IL4-STAT6 signaling induces CD20 in chronic
lymphocytic leukemia and this axis is repressed by
PI3KS inhibitor idelalisib

Efforts to combine anti-CD20 antibodies (such as ritux-
imab or obinutuzumab) with BCR inhibitors or veneto-
clax lead to the necessity to better understand the largely
unclear mechanisms of CD20 regulation and its func-
tion(s) (reviewed in Pavlasova and Mraz'). This is under-
scored by the observation that in chronic lymphocytic
leukemia (CLL) the combination of ibrutinib with ritux-
imab fails to provide a clinical benefit in comparison to
ibrutinib alone? likely as ibrutinib downmodulates CD20
levels."** PI3KS inhibitor idelalisib has been approved in
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combination with rituximab or ofatumumab;® however,
it remains unclear if idelalisib affects CD20 levels or func-
tion(s). Here we show for the first time that single-agent
idelalisib therapy in CLL leads to CD20 downmodulation
in vivo by interfering with a previously unknown mecha-
nism of CD20 transcriptional regulation via the IL4-
STAT6 axis. We describe a novel mechanism of CD20
regulation in CLL B cells, which has implications for com-
binatorial therapy with PI3K inhibitors.

We have recently shown a concurrent upregulation of
CD20 and cell surface immunoglobulin M (IgM) in CLL
cells from immune niches and demonstrated that this
functionally serves to increase BCR signaling propensi-
ty.*” The SDF1 (CXCL12) chemokine induces approxi-
mately 30-50% upregulation of CD20,®> however, this
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Figure 1. L4 upregulates CD20 expression via STAT6. (A) Cell surface level of CD20 after interleukin 4 (IL4) treatment (20 ng/mL, PeproTech) for 24 hours (hrs)
(n=25), 48 hrs (n=23), or 72 hrs (n=22) in comparison to untreated control cells (ctrl). (B) Representative immunoblot of CD20 and pSTAT6 (Tyr 641) protein
levels in chronic lymphocytic leukemia (CLL) cells after IL4 stimulation (24-72 hrs). (C) Densitometric quantification of CD20 protein levels for independent repli-
cates of the experiment described in (B) (n=17; 24-72 hrs). Untreated control (ctrl) without IL4 was set as 1 and compared to the other samples. (D) Normalized
cell surface CD20 levels in primary CLL cells treated by SDF1ca (100 ng/mL, PeproTech), IL4 (20 ng/mL), or their combination (SDF1a + IL4) for 24-48 hrs (n=7).
The untreated ctrl was set as 1. (E) Peripheral blood CLL cells were electroporated with small interfering RNA (siRNA) against STAT6 (siSTAT6, 500 nM;
Dharmacon) or negative control (Neg.Ctrl). IL4 (20 ng/ml) was added 48 hrs after transfection and cells were cultured for another 24 hrs. For the immunoblot,
B-actin was used as a loading control and pSTAT6 (Tyr 641)/tSTATE levels were assessed. (F) Densitometric quantification of CD20 protein levels for independent
replicates (n=4) of the experiment described in (E). Neg.Ctrl without IL4 was set as 1 and compared to the other samples. (G) Peripheral blood CLL cells were
pretreated with pSTAT6 inhibitor (AS1517499, 1 uM, Selleckchem) for 12 hrs. Subsequently, IL4 (20 ng/mL) was added to the media, and cells were cultured
for another 24 hrs. CD20 expression was determined by real-time quantitative polymerase chain reaction (TagMan, ABI), and the expression of CD20 was nor-
malized to endogenous control HPRT (n=6). (H) Chromatin immunoprecipitation analysis of samples that were immunoprecipitated with anti-STAT6 antibody in
comparison with immunoglobulin G (IgG) antibody before (-) and after (+) IL4 stimulation (n=5; 40 ng/mL, 30 minutes). IgG antibody was used as an isotype
control. For all in vitro experiments in Figure 1 and 2 CLL cells were purified by RosetteSep Human B Cell Enrichment Cocktail (Stemcell Technologies) to obtain
purity >95% of CD5'CD19" cells. For immunoblots, B-actin was used as a loading controls. In all experiments, the statistical difference was tested using a paired
t-test, and the error bars indicate standard error of the mean.
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Figure 2. CD20 is downmodulated by idelalisib and embedded in the IL4 pathway. (A) Cell-surface CD20 levels and (B) relative expression of CD20 mRNA in
paired samples before (Pre) and after 5 weeks (idelalisib-week 5) and 9 weeks (idelalisib-week 9) of idelalisib therapy in vivo (cell surface CD20: n=1 week 4,
n=6 week 5, n=6 week 9; CD20 mRNA: n=6 week 5 and week 9). Chronic lymphocytic leukemia (CLL) cells were isolated by density centrifugation (Ficoll-Paque)
followed by magnetic anti-CD3 MicroBeads separation (Miltenyi Biotec) or in some cases negative selection with RosetteSep Human B Cell Enrichment Cocktail
(Stemcell Technologies) was used to obtain purity of >95% of CD5"19" cells. (C) Representative examples (n=3) of CD20 protein levels in CLL cells obtained
before (Pre) and during idelalisib therapy in vivo (week 4/5 and 9). (D) CLL cells (purity 295%) were pretreated with idelalisib (2 uM, Selleckchem) for 4 hours
(hrs) or plerixafor (5 ug/mL, Selleckchem) for 4 hrs and then SDF1 (100 ng/mL, CXCR4 ligand) or interleukin 4 (IL4) (20 ng/mL) were added into the media for
24 hrs (for the result of the 48 hrs treatment with SDF1/IL4 see the Online Supplementary Figure S3A). Cell surface CD20 levels were measured and the results
are visualized as a fold-change to untreated control (ctrl) (n=12). Viable CLL cells were gated for assessment of cell surface CD20 levels. The pretreatment of
CLL cells by idelalisib or plerixafor (CXCR4 inhibitor) for 4 hrs was performed to ensure a full inhibition of the pathways before exposure to the receptor ligands.
(Ei) Representative immunoblot of CLL cells treated in vitro with idelalisib (2 uM; 48 hrs) and subsequently stimulated by IL4 (40 ng/mL; 3 minutes [min]). (Eii)
Densitometric quantification of pSTAT6 (Tyr 641) protein levels for independent replicates (n=7) of the experiment described in (Ei). (Eiii) Representative
immunoblot of CLL cells treated in vitro with idelalisib (2 uM; 48 hrs) then washed twice with clean culture media and stimulated by IL4 in full media (20 ng/mL;
24 hrs). (Eiv) Densitometric quantification of CD20 protein levels for independent replicates of the experiment described in (Eiii) (n=7). (Fi) Representative
immunoblot of pSTAT6 (Tyr 641) downmodulation after pretreatment of CLL cells with idelalisib (2 uM; 4 hrs) followed by IL4 stimulation (40 ng/mL; 3 and 5
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min). (Fii) Densitometric quantification of pSTAT6 (Tyr 641) protein level for independent replicates (n=5) of the experiment described in (Fi). (G) Representative
immunoblot of CLL cells transfected with small interfering RNA (siRNA) against the PI3Kd isoform (siPI3Kd, 500 nM, Dharmacon) or a negative control (Neg.Ctrl).
Seventy-two hrs after transfection, cells were stimulated by IL4 (40 ng/mL; 3 min) and STAT6 phosphorylation (Tyr 641) was assessed. Phosphorylation of AKT
(Ser 473) was used as a surrogated marker for PI3Kd downmodulation after siPI3Kd since we were not able to detect PI3Kd protein due to issues with anti-
PI3Kd primary antibody. (Hi) Representative immunoblot of MEC1 cells transfected with siRNA against CD20 (siCD20, 500 nM, Thermo Fisher Scientific) or neg-
ative control (Neg.Ctrl). Forty-eight hrs after the transfection, cells were stimulated by IL4 (40 ng/mL; 3 min). (Hii) Densitometric quantification of pSTAT6 (Tyr
641) protein level for independent replicates (n=4) of the experiment described in (Hi). Neg.Ctrl without IL4 was set as 1 and compared to the other samples.
() Representative immunoblot of primary CLL cells transfected with siRNA against CD20 (siCD20) or negative control (Neg.Ctrl), cultured for 48 hrs, and then
stimulated by IL4 (40 ng/mL; 3 min). Forimmunoblots, B-actin or GAPDH were used as a loading controls. In all experiments, the statistical difference was tested

using a paired t-test, and the error bars indicate standard error of the mean.

cannot fully explain the ~2-fold higher CD20 levels in
CLL cells from immune niches.*” Here we hypothesize
that the same factor inducing cell surface IgM in the CLL
microenvironment, namely interleukin 4 (IL4) produced
by T cells,® might also be inducing CD20. Indeed, stimu-
lating primary CLL cells with IL4 led to a significant up-
regulation of CD20 (mean fold-change [FC] =1.6-3.1
[time span, 24-72 hrs], n=25; Figure 1A to C) and IgM on
the cell-surface (Online Supplementary Figure S1A). 1L4
also induced cell surface CD20 in normal B cells (~2-fold
induction; Online Supplementary Figure S1B). This is in line
with previous anecdotal observations suggesting a role
for IL4 in CD20 regulation.’” We next compared the
effects of SDF1 and IL4 on CD20 levels and noted that
each factor independently induces CD20, and their com-
bination has a more potent effect (Figure 1D). IgM induc-
tion was used as a control in this experiment since it is
known to only be induced by IL4® and not SDF1 (Ounline
Supplementary Figure S1C). The effect of IL4 on CD20
was transcriptional since CD20 mRNA (gene MS4A1)
was induced similarly to its cell surface levels (Online
Supplementary Figure S1D). The IL4 effect was observed
irrespective of the immunoglobulin heavy-chain variable
region (IGHV) status or the presence of chromosomal
aberrations (Online Supplementary Figure S1E to J and data
not shown). It is known that IL4 supports CLL cell viabili-
ty, and to avoid any potential confounding effects from
the different viability on CD20 levels, we gated on viable
cells and we also separately analyzed CLL samples with
comparable viability in control and IL4-treated cells
(Online Supplementary Figure S1K to O). Altogether, the
data show that IL4 (produced by T cells) induces CD20
in CLL cells.

We next hypothesized that CD20 induction by IL4
might be mediated by STAT6 as it is a well-known key
IL4 signaling effector. Indeed, STAT®6 silencing by small
interfering RNA (siRNA) or a specific STAT6 inhibitor
(AS1517499) impaired the IL4-induced CD20 expression
(Figure 1E to G). siRNA against STATé or STAT6 inhibitor
did not have any effect on cell viability (Online
Supplementary Figure S2A, and data not shown). Chromatin
immunoprecipitation revealed that STAT6 binds to the
CD20 promotor in CLL cells (-2 nucleotides from tran-
scription start-site [TSS]), and the occupancy of this novel
site by STAT6 was significantly increased (~2-fold)
immediately after IL4 treatment (30 minutes, Figure 1H).
We also observed a weaker STAT6 binding at another
putative binding site (-197 nucleotides from TSS; Figure
1H; Online Supplementary Figure S2B and C). We also
noted higher STAT6 phosphorylation in freshly obtained
unstimulated CXCR4“™ CD5"#" CLL subpopulation in
comparison to CXCR4"%* CD5%™ cells using flow cytom-
etry (Ounline Supplementary Figure S2D and E). The
CXCR49™CD5" cells are regarded as an intraclonal
CLL cell subpopulation that has recently exited immune
niches versus resting CXCR4"™E*CD5%™ cells.>” However,
we could not reliably detect phosphorylated STAT6 in
CLL cells by a less sensitive immunoblotting technique
suggesting that its levels were very low in peripheral

blood in general. Altogether, these data demonstrate a
novel direct role for STAT6 in transcriptional CD20 regu-
lation upon IL4 stimulation. This is potentially a mecha-
nism coupling the regulation of two molecules (IgM and
CD20) which are required for BCR signaling®’® and
which are both induced by IL4 produced in the immune
microenvironment. This mechanism might be a part of
the pathway crosstalk by which IL4 alternates the BCR
pathway, a phenomenon described by others.'

Ibrutinib leads to a significant reduction of CD20 levels
in CLL by interfering with SDF1 signaling."** Notably,
in vivo therapy with idelalisib as a single agent prominent-
ly reduced CD20 mRNA and protein levels within several
weeks (Figure 2A to C). Next, we tested if idelalisib inter-
feres with the IL4- or SDF1-dependent induction of
CD20. Idelalisib clearly inhibited CD20 induction by IL4,
but not by SDF1 (Figure 2D; Online Supplementary Figure
S3A). The repression of CD20 induction by idelalisib was
observed with doses =0.5 uM (Ownline Supplementary
Figure S3B). Therefore, we hypothesized that PI3K is
involved in STAT6 activation, while the CXCR4-SDF1
axis does not include STAT6. Indeed, CXCR4 signaling
does not induce any STAT6 phosphorylation (Online
Supplementary Figure S3C), while idelalisib treatment
in vitro (48 hours) significantly impaired STAT6 phospho-
rylation and CD20 induction by IL4 (Figure 2Ei to Eiv). In
order to exclude secondary effects of idelalisib or
decreased cell viability, we also performed a short
pretreatment of cells by idelalisib (4 hours) and observed
an identical decrease in pSTAT6 levels (Figure 2F, and
data not shown; idelalisib had no effect on cell viability
at 4 hours and a minor effect at 48 hours). In vitro, the
treatment of CLL cells with idelalisib (1 or 2 uM) also led
to a reduction of CD20 levels prior to IL4 exposure
(Online Supplementary Figure S3D; Figure 2Eiii to Eiv, and
data not shown), however, this was less pronounced than
during IL4 stimulation. This suggests that idelalisib might
affect other CD20 regulators besides STAT6 or low-level
basal STAT6 activity influences also “basal” CD20 tran-
scription. Indeed, we detected some STAT6 phosphoryla-
tion in unstimulated CLL cells (see above).

The silencing of PI3Kd by siRNA decreased the STAT6
phosphorylation after IL4 (Figure 2G; Ounline
Supplementary Figure S3E), indicating a direct role of the
PI3K® isoform in IL4-induced CD20 expression and a
specific on-target effect of idelalisib leading to CD20
downmodulation. This is in line with studies describing
the involvement of PI3KS in IL4 signaling of normal B
cells."! However, idelalisib does not impair IL4-induced
increase in CLL cell viability in vitro,'? suggesting that the
pro-survival effect of IL4 is independent of STAT6 or that
a weaker STAT6 phosphorylation is sufficient to provide
a pro-survival signal. Altogether, our data demonstrate
that PISKd inhibition interferes with CD20’s transcrip-
tional activation by the IL4-STAT6 axis.

Besides the effects of idelalisib on STAT6 phosphory-
lation and CD20 levels, we also noticed a minor decrease
in cell surface IL4 receptor (IL4Ra) levels after 48 hours
of idelalisib treatment in vitro (Online Supplementary Figure
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Figure 3. Schematic overview for CD20 downmodulation by idelalisib via impaired IL4-STAT6 axis. In chronic lymphocytic leukemia (CLL), IL4-STAT6 axis up-
regulates CD20 gene expression through the STAT6 phosphorylation and its direct binding to CD20 (MS4A1) promoter. The IL4-STAT6-CD20 axis is inhibited by
PI3K3d inhibitor idelalisib. NFkB and FoxO1 represent other two known regulators of CD20 transcription in CLL (NFkB is a positive regulator, and FoxO1 is an
indirect negative regulator).**° This figure was created with tools at BioRender.com.

S3F). However, this decrease is not responsible for the
reduced responsiveness to IL4, since incubation of CLL
cells with idelalisib for 4 hours also impaired STAT6
phosphorylation after IL4 (Figure 2F), but IL4Ra or CD20
levels remained unchanged during these short-term
experiments (Online Supplementary Figure S3G and H).
Moreover, we did not observe a significant downmodu-
lation of IL4Ra levels during idelalisib therapy in vivo
(Online Supplementary Figure S3I). This supports a direct
role of PI3K in STAT6 signaling and the on-target effect
of idelalisib.

We next asked if CD20 downmodulation by idelalisib
might affect the function(s) of CD20 in some signaling
pathways other than BCR. To our surprise, CD20 silenc-
ing by siRNA significantly impaired the response to IL4
in MEC1 and primary CLL cells (Figure 2H and I; Online
Supplementary Figure S3]), and had a minor effect on the
phosphorylation of IKK after CpG or CD40L (data not
shown). This suggests that CD20 is embedded in several
receptor-associated pathways, including the regulation of
IL4 signaling propensity. IL4 maintains CD20 levels via
STAT®6 activation, and CD20 increases responsiveness of
CLL cells to IL4 via a still unclear mechanism. We noted
that IL4 treatment in CLL cells does not lead to internal-
ization of the IL4 receptor (data not shown), allowing cells
to respond to IL4 continuously. These observations of the
role of CD20 in T-cell interactions are in line with studies
of CD20 in normal B cells, since CD20 knockout in mice

or CD20 loss in humans leads to defects in T-cell depend-
ent immunity."”®* However, full understanding of this
phenome will require further insight into CD20 functions
and interaction partners, which is a long-standing ques-
tion in the field.'

Altogether, here we describe a novel CD20 regulatory
axis and reveal for the first time that T- cell interactions
via IL4 induce CD20 transcription via STAT6 binding to
its promotor (summarized in Figure 3). The PI3Kd is
involved in CD20 induction by the IL4-STAT6 axis, and
consequently, idelalisib therapy represses CD20 in CLL.
Idelalisib has been approved in combination with anti-
CD20 antibodies without a comparison to the adminstra-
tion of single agent idelalisib,® and is currently mainly
used in therapy of relapsed/refractory disease and/or in
cases of a BTK inhibitor intolerance. Downmodulation of
CD20 by idelalisib likely reduces the rituximab-induced
apoptosis and CDC, since complement fragment deposi-
tion is closely dependent on cell surface CD20 levels,"
and might impair ADCC/ADCEP since these are also facil-
itated by opsonization of target cells with complement.'®
Indeed, idelalisib inhibited in vitro the immune cell-medi-
ated mechanisms induced by anti-CD20 antibodies,'® but
this requires further investigation and might also include
the effect of idelalisib on effector cells. Based on our data
the benefit of rituximab addition should be tested in a
clinical trial since this might fail to show improvement of
progression-free/ overall survival, similarly to the lack of




benefit for ibrutinib plus rituximab combination versus
ibrutinib alone.? It would be interesting to also test the
combination of idelalisib/PI3K$ inhibitor with anti-CD20
antibodies whose efficacy is less dependent on CD20 lev-
els such as obinutuzumab. In conclusion, any clinically-
used inhibitor blocking PI3K$ or interfering with the IL4-
STAT6 pathway will reduce CD20 expression with
potential consequences for combinatorial therapy.
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