Dickinson,
San Jose, CA).

Membrane TNFo detection

Ten million CLL cells were cultured with or without resiquimod
in 5-mL polystyrene tubes (Becton Dickinson Labware). TAPI (100
pumol/L), followed by CD83-FITC and TNFo-PE antibodies 4 h
later, were added to each tube as before (21). Subsequent steps
paralleled conventional immunophenotyping.

Cytokine measurements

IL-10, IL-4, IL-6, IEN-0, and TNFa in plasma samples and
culture supernatants were measured by Multiplexing LASER Bead
Technology as a commercial service by Eve Technologies (Calgary,
AB, Canada) using the Human Cytokine/Chemokine 48-Plex
Discovery Assay® Array (HD48) and Human Cytokine
Proinflammatory Focused 15-Plex Discovery Assay® Array
(HDF15) as before (10, 13, 14). Concentrations were determined
from standard curves. Assays were linear between 30 and 1000 pg/
mL of cytokine.

Immunoblotting

Protein extraction and immunoblotting were performed as
before (10). Proteins were resolved in 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
Immobilon-P transfer membranes (Millipore Corp., Billerica,
MA). Western blot analysis was performed according to the

Frontiers in Oncology

10.3389/fonc.2023.1043694

manufacturers’ protocols for each antibody. Chemiluminescent
signals were created with SupersignalWest Pico Luminal
Enhancer and Stable Peroxide Solution (Pierce, Rockford, IL) and
detected with a Syngene InGenius system (Syngene, Cambridge,
United Kingdom). For additional signal, blots were stripped for
60 min at 37°C in Restore Western Blot stripping buffer (Pierce),
washed twice in Tris-buffered saline plus 0.05% Tween-20 at room
temperature, and reprobed as required. Densitometry was
performed using Image J software. The densitometry value for
each sample was normalized against the value for B-actin to
obtain the intensities for phosphorylated- and total STAT3,
-p105, -p38, and -IRAK4 in the figures.

Real-time PCR

RNA was prepared with the RNeasy mini kit (Qiagen, Valencia,
CA, USA), and cDNA synthesized from 2 ug of RNA using
Superscript III reverse transcriptase (Life technologies,
Invitrogen), according to the manufacturer’s instructions. IL10
and hypoxanthineguanine phosphoribosyl transferase (HPRT)
transcripts were amplified with the following primers:

Gene Forward Reverse

IL10 5- CATCGATT
TCTTCCCTGTGA -3’

5- CGTATCTTCATT
GTCATGTAGGC -3’

HPRT 5- GAGGATTTGGA

AAGGGTGTT -3

5- ACAATAGCTCTT
CAGTCTGA -3’

Polymerase chain reactions were performed in a DNA engine
Opticon System (M] Research, Waltham, MA, USA) and cycled 34
times after initial denaturation (95°C, 15 min) with the following
parameters: denaturation at 94°C for 20 sec; annealing of primers at
58°C for 20 sec, and extension at 72°C for 20 sec. Abundance of
transcripts was evaluated by a standard amplification curve relating
initial copy number to cycle number. Copy numbers were
determined from two independent cDNA preparations for each
sample. The final result was expressed as fold change of target gene
relative to HPRT.

RNASeq

RNA extracted from CLL cells purified from 6 patients before
taking ruxolitinib and again while on ruxolitinib for either 4 or 8
weeks was subjected to the PCR-based Ampliseq Transcriptome
Human Assay using a Thermofisher ion $5xl instrument. The
AmpliseqRNA plug-in Ion-torrent server was used to provide
initial read numbers per gene and normalization for all 10
samples. From an initial list of 20812 genes, 12477 remained after
filtering out low-expressed genes (less than 10 reads in 10 samples)
and the large class of olfactory receptors (22) prior to GSEA
analysis. RNAseq data is deposited at Gene Expression Omnibus
(GEO) as dataset GSE197811.
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Gene set enrichment analysis

Control and experimental groups (eg. samples without
ruxolitinib versus samples with ruxolitinib) were compared by the
methods of GSEA (version 4.1.0, Broad Institute) (23, 24).
Enrichments were considered significant with a false discovery
rate (FDR)<5% and nominal p-value<1%.

Statistical analysis

Comparisons between two groups of measurements were tested
for significance by ANOVA and Student’s or paired t-tests with
P<0.05 considered significant.

Study approval

All studies involving human samples were reviewed and
approved by the Sunnybrook Research Ethics Board (PIN
222-2014).

Results
Effect of ruxolitinib in vivo

GSEA analysis of RNAseq data from 6 patients before and after
taking ruxolitinib as a single agent for 4 or 8 weeks (13) suggested
CLL cells exhibited much stronger NF«B activity in the presence of
ruxolitinib (Figure 1A). IL10 mRNA expression was increased in
CLL cells exposed to ruxolitinib in vivo (Figure 1B) and expression
of core enrichment genes including CD83 and SOCS3 for the
“Hallmark_TNFA_Signaling via_NFxB” data set (23, 24) is
shown in Supplementary Figure 1A. Ruxolitinib has been shown
to decrease pSTAT3 levels in CLL cells in vivo (13) and GSEA
analysis suggested it also down-regulated type 1 IFN signature genes
(Supplementary Figure 1B), consistent with inhibition of
JAK-signaling.

Consistent with activation of TNF-signaling (21, 25), phospho-
p38 increased in CLL cells exposed to ruxolitinib in vivo in 8
evaluable patients (Figure 1C). Plasma levels of TNFa also
increased in CLL patients treated with ruxolitinib for 4 (C2) or 8
(C3) weeks (Figure 1D) while IL-10 levels decreased (Figure 1E).
Note that CLL cells in the blood were increased from baseline at
these times (13), suggesting this latter observation was not simply
due to fewer IL10-producing leukemia cells (26). Plasma IL-10 after
2-3 cycles of treatment (C2/3) and one month after stopping
ruxolitinib (EOT) were normalized to initial values at C1 and the
relative ratios averaged for 7 evaluable patients. The results
indicated IL-10 returned to pretreatment levels within a month of
stopping ruxolitinib (Figure 1F).
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Activation of CLL cells by ruxolitinib in vitro

In an attempt to understand how ruxolitinib turned up NFxB-
regulated genes and plasma TNFoa proteins while decreasing
phospho-STAT3 (13), IFN-stimulated genes, and plasma IL-10 in
vivo (Figure 1 and Supplementary Figure 1), CLL cells were purified
from blood and cultured as described previously on OP9 stromal cells
or OP9 cells engineered to express CD40L along with IL-4 (20) in the
presence of absence of ruxolitinib at 500 nM, a dose that
approximates therapeutic plasma concentrations (27). Cytokines in
the culture supernatants were then measured after 48 h. In this
commonly used model of the CLL microenvironment (20), TNFo.
was decreased significantly by ruxolitinib with inconsistent effects on
IL-10 (Supplementary Figure 2). These cytokine changes appeared to
be the opposite of what had been observed in vivo (Figure 1) and
suggested invoking another microenvironmental model.

To identify signaling pathways that might be activated by JAK
inhibition or when IL-10 levels were lowered, CLL cells were
cultured directly in ruxolitinib or IL-10 antibodies. Note that
ruxolitinib did not decrease the viability of CLL cells after 48 h
(Supplementary Figure 3). The magnitude of spontaneous IL-10
production by cultured CLL cells exhibited inter-patient variability
(Supplementary Figure 4A) but was reduced significantly by
ruxolitinib (Figure 2A). Increased phospho-IRAK4 levels and
down-regulation of total IRAK4 were apparent in a number of
samples (Figure 2B). IRAK4 links the myddosome to down-stream
activation of p38, NFkB, and STAT3 and is central to signal
transmission through IL-1 and TLRs (28, 29). Given the potential
role of TLRs in CLL pathobiology (30, 31) and well-known
regulation of TLR-signaling by IL-10 (25), this observation
suggested ruxolitinib might enhance TLR-signaling responses in
CLL cells.

Effect of ruxolitinib on cytokine production
and STAT3-phosphorylation in TLR-
activated CLL cells

Examination of a public database suggested CLL cells increase
IL10 mRNA expression following entry into PCs where they receive
BCR- and TLR-signals that activate NFxB (Supplementary
Figure 5) (30, 31). CLL cells with germline unmutated (U) IGHV
genes generally behave in a more aggressive manner and are less
sensitive to cytotoxic drugs than cells with mutated (M) (<98%
germline) IGHV genes (26, 32). A trend to increased IL10
expression in lymph nodes was seen in M-CLL cells but the
difference was not significant (Supplementary Figure 5B).

Since BCR-signaling is reported to induce IL-10 production by
CLL cells (33), IL-10 production following cross-linking of the BCR
with IgM antibodies was compared to stimulation by IL-2 and the
TLR7/8 agonist resiquimod (called “2S” cells). IL-10 production
following BCR-cross-linking was much lower (Supplementary
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Effect of ruxolitinib in vivo. (A) Differentially expressed genes in CLL cells purified before and during administration of ruxolitinib were analyzed by GSEA.
The enrichment plot indicates CLL cells exposed to ruxolitinib in vivo resemble immune cells that have turned up NFkB-activated genes.

(B) Number of reads mapped per gene per million reads mapped (RPM) for /L10 are shown in CLL cells isolated from the trial patients before (pre) and
while on ruxolitinib (post) with each line representing a single patient. (C) Protein extracts were made from purified circulating CLL cells at the indicated
times after administration of ruxolitinib (S=screening visit; Cl=prior to cycle 1; C2=prior to cycle 2; etc.). Phospho-p38 was measured by
immunoblotting and densitometry and normalized to B-actin. An example of an immunoblot is shown (top) and the bottom graph represents
densitometry measurements for p-p38 with each line representing an individual patient. D-F. TNFa (D) and IL-10 (E, F) were measured in plasma
collected from 13 patients at C1 prior to taking ruxolitinib and again either 4 (C2) or 8 weeks (C3) later. Each line represents results for an individual
patient. (F) IL-10 at each time-point was normalized to the C1 value and shown as the average and standard error of the relative changes for all patients.
EOT=end of treatment or 4 weeks after discontinuation of ruxolitinib. *, p<.05; **, p<.01. Statistical analysis was done with students paired t tests.

Figure 4B) despite effective activation evidenced by increased IL-8
production (Supplementary Figure 6A). No significant differences
in autocrine IL-10 production were noted between U- and M-CLL
cells following stimulation with resiquimod with or without IL-2
(Supplementary Figures 4B, 6B).

Based on these considerations, ruxolitinib was studied in the 2S-
model where some of the microenvironmental signals in PCs are
mimicked by using IL-2 as a representative T cell factor along with
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resiquimod (19, 20). Activation of TLR-7 phosphorylates IRAK4
leading to phosphorylation of p38 and pl105 (NFKBI), an
intermediate of the NFxB pathway (34), leading to induction of
cytokines that can signal in an autocrine and paracrine fashion via
STAT3 (25, 35). In addition to exogenous IL-2 in the 2S cultures,
IL-10, IFN, IL-6, and IL-4 can potentially tyrosine-phosphorylate
STAT3 (6, 34, 36, 37). These cytokines were measured in
supernatants of CLL cells cultured with IL-2 and resiquimod for
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FIGURE 2

Divergent IRAK4 and STAT3 activity in ruxolitinib-treated CLL cells in vitro. CLL cells were cultured in AIM-V with (2S) or without (Con) IL-2 (500 U/
ml) and resiquimod (1 ug/ml) and with or without ruxolitinib (Ruxo) (500 nM) or combinations of antibodies against IL-10, the IL-6 receptor, and the
type 1 IFN receptor (all at 10 ng/ml). (A, C) Cytokines were measured in culture supernatants after 48 h from 13 (A) and 19 (C) individual patient
samples. (B, D, E) After 18 h, phospho-IRAK4 (B) and -STAT3 (C, D) were measured by immunoblotting and densitometry and normalized to B-actin.
Examples of immunoblots are shown. (E) The summary graph represents relative pSTAT3 levels obtained by dividing densitometry measurements in
the cytokine inhibitor combinations by the measurement in control cells. Lines and closed circles in the graphs represent densitometry
measurements for individual patient samples. Averages and standard errors are indicated by the boxes. *, p<.05; **, p<.01; ***, p<.025. Statistical

analysis was done by 2-way ANOVA.

48 h (Figure 2C and Supplementary Figure 4A). IL-4, IL-6, and
IFN-0. were made spontaneously at low levels, if at all, by CLL cells
in the absence of exogenous stimulation (Figure 2A). They were
generally increased by IL-2 and resiquimod but only to the order of
~ 10 pg/ml for IL-4 and IFN-o and ~100 pg/ml for IL-6. Ruxolitinib
generally decreased IFN-c. levels but had variable effects on IL-4
and IL-6 (Figures 2A, C and Supplementary Figure 4A). In contrast,
spontaneous IL-10 production by CLL samples reached the order of
1000 pg/ml following stimulation with IL-2 and resiquimod and
was strikingly reduced by ruxolitinib, particularly in TLR-activated
cells (Figure 2C and Supplementary Figure 4A).

Remarkably, the increases in phospho-STAT3 levels caused by
IL-2 and resiquimod after 24 h were almost entirely prevented by
ruxolitinib (Figure 2D).
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Cytokine contributions to pSTAT3
expression in activated CLL cells

Blocking antibodies were used to assess how the individual
cytokines affected phospho-STAT3 expression in 25§ CLL cells
(Figure 2E). IL-10 antibodies proved most effective at lowering
PSTATS3 levels in these conditions and had additive effects with IL-6
antibodies but not to the extent of non-specific cytokine-signaling
blockade with ruxolitinib (Figure 2E). Note that a combination of
antibodies to IL-10 and IL-6 was shown previously to prevent
STAT3 phosphorylation in CLL cells activated by resiquimod
without IL-2 (38). Taken together, these findings suggested
STAT3 was phosphorylated by a number of cytokines with major
contributions from IL-2 and -10.
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Phenotype of TLR-activated CLL cells in
the presence of ruxolitinib in vitro

CLL cells from patients on ruxolitinib were exposed to higher
TNFo and lower IL10 plasma levels and exhibited an activation
phenotype consisting of increased expression of NF«B-regulated
genes including ILI0 and CD83 along with phosphorylated
intermediates of NFkB-signaling pathways coupled with lower
phospho-STAT proteins (Figure 1 and Supplementary Figure 1).
The in vivo effects of ruxolitinib on IL-10 and pSTAT3 levels were
reproduced in the 2S model (Figure 2). To determine if ruxolitinib
affected the other activation markers, IL10 transcription in CLL cells
in response to resiquimod with (2S) or without (S) IL-2 was measured
at 4 and 24 h (Figure 3A). Resiquimod caused an early increase in
IL10 transcript levels at 4 h that was sustained at 24 h (Figure 3A, left
side of graph) and amplified considerably by IL-2 (Figure 3A, right
side of graph). The increase in IL10 transcripts that had been seen in
vivo with ruxolitinib (Figure 1B) was also observed in 2§ cells at 4 h.
Interestingly, ruxolitinib reduced IL10 expression significantly at 24 h
in both activation conditions (Figure 3A).

10.3389/fonc.2023.1043694

Consistent with enhanced TLR-signaling, ruxolitinib increased
phospho-p38 and -p105 levels in CLL cells activated by resiquimod
and IL-2 (Figure 3B). Enhanced TLR-signaling was also suggested
by higher TNFa levels in the presence of ruxolitinib (Figure 3C) as
TNFo production by 28 cells is mainly from the TLR agonist (35).
However, the effect of ruxolitinib on TNFa was small and mainly
from a subset of the samples (Figure 3C). Accordingly, the results
were reclassified on the basis of the mutational status of IGHV and
p53 genes in the samples (Supplementary Figure 4C). Interestingly,
TNFo. production was significantly higher from M-CLL samples
(n=11) but not changed significantly and often even decreased in
U-CLL cells (n=8). Too few mutant p53 samples (n=2) were
available to draw conclusions.

Cytokine-mediated inhibition of TLR-
signaling in CLL cells

The relationship of increased NFxB activation with decreased
STAT3 phosphorylation caused by ruxolitinib (Figure 2D)
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FIGURE 3

Effect of ruxolitinib on /L10 transcription, p38 and NFxB-signaling and TNFo production by activated CLL cells. Purified CLL cells were cultured in
AIM-V alone (Con), with resiquimod (528) (1 pg/ml), or with IL-2 (500 U/ml) and resiquimod (2S) in the presence or absence of ruxolitinib (Ruxo)
(500 nM). (A) IL10 transcripts were measured after 4 and 24 h by quantitative RT-PCR. (B) Phospho-p38 and -p105 were measured by
immunoblotting and densitometry and normalized to B-actin. Examples of immunoblots are shown. (C) TNFa in culture supernatants was measured
after 48 h. Lines and dots in the graphs represent results for individual patient samples. *, p<.05. Statistical analysis was done with students paired t

tests and 2-way ANOVA.
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suggested JAK-activating cytokines in the cultures might be
inhibiting TLR-signaling in CLL cells. IL-2 promotes TLR-
signaling in CLL cells in part by increasing MAPK pathway
activity (35) but the other cytokines can suppress TLR-responses
under certain conditions. For example, TLR-mediated production
of TNFo. by CLL cells can be inhibited by prior treatment with IL-6
and restored by a JAK inhibitor (34) and IL-4 can block NFkB at the
DNA level (39). To determine how these cytokines affected
resiquimod-signaling in CLL cells in vitro, purified CLL cells were
cultured for 1-2 days in pre-optimized concentrations of IL-10, IL-
6, IL-4, IFN-B or a mixture of the chemokines CXCL8, CXCL10,
CCL2, CLL3, and CCL5 some of which can also activate STAT3 (40,
41). To assess effects on TLR-signaling, surface levels of TNFo
(mTNFo) were measured 4 h after stimulation with resiquimod as
before (21, 34). Relative TLR-activation was calculated by dividing
the percentage of mTNFo." cells after pre-culture in the cytokines
and chemokines by the percentage obtained after pre-culture in

10.3389/fonc.2023.1043694

serum-free AIM-V media alone. Prior exposure to IL-10
consistently inhibited TLR-responses in this assay (Figure 4A).
IL-4 was also strongly inhibitory and the inhibition could be
reversed by ruxolitinib (Figure 4A). IFN-f inhibited TLR-
responses in many patient samples while IL-6 was the least
inhibitory cytokine and the chemokines did not significantly
affect TLR-signaling (Figure 4A).

Effect of IL-10 and -4 on BCR-signaling

The suppressive effects of IL-10 and IL-4 (Figure 4A) on TLR-
signaling might be relieved by ruxolitinib to account for its ability to
activate CLL cells in vivo. To distinguish between these cytokines,
their effects on BCR-signaling were compared, as BCR-signaling is
considered the major driver of CLL progression and known to be
regulated by IL-4 (42, 43). CLL cells were cross-linked with IgM
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FIGURE 4

BCR

Effect of cytokines and chemokines on TLR- and BCR-signaling in CLL cells in vitro. CLL cells were cultured for 48 h in the presence or absence of
pre-optimized concentrations of IL-10 (10 ng/ml), IL-6 (100 ng/ml), IL-4 (40 ng/ml), IFNB (500 U/ml), or a mixture of CXCL8, CXCL10, CCL2, CCL3,
CCLS5 (each at 20 ng/ml) with or without ruxolitinib. The cells were then stimulated with resiquimod (A) or anti-IgM antibodies (B) and membrane
TNFo and CD83 expression measured 4 h later by flow cytometry. Examples are shown above the summary graphs. Numbers in the histograms
represent percentages of mMTNFa*CD83™ cells for TLR-activation and CD83" cells for BCR-crosslinking. Relative TLR- or BCR-activation were
determined for each sample by dividing the percentage of mTNFa.*CD83" cells or CD83™ cells, respectively, following co-culture with cytokines by
the percentages obtained in control cultures. BCR-activation with IL4 plus ruxolitinib is reported relative to the result with IL4. The average and
standard error of relative TLR- or BCR-activation for the indicated numbers of patient samples are shown in the graphs. *, p<.05; **, p<.01.
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antibodies and CD83 measured on the cell-surface by flow
cytometry 4 h later. CD83 was used as an NFkB-reporter gene
(Supplementary Figure 1A) because TNFou expression was lower
after BCR-activation than after TLR-activation (Figure 4B). Relative
BCR-activation was then calculated as the percentage of CD83"
CLL cells in response to IgM-cross-linking after 48 h in IL-10 or IL-
4 divided by the percentage of CLL cells cultured only in serum-free
media prior to IgM-cross-linking. IL-10 did not affect BCR-
signaling significantly (Figure 4B) in this assay. In contrast, IL-4
enhanced BCR-signaling responses significantly (Figure 4B, right
dot plots and summarized in the bottom graph). The promoting
effect of IL-4 on BCR-signaling was reversed by ruxolitinib
(Figure 4B, bottom graph).

Effect of IL-10 on IL10 transcription in
resting and activated CLL cells

Ruxolitinib blocks JAK-mediated signals and significantly
inhibited “late” ILI10 transcription at 24 h but did not affect
resiquimod-induced transcription at 4 h and even enhanced it in
the presence of IL-2 (Figure 3A). Given the major decline of IL-10
levels in culture supernatants caused by ruxolitinib (Figures 2A, C),
this result suggested the importance of sustained IL10 transcription
for protein production.

In human macrophages, IFN-f induced by the TLR-4 agonist
LPS is required to sustain IL10 transcription (44) and IFN-signaling
is blocked by ruxolitinib (9). To address the possibility that a
resiquimod-induced autocrine IFN-loop sustains ILI0
transcription and translation, IL-10 levels in culture supernatants
were measured 48 h after activating CLL cells with resiquimod (S)
or resiquimod and IL-2 (2S) in the presence or absence of the
IFNAR antibody anifrolumab (18). In contrast to macrophages and
independent of IL-2, anifrolumab did not markedly decrease IL-10
production by TLR-activated CLL cells and in some cases even
increased it (Supplementary Figure 6C). IL10 expression is
regulated by STAT3 (37) and a number of cytokines contribute to
autocrine activation of STAT3 in TLR-activated CLL cells that
would be blocked by ruxolitinib (Figure 2E). These observations
suggested IL-10 might auto-regulate its own production in concert
with cytokines such as IL-6 and -2. Consistent with this idea, IL10
transcripts in resting CLL cells were increased in a patient-specific
manner after 24 h by exogenous IL-10 but combinations of IL-6, -2,
and -10 produced higher expression (Figure 5A). IL10 transcripts in
2S cells were also reduced strongly by anti-IL10 and -IL10 receptor
neutralizing antibodies (Figure 5B).

Effect of autocrine IL-10 on TLR-responses
of normal human B cells

The above results suggested CLL cells activated by IL-2 and a
TLR7-agonist in the presence of ruxolitinib cannot make high
amounts of IL-10 due to the absence of an amplifying signal from
cytokines including IL-10 but also exhibit signs of increased NFxB-
signaling (Figure 3). An insight into the functional implications of
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low IL-10 production by TLR-activated B cells was provided by the
database of Heine et al. (45). In this study, purified normal human B
cells were sorted on the basis of IL-10 production 48 h after
stimulation with a TLR9-agonist along with CD40L and IL-4.
Consistent with the observations made with resiquimod in CLL-B
cells (Figures 1 and 3), analysis of this database (GSE49853) by
GSEA suggested TLR-activated B cells that do not make IL-10
exhibit much stronger NFxB activity (Figure 5C).

Effect of ibrutinib on IL-10 and TNFo
production by CLL cells

Ibrutinib is also reported to lower IL-10 production by activated
CLL cells (11) but partially inhibits TLR-mediated NFkB activation
(30). As with ruxolitinib, IL-10 levels in culture supernatants that
were increased considerably by IL-2 and resiquimod were lowered
dramatically by ibrutinib at 300 nM to mimic plasma levels
achieved with conventional dosing in vivo (46) (Figure 5D, left
panel). Low amounts of autocrine IL-10 made spontaneously by
CLL cells in vitro were also reduced by ibrutinib (Figure 5D, left
panel). In contrast to JAK inhibition with ruxolitinib (Figures 3A,
C), early ILI0 transcription (Figure 5E) and TNFo., released
spontaneously from cultured CLL cells and increased by IL-2 and
resiquimod, were both decreased significantly by ibrutinib
(Figure 5D, right panel). Inhibition of IL1I0 mRNA transcription
by ibrutinib was maintained at 24 h (Figure 5F). These results
suggest ibrutinib blocks early induction (within 4 h) of ILI0 mRNA
by a TLR-agonist in CLL cells while ruxolitinib blocks late
transcription (at 24 h) by inhibiting JAK-activity. Enhanced
NFkB activity with ibrutinib is not seen despite lowered IL-10
presumably because of simultaneous partial inhibition of TLR-
signaling (30).

Discussion

The results in this paper suggest: 1. JAK-activating cytokines,
particularly IL-10, increase STAT3-phosphorylation and inhibit
subsequent TLR-signaling in CLL cells (Figures 2, 4). 2.
Ruxolitinib prevents STAT3-phosphorylation (Figure 2D) while
increasing IRAK4/NF«kB/p38-signaling in CLL cells in vitro
(Figures 2B and 3B) and in vivo (Figure 1) (13). 3. Both ibrutinib
and ruxolitinib block IL-10 production by TLR-activated CLL cells
but ruxolitinib prevents sustained transcription and translation of
IL10 mRNA (Figures 2, 3) while ibrutinib blocks early
transcription (Figure 5).

An aberrant cytokine network is associated with CLL (47). Our
clinical observations that non-specific JAK inhibition with
ruxolitinib causes CLL cells to become more activated (Figure 1)
(13-15) suggest this network may arise to suppress the activation of
CLL cells in order to prevent disease progression. CLL cells also
become more activated even when ruxolitinib is administered in the
presence of ibrutinib (14, 15). This observation suggests ongoing
suppressive cytokine activity may contribute to the therapeutic
activity of ibrutinib and possibly other BTK-inhibitors.
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Regulation of IL10 transcription and TLR-activation in the presence of ibrutinib. CLL cells were cultured alone, with IL-2, IL-6, IL-10, or combinations
of IL-2, -6, and -10 (A) or with IL-2 and resiquimod (2S) in the presence and absence of IL-10 or IL-10 receptor blocking antibodies (B), ruxolitinib
(B, F), or ibrutinib (300 nM). (A, B, E, F) IL10 transcripts were measured after 4 (E) and 24 h (A, B, F). (D) IL-10 (left panel) and TNFa. (right panel) in
culture supernatants were measured after 48 h. Averages and standard errors are shown in the boxes and the lines and closed circles represent
results for individual samples. (C) Microarray data from 2 samples each of IL-10-secreting and -nonsecreting CD69* human B cells indicated by an
IL-10 capture assay after 2 days of stimulation with CpG oligonucleotides, IL-4, and CD40 antibodies were down-loaded from data-set GSE49853.
DEGs were obtained with GEO2R software, ranked in order of decreasing logFc values, and analyzed by GSEA against the Hallmarks gene set
collection in MsigDB. The plot depicts significant enrichment of NFkB-signaling genes in TLR-activated human B cells in the absence of autocrine
IL10. *, p<.05;**, p<.01; ***, p<.001; ****, p<.0001; ns=not significant. Statistical analysis was done by students paired t tests and 2-way ANOVA.

What are the activating signals for CLL cells that are being
repressed by cytokines? Signals from the BCR are generally
considered the main drivers of CLL cell proliferation in vivo (1,
48) but it seems unlikely that constraints on BCR-signaling are
being released by ruxolitinib as cytokines like IL-4 promote rather
than inhibit this pathway in CLL cells (Figure 4) (8). Other
pathways that activate NFxB and p38 and are associated with
TNF-signaling (Figure 1) appear to be more affected by
ruxolitinib. Extrapolation of the in vitro evidence presented in
this manuscript suggests IRAK4-activating signals (Figure 2B),
possibly from TLRs, may be under chronic inhibition by the
cytokine network that is relieved by ruxolitinib (Figure 6). Some
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of these signals may still be active and being repressed by ongoing
cytokine activity in the presence of ibrutinib, explaining why a
similar activation phenotype was seen in CLL cells following
treatment of patients on ibrutinib with ruxolitinib (13-15). While
release of TLR-signaling from JAK-mediated inhibition is a
plausible explanation for the clinical observations with ruxolitinib
(13-15), other JAK-activating factors than the ones studied in this
paper and drivers of CLL progression such as wnt and Notch-
signaling could potentially also play a role and require further study.

What are the specific repressive cytokines that are susceptible to
ruxolitinib in vivo? IL-4 inhibits TLR-signaling, which would be
reversed by ruxolitinib, but it also enhances BCR-signaling
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Figure 6

CLL cells

FIGURE 6

Schema of effect of IL10 on TLR-signaling in vivo. IL-10 sustained in
part by IL-6 or possibly IFN suppresses TLR-7-signaling in CLL cells,
which is unleashed by ruxolitinib to make NFkB-regulated cytokines
such as TNFo. Ibrutinib also blocks IL-10 production by CLL cells
but prevents their activation by partially inhibiting the NFkB pathway
directly and remaining susceptible to paracrine and endocrine 1L10
from sources other than CLL cells.

(Figure 4), suggesting CLL cells should become less activated in vivo
if ruxolitinib was mainly blocking the effects of IL-4. Clinical
responses should have also been observed if ruxolitinib was
mainly blocking the growth-promoting activity of IFN-signaling
(9, 10). JAK inhibitors would also inhibit IL-6 and CXCR4-signaling
but these pathways appear to have relatively weak effects on TLRs in
CLL cells (Figure 4A). IL-10 might be the major target of ruxolitinib
as it is a strong inhibitor of TLR-signaling (Figure 4A) and loss of
autocrine IL-10 activity is associated with enhanced TLR-responses
of normal B cells (Figure 5C). Interestingly, CLL cells that exhibit
more aggressive clinical behavior make less IL-10 and respond more
strongly to TLR-signals (26, 49).

If ruxolitinib is decreasing IL10 transcription, translation, and
signaling in vivo, why do circulating CLL cells express high levels of
IL-10 signature genes such as IL10 itself and SOCS3 (Figure 1B and
Supplementary Figure 1A) (37)? Both are also regulated by NF«xB
(50, 51) and their increased expression is likely due to enhanced
NFxB activity as seen early after activation of CLL cells with IL2 and
resiquimod in vitro (Figure 3A). But then where are the in vivo
equivalents of the cells that turn off IL10 after 24 h in the presence of
ruxolitinib (Figure 3A)? It seems unlikely they have died off, as
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ruxolitinib was essentially non-toxic to CLL cells in vitro
(Supplementary Figure 3). A major feature of ruxolitinib in CLL
patients in vivo is altered migration of leukemia cells (13-15).
Perhaps changes in chemokine and homing receptors that may
accompany down-regulation of ILI10 trap CLL cells in extravascular
environments so that only recently activated CLL cells are present
in the blood.

Ibrutinib (52) and ruxolitinib (Figure 1E) both decrease IL-10 in
CLL patients but, unlike ruxolitinib, ibrutinib deactivates CLL cells
in vivo (16). If IL-10 acts like a tumor suppressor in CLL, why does
ibrutinib not also activate CLL cells? Ruxolitinib does not affect
initial IL10 induction and even enhances it (Figure 3A) but blocks
the effects of intermediate cytokines like IL-2, IL-6, and IL-10 that
maintain ILI0 transcription and translation (Figures 2E, 5A, B). As
IL-10 inhibits TLR-responses, the result is that TLR-signaling is
enhanced by ruxolitinib (Figure 6). In contrast, ibrutinib partially
blocks TLR-signaling (30) to inhibit early IL10 gene expression
(Figures 5E, F), preventing amplification of TLR-signaling and
markedly decreasing the activation state of CLL cells (Figure 6).
Moreover, paracrine or endocrine IL-10 could replace loss of
autocrine IL-10 from ibrutinib in vivo but not from ruxolitinib
that would continue to block IL-10 signaling from exogenous
sources. These different mechanisms may relate to the
diametrically opposed clinical outcomes of ruxolitinib
and ibrutinib.

Ruxolitinib has therapeutic activity in cancers like myelofibrosis
driven primarily by oncogenic JAK-signaling (53). Our results
suggest JAK inhibitors should be used with caution in cancers
driven by pathogenic activation of both NFkB and STAT3 such as
CLL (50, 51). By blocking the effects of inhibitory cytokines like IL-
10, ruxolitinib may promote NFkB-signaling and perhaps even
tumor progression (54). This mechanism may help explain the
apparent increased risk of aggressive B cell lymphomas in
myelofibrosis patients on ruxolitinib (55). Specific inhibitors of
growth-promoting cytokines such as IFNAR antibodies (10, 18) or
infusing suppressive cytokines such as IL-10 might be better
strategies than non-specific inhibition with JAK inhibitors for
therapeutic manipulation of cytokines in CLL.
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