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ABSTRACT

ing treatment targets in multiple B-cell malignancies including diffuse

large B-cell lymphoma (DLBCL). In i# vitro and in vivo model systems,
a subset of DLBCLs depend upon BCR survival signals and respond to prox-
imal BCR/phosphoinositide 3 kinase (PISK) blockade. However, single-
agent BCR pathway inhibitors have had more limited activity in patients
with DLBCL, underscoring the need for indicators of sensitivity to BCR
blockade and insights into potential resistance mechanisms. Here, we
report highly significant transcriptional upregulation of C-X-C chemokine
receptor 4 (CXCR4) in BCR-dependent DLBCL cell lines and primary
tumors following chemical spleen tyrosine kinase (SYK) inhibition, molec-
ular SYK depletion or chemical PI3K blockade. SYK or PI3K inhibition also
selectively upregulated cell surface CXCR4 protein expression in BCR-
dependent DLBCLs. CXCR4 expression was directly modulated by fork-
head box O1 via the PI3K/protein kinase B/forkhead box O1 signaling axis.
Following chemical SYK inhibition, all BCR-dependent DLBCLs exhibited
significantly increased stromal cell-derived factor-law (SDF-1a) induced
chemotaxis, consistent with the role of CXCR#4 signaling in B-cell migra-
tion. Select PISK isoform inhibitors also augmented SDEF-la induced
chemotaxis. These data define CXCR4 upregulation as an indicator of sen-
sitivity to BCR/PI3K blockade and identify CXCR4 signaling as a potential
resistance mechanism in BCR-dependent DLBCLs.

B -cell receptor (BCR) signaling pathway components represent promis-

Introduction

Diffuse large-B-cell lymphomas (DLBCLs) are clinically and genetically hetero-
geneous diseases.! Our previous studies demonstrated that a subset of DLBCLs
rely upon B-cell receptor (BCR)-dependent survival signals.*® BCR signaling acti-
vates proximal pathway components including the spleen tyrosine kinase (SYK)
and downstream effectors such as phosphatidylinositol-3-kinase (PI3K)/AKT and
the Bruton’s tyrosine kinase (BTK)/ nuclear factor-«B (NF-kB).** In prior studies,
we, and others, characterized distinct BCR/PI3K-dependent viability pathways in
DLBCL cell lines and primary tumors with low- or high-baseline NF-kB activity
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(germinal center B- (GCB-) and activated B-cell like
(ABC)-type tumors, respectively).**”

In both types of BCR-dependent DLBCLs, inhibition of
SYK or PI3K decrease the phosphorylation of AKT and
Forkhead Box O1 (FOXO1) and increase the nuclear
retention and associated activity of unphosphorylated
FOXO.?® BCR-dependent DLBCLs with low baseline
NF-kB (GCB tumors) frequently exhibit inactivating
mutations or copy loss of Phosphatase and tensin
homolog (PTEN) and decreased abundance of the PTEN
protein."*® In these DLBCLs, proximal inhibition of BCR
signaling primarily modulates the PISK/AKT pathway.>>
7% In contrast, SYK/PI3K blockade additionally limits
BTK/NE-kB signaling in BCR-dependent DLBCLs with
high baseline NF-kB activity and frequent AMYD8§™**
and/or CD79B mutations (ABC tumors)."*”*

We sought to identify an indicator of BCR dependence
in DLBCLs with low or high baseline NF-kB and noted
that C-X-C chemokine receptor 4 (CXCR4) transcripts
were significantly more abundant in both DLBCL sub-
types following the inhibition of proximal BCR signal-
ing.® In experimental model systems, BCR engagement
promotes the internalization of CXCR4 and limits stro-
mal cell-derived factor-1at) (SDF-1a)-induced chemo-
taxis."” For these reasons, we hypothesized that BCR
blockade might increase CXCR4 expression and associ-
ated tumor cell migration.

Physiologically, the CXCR4 chemokine receptor binds
to SDF-laand plays a critical role in the chemotaxis of
normal germinal center (GC) B cells.""® CXCR4 is a
known FOXO1 target gene that is induced in normal
FOXO1-rich dark zone GC B-cells.” In the GC, CXCR4*
B-cells migrate in response to a SDF-1a chemokine gra-
dient."

CXCR4 transduces SDF-1a signals via G-protein cou-
pled activation of PI3K isoforms."*'® As a consequence,
CXCR4 is also considered to be a possible therapeutic
target in multiple B-cell malignancies, including
DLBCL."?** Herein, we assess CXCR4 modulation and
signaling as both an indicator of sensitivity to BCR
blockade and a potential resistance mechanism in
DLBCL.

Methods

Cell lines and culture conditions

The DLBCL cell lines, SU-DHL4 (DHL4), SU-DHL6 (DHL6),
OCI-LY7 (LY7), HBL1, TMDS8, U-2932, Karpas 422 (K422),
Toledo and OCI-LY4 (LY4), were cultured as previously
described.” The identities of the DLBCL cell lines used in this
study were confirmed via STR profiling with PowerPlex ®1.2
system (Promega, Madison, WI, USA). DHL4, DHL6, LY7,
HBL1 and U-2932 were previously characterized as BCR-
dependent and K422, Toledo and LY4 were BCR-independent.*’

Primary tumor specimens

Cryopreserved viable primary DLBCL samples were obtained
according to the Institutional Review Board (IRB) — approved
protocols from the Brigham and Women’s Hospital Department
of Pathology. These anonymous primary tumor specimens
were considered discarded tissues which did not require
informed consent. The six primary DLBCLs were previously
characterized for surface immunoglobulin (Ig) expression, BCR
signaling and baseline NE-kB activity.®

Chemical inhibition of SYK, PI3K or BTK

The chemical SYK inhibitor, R406, was a gift from Rigel
Pharmaceuticals (San Francisco, CA, USA). R406 was dissolved
in DMSO at a concentration of 10 mM and stored at -80°C. For
immediate inhibition, cells were incubated with 1 uM R406 or
vehicle alone (in PBS) in a 37°C water bath for 2 hours (h). For
long-term inhibition, R406 was added to cell culture medium at
a final concentration of 1 uM and cells were maintained in an
incubator at 37°C for 24 h. The chemical pan-PI3K inhibitor,
1Y294002, was purchased from Sigma-Aldrich (Saint Louis, MO,
USA), The chemical SYK inhibitor, GS-9973 (entospletinib), the
PI3K isoform-predominant inhibitors, GDC-0941 (pictilisib,
PI3K o/8>B/y), CAL101 (idelalisib, 8) and IPI1145 (duvelisib, 8/y)
and the BTK inhibitor, PCI-32765 (ibrutinib) were purchased
from Selleckchem (Houston, TX, USA). DLBCL cell lines were
treated with GS-9973 (2 uM), LY294002 (10 uM), GDC-0941
(0.5 uM), CAL101 (2 uM), IP1145 (1 uM), PC1-32765 (0.1 uM) or
vehicle (DMSO) for 24 h as previously described.” The doses of
SYK, PI3K and BTK inhibitors used in these studies were deter-
mined based on prior analyses of the respective agent EC50s of
these agents;’ the LY294002 dose was chosen based on previous-
ly reported studies.*'® Following treatment with chemical SYK,
PI3K or BTK inhibitors, cells were harvested for additional
analyses (below).

Quantitative RT-PCR (qRT-PCR)

QRT-PCR was performed as previously described’ (Online
Supplementary Matetials and Methods).

Flow cytometry

A PE-conjugated mouse anti-human CD184 (CXCR4) anti-
body (BD Bioscience, CA, USA) was used for flow cytometry
analysis on a FACS Canto II flow cytometer (BD Biosciences)
and the data were analyzed with FlowJo 10 software (Flowjo
Data analysis software LLC, Ashland, OR, USA).

Lentiviral-mediated shRNA transduction
The shRNA knockdown of target genes was performed as

previously described® (Online Supplementary Materials and
Methods).

Transduction with myristoylated AKT

DLBCL cell lines were retrovirally transduced with constructs
encoding constitutively active (myristoylated) AKT (pMIG-
mAKT1-IRES-GFP) or pMIG-IRES-GFP as previously described.?
After 72 h, GFP* cells were sorted, treated with R406 or vehicle,
and analyzed for CXCR4 expression by flow cytometry.

Chemotaxis assay

DLBCL cell lines were treated with vehicle, R406 (1 uM),
GDC-0941 (0.5 uM), Tbrutinib (0.1 wM), AMD3100 (10 uM) or
R406 + AMD3100 for 24 h. Before the chemotaxis assay,
Permeable Polycarbonate Membrane Inserts in the Corning™
Transwell™ 24-well plate (Fisher Scientific, pore size 8 um)
were pretreated by adding 600 uL of RPMI-1640 media contain-
ing 0.5% bovine serum albumin (Sigma) with or without
SDF-1a (25-100 ng/mL, R&D Systems) into the bottom chamber
at 37°C for 1 h. Each lot of SDF-1a was individually titrated for
activity in the chemotaxis assay prior to use. Treated cells were
harvested and resuspended in RPMI-1640 media for a final den-
sity of 2x10%mL. 100 uL of cell suspension was transferred to
each top chamber and incubated at 37 °C for 2-4 h. Cells in the
lower chambers were harvested and cell numbers were deter-
mined by manual counting. Each condition was set up in tripli-
cate.



Results

SYK inhibition selectively induces CXCR4 expression in
BCR-dependent DLBCL cell lines and primary tumors
To identify potential compensatory signaling pathways
in DLBCL treated with chemical BCR inhibitors, we
reviewed the transcriptional profiles of five BCR-depen-
dent DLBCL cell lines treated with the chemical SYK
inhibitor, R406, or vehicle (DMSO).* Differential analysis
of treated versus untreated samples revealed that CXCR4
transcripts were significantly upregulated in all five BCR-

dependent DLBCL cell lines (DHL4, DHL6, LY7, HBL1, U-
2932) following 6-24 h of R406 treatment
(P-value=0.00052 at 24 h; Online Supplementary Figure S1).

To expand on these findings, we treated an extended
panel of BCR-dependent and BCR-independent DLBCL
cell lines with R406 (or vehicle) and evaluated CXCR4
transcript abundance by qRT-PCR. The extended DLBCL
cell line panel included five BCR-dependent DLBCL cell
lines (DHL4, DHL6, LY7 [low NF-kB, GCB]; and HBL1 and
U-2932 [high NF-xB, ABC])® and an additional ABC
DLBCL cell line, TMDS, that is sIgM*, BCR-dependent,
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Figure 1. CXCR4 is upregulated in BCR-dependent DLBCL cell lines following SYK inhibition. (A) CXCR4 transcript abundance in diffuse large B-cell lymphoma
(DLBCL) cell lines treated with 1 uM R406 (upper panel) or 2 pM GS-9973 (lower panel) for 24 hours (h) was determined by quantitative RT-PCR (qRT-PCR) relative
to PPIA. The P-values for vehicle versus R406 treated or GS-9973 treated were determined with a one-sided Welch t-test. ***P<0.0001; *P<0.01. Error bars repre-
sent the SD of three independent assays in a representative experiment. (B) CXCR4 transcript abundance in SYK-depleted DLBCL cell lines (72 h following completion
of puromycin selection) was determined by qRT-PCR relative to PPIA. NC (negative control) shRNA. The P-values for NC versus shSYK constructs were determined
with a one-sided Welch t-test. ***P<0.0001; **P<0.001; *P<0.01; “P<0.05. Error bars represent the SD of three independent assays in a representative experi-
ment. (C) Cell surface expression of CXCR4 in DLBCL cell lines treated for 24 h with vehicle or 1 uM R406 (upper panel), or vehicle or 2 uM GS-9973 (lower panel)
was measured by flow cytometry. Isotype-matched control in gray. (D) CXCR4 expression in primary DLBCL patient samples following SYK inhibition. Cryopreserved
viable DLBCL tumor cell suspensions from newly diagnosed patients were thawed and treated with vehicle or 1 uM R406 for 24 h. RNA samples were prepared and
CXCR4 expression was determined by qRT-PCR relative to PPIA. The P-values for vehicle versus R406 treatment were determined with a one-sided Welch t-test.
**P<0.001; *P<0.01; *P<0.05. Error bars represent the SD of three independent assays in a representative experiment.
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and sensitive to chemical SYK inhibition (R406) and
molecular depletion of SYK (Online Supplementary Figure
S2). Consistent with its designation as an ABC-type
DLBCL cell line, TMDS8 exhibited high baseline expres-
sion of the NF-xB target, BCL2A1, that was markedly
reduced following SYK depletion (Online Supplementary
Figure S2). The extended cell line panel also included three
BCR-independent DLBCL cell lines, K422, Toledo and
Ly4?

In the DLBCL cell line panel, chemical SYK inhibition
with R406 selectively increased CXCR4 transcript levels in
all six BCR-dependent DLBCL cell lines; however, the
baseline CXCR4 levels in HBL1 were low. Chemical SYK
inhibition did not modulate CXCR4 transcript abundance
in the three BCR-independent DLBCL cell lines (Figure 1A,
top panel). Similar results were obtained with a more
selective chemical SYK inhibitor, GS-9973, that is current-
ly under evaluation in lymphoma clinical trials (Figure 1A,
lower panel).”**

SYK depletion with three independent shRNAs signifi-
cantly increased CXCR4 transcripts in BCR-dependent,
but not BCR-independent DLBCL cell lines, phenocopying
the CXCR4 induction following chemical SYK inhibition
(Figure 1B). Consistent with these findings, chemical inhi-
bition of SYK with either R406 or GS-9973 selectively
increased cell surface CXCR4 protein expression in the
BCR-dependent DLBCLs (with the least effect in HBL1),
but not in the BCR-independent DLBCLs (Figure 1C,
R406, top panel; GS-9973, bottom panel).

After identifying selective CXCR4 induction in BCR-
dependent DLBCLs cell lines, we assessed the same
parameters in primary DLBCLs. For these studies, we uti-

A
c
§e]
=
o 40 - %
Dq°
E S .
= E 301 #
(O}
T O #
8 £ 20-
Q 3 *
o < vt
© % 10+
3 0
T |:'
L oL i
a
[7p]

70
60
50

20+

SDF-1a dependent migration
(cell number x103)

DHL4 DHL6 LY7 TMD8

HBL-1

lized aliquots of six cryopreserved viable tumor suspen-
sions of primary DLBCL that were previously character-
ized as BCR-dependent with low baseline NF-kB activity
(P1 and P2), BCR-dependent with high baseline NF-kB
activity (P3 and P4); or BCR-independent (P5 and P6).* As
in the DLBCL cell lines, chemical SYK inhibition selective-
ly induced CXCR4 in all four BCR-dependent primary
DLBCLs (P1-P4) but not in the two BCR-independent pri-
mary DLBCLs (P5 and P6) (Figure 1D).

Prolonged chemical SYK inhibition increases SDF-1a
associated migration of BCR-dependent DLBCLs

We next assessed the functional significance of CXCR4
induction following prolonged SYK inhibition by perform-
ing a transwell chemotaxis assay using SDF-la as the
chemoattractant. Prolonged SYK blockade selectively
enhanced the migration of all examined BCR-dependent
DLBCL cell lines to SDF-1a; the migration of the BCR-
independent DLBCL cell lines was unchanged (Figure 2A).
The R406-augmented, SDF-1a associated cellular migra-
tion was abrogated when the chemotaxis assay was per-
formed in the presence of the specific CXCR4 inhibitor,
AMD3100, confirming the specificity of the observed
effect (Figure 2B).

PI3K/AKT signaling regulates CXCR4 expression in
BCR-dependent DLBCL cell lines

We previously described the central role of PI3K/AKT in
SYK-mediated BCR-signaling in DLBCLs.*” These data
prompted us to evaluate the function of PISK/AKT in the
regulation of CXCR4 upon proximal BCR/PISK inhibition.
For these studies, representative BCR-dependent DLBCL
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Figure 2. SDF-1a induced cell migration in
DLBCL cell lines following SYK inhibition. (A)
DLBCL cells were treated with vehicle or R406
for 24 hours (h), then assayed for migration in
response to 100 ng/mL SDF-1a for 4 h (2x10°
cells per condition). (B) BCR-dependent DLBCL
cell lines were treated with vehicle, 10 uM
AMD3100, 1 uM R406 or combination of
AMD3100 and R406 for 24 h, then assayed for
migration in response to SDF-1a.. The P-values
for vehicle- versus R406-treated (A) and vehi-
cle- versus AMD3100-treated or R406 alone
versus AMD3100+R406 (B) were determined
with a one-sided Welch t-test. ***P<0.0001;
**P<0.001; *P<0.01; “P<0.05. Error bars rep-
resent the SD of three independent assays in a
representative experiment.
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cell lines (DHL4, DHL6, LY7 [low NEF-kB]; and TMD8
[high NF-kB]), were transduced with a vector encoding
constitutively active (myristoylated) AKT1 (mAKT) or an
empty vector control.” Thereafter, GFP*-selected cells
were treated with vehicle control or R406 and analyzed
for CXCR4 expression. Following R406 treatment, all four
BCR-dependent DLBCL cell lines infected with the control
vector expressed increased CXCR4 (Figure 3A, top panel).
In contrast, chemical SYK inhibition did not modulate
CXCR4 expression in mAKT-expressing DLBCL cell lines
with constitutive activation of AKT1 (Figure 3A, lower
panel). These data confirmed the role of PISK/AKT in

BCR/PI3K blockade upregulates CXCR4 in DLBCL

SYK-dependent modulation of CXCR4 expression.

Given these findings, we assessed the consequences of
chemical pan-PI3K inhibition on CXCR4 expression in
BCR-dependent DLBCL cell lines (Figure 3B) using the tool
compound, LY294002. Like chemical SYK inhibition, pan-
PI3K blockade with LY294002 increased CXCR4 transcript
abundance (Figure 3B) and cell surface expression (Figure
3C).

We next examined the mechanism by which prolonged
SYK/PI3K inhibition induces CXCR4 expression in BCR-
dependent DLBCLs. BCR signaling is known to promote
CXCR4 internalization and inhibit SDF-la induced
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chemotaxis." Therefore, molecular depletion or chemical
inhibition of SYK or pan-PI3K blockade may limit CXCR4
internalization and increase residual cell surface CXCR4
expression. However, SYK/PI3K inhibition also increases
nuclear localization of FOXO1 and associated FOXO1-
mediated transactivation of CXCR4**"** For these rea-
sons, we depleted FOXO1 in a BCR-dependent DLBCL
cell line (DHL4), treated the cells with vehicle or R406 and
subsequently measured CXCR4 expression by flow
cytometry (Online Supplementary Figure S3). SYK inhibition
induced less CXCR4 in FOXO1-depleted cells (Online
Supplementary Figure S3), highlighting the role of FOXO1
in CXCR4 expression.

After demonstrating CXCR4 upregulation following
SYK or pan-PI3K inhibition (Figure 1 and Figure 3), we
assessed the consequences of more selective PI3K isoform
or BTK blockade using the PISKo/6>f/y, PISKS and
PI3Kd/y predominant inhibitors, GDC-0941, CAL101 and
IPI145, respectively, and the BTK inhibitor, PCI-32765
(ibrutinib)’ (Figure 4A). In each of the evaluated BCR-
dependent DLBCL cell lines (DHL4, DHL6 and TMDS),
more selective PI3K isoform inhibition with GDC-0941,
CAL101 or IPI145 increased CXCR4 transcript abundance
(Figure 4A) and CXCR4 cell surface protein expression
(Figure 4B). In contrast, BTK blockade had more modest
effects on CXCR4 transcript and protein expression in the
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BCR-dependent lines. As expected, none of the com-
pounds modulated CXCR4 expression in a BCR-indepen-
dent DLBCL cell line (Toledo) (Figure 4A-B).

Consistent with these observations, chemical inhibition
of SYK/PISK was more effective than BTK blockade in
augmenting SDF-1o- induced chemotaxis (Figure 5).

Discussion

In this study, we identify CXCR4 upregulation as an indi-
cator of sensitivity to targeted inhibition of BCR/PI3K sig-
naling in DLBCL cell lines and primary tumor cell suspen-
sions. Chemical SYK inhibition, genetic SYK depletion and
PISK inhibition all increased CXCR4 expression in BCR-
dependent DLBCLs. In DLBCLs with low or high baseline
NF-kB, CXCR4 expression was modulated in a
PISK/AKT/FOXO1-dependent manner at the level of tran-
scription (Figure 6). In addition to enhanced CXCR4 expres-
sion, proximal BCR(SYK)/PI3K inhibition induced chemo-
taxis of DLBCL cell lines to the CXCR4 ligand, SDF-1a.

In the current studies, we find induction of CXCR4 at the
transcript level within 6 h of proximal BCR signaling block-
ade. Thereafter, increased CXCR4 cell surface expression is
readily detectable by flow cytometry within 24 h of SYK or
PISK inhibition in almost all BCR-dependent DLBCLs. In
recent studies, PI3K/mammalian target of rapamycin chem-
ical inhibition also increased CXCR4 transcript abundance
in BCR-dependent DLBCL cell lines.* Taken together, these
data suggest that CXCR4 upregulation is an indicator of
sensitivity to inhibition of proximal BCR/PI3K signaling in
DLBClLs.

CXCR4 is a FOXO1 target gene which, under physiolog-
ical conditions, contributes to the polarization of light zone
and dark zone GC-B cells.” Upon inhibition of the
BCR/SYK/PISK/AKT axis, FOXO1 is dephosphorylated
and retained in the nucleus, initiating transcription of its tar-
get genes. FOXO1 is considered to be a homeostatic regu-
lator with targets that include pro-apoptotic mediators of
cell death such as BIM, HRK or p27, as well as BCR/PISK
signaling pathway components including SYK, PIK3CA and
CXCR4."** Therefore, FOXO1-dependent upregulation of
CXCR4 can be regarded as a potential compensatory signal-
ing pathway in DLBCLs following proximal BCR/PISK
inhibition.

BCR/PI3K blockade upregulates CXCR4 in DLBCL

Figure 5. SDF-1a induced cell migra-
tion in BCR-dependent DLBCL cell
lines following SYK, PI3K or BTK inhibi-
tion. Three representative BCR-depen-
dent DLBCL lines (DHL4, DHL6 and
TMD8) were treated with vehicle, 1 uM
R406, 0.5 yM GDC-0941, 0.1 uM PCI-
32765 or 10 uM AMD3100 for 24 (h),
assayed for migration in response to
25 ng/mL of SDF-1a for 2 h (2x10°
cells per condition). Vehicle-treated
cells without SDF-1a stimulation were
used as controls. The P-values for vehi-
cle versus inhibitor-treated samples
were determined using one-tailed
Welch’s ttest. **P<0.001; *P<0.01;
*<0.05. Error bars represented the SD
of three independent assays in a repre-
sentative experiment.
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Figure 6. Model for B-cell receptor/SYK/PI3K regulation of CXCR4 signals. Red
arrows indicate consequences of spleen tyrosine kinase (SYK) and/or phos-
phatidylinositol-3-kinase (PI3K) inhibition including increased nuclear localiza-
tion of FOXO1 and C-X-C chemokine receptor 4 (CXCR4) upregulation.

In Waldenstrém’s Macroglobulinemia (WM), nearly 30%
of patients exhibit an activating somatic mutation of
CXCR4™” that increases AKT and extracellular signal-regu-
lated kinases signaling and mediates increased migration,
adhesion, survival and resistance to ibrutinib.” In our i vitro
analyses of BCR-dependent DLBCLSs, inhibition of SYK or
PISK signaling was more effective than BTK blockade in
upregulating CXCR4 expression. In our recent genomic
characterization of 304 primary DLBCLs, we did not
observe recurrent CXCR4 mutations." However, immuno-
histochemical assessment of clinically annotated cohorts of
de novo DLBCLs identified heterogeneity of CXCR4 expres-
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sion and adverse prognostic significance of CXCR4 stain-  as an indicator of sensitivity to proximal BCR/PI3K block-
ing.®¥ ade. These findings will potentially aid in the development
These observations are noteworthy because CXCR4 may  of representative model systems and analyses of BCR/PI3K
also be a relevant treatment target. There are ongoing clini-  pathway-specific inhibitors. CXCR4 upregulation may also
cal trials incorporating either the CXCR4 inhibitor be animportant and potentially targetable resistance mech-
(AMD3100, plerixafor) or a monoclonal antibody against —anism in BCR-dependent DLBCLs.
CXCR4 (ulocuplumab) into existing therapies of WM.®
Additionally, multiple CXCR4 antagonists are reported to Funding
enhance the cytotoxic effect of rituximab or additional This work was supported by a "Mobility Plus’ fellowship from
agents in diverse in vitro lymphoma models, including those  the Polish  Ministry of Science and Higher Education
of DLBCLs. %% (1261/MOB/IV/2015/0) (KB) and a Leukemia and Lymphoma
Taken together, these data identify CXCR4 upregulation  Society SCOR award (MA. and SJR).
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