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activity in CLL and enhances effectiveness of ibrutinib
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Key Points

• The anti–BAFF-R anti-
body VAY-736 enhances
antibody-dependent
cellular cytotoxicity and
blocks BAFF-mediated
survival signaling in
human CLL.

• VAY-736 enhances
the in vivo activity of
ibrutinib in a murine
model of chronic
lymphocytic leukemia
through an ITAM-
mediated mechanism.

The Bruton tyrosine kinase inhibitor (BTKi) ibrutinib has transformed chronic lymphocytic

leukemia (CLL) therapy but requires continuous administration. These factors have spurred

interest in combination treatments. Unlike with chemotherapy, CD20-directed antibody

therapy has not improved the outcome of BTKi treatment. Whereas CD20 antigen density on

CLL cells decreases during ibrutinib treatment, the B-cell activating factor (BAFF) and its

receptor (BAFF-R) remain elevated. Furthermore, BAFF signaling via noncanonical NF-kB

remains elevated with BTKi treatment. Blocking BAFF interaction with BAFF-R by using

VAY-736, a humanized defucosylated engineered antibody directed against BAFF-R,

antagonized BAFF-mediated apoptosis protection and signaling at the population and single-

cell levels in CLL cells. Furthermore, VAY-736 showed superior antibody-dependent cellular

cytotoxicity compared with CD20- and CD52-directed antibodies used in CLL. VAY-736

exhibited in vivo activity as a monotherapy and, when combined with ibrutinib, produced

prolonged survival compared with either therapy alone. The in vivo activity of VAY-736 is

dependent upon immunoreceptor tyrosine–based activation motif (ITAM)–mediated activa-

tion of effector cells as shown by using an ITAM-deficient mouse model. Collectively, our

findings support targeting the BAFF signaling pathway with VAY-736 to more effectively treat

CLL as a single agent and in combination with ibrutinib.

Introduction

Chronic lymphocytic leukemia (CLL) is the most prevalent form of adult leukemia. Palliative chemotherapy
was the treatment mainstay of the past, with no study reporting improvement in overall survival (OS).
Rituximab (RTX) revolutionized CLL therapy due to its ability to improve OS when combined with
chemotherapy.1-3 The success of RTX prompted efforts to improve CD20 antibody therapy by altering the
binding site or modifying the innate immune cell–binding site (Fc region). Obinutuzumab (OBN) binds to a
different site on CD20, mediates direct apoptosis, and is glycoengineered with a defucosylated Fc region to
increase innate immune cell binding and antibody-dependent cellular cytotoxicity (ADCC).4,5 A phase 3 trial
found that OBN is more effective than RTX.6

As data on chemoimmunotherapy matured, agents targeting B-cell receptor signaling emerged that
greatly changed the landscape of CLL therapy. Most prominent was ibrutinib, an irreversible inhibitor of
Bruton tyrosine kinase (BTK).7,8 The success of ibrutinib in both relapsed and refractory CLL was

Submitted 4 September 2018; accepted 2 January 2019. DOI 10.1182/
bloodadvances.2018025684.

*E.M.M., C.R.L., and T.C. contributed equally to this study.
†N.M. and J.C.B. contributed equally to this study as joint senior authors.

For original data, please contact the corresponding authors at raj.muthusamy@osumc.
edu or john.byrd@osumc.edu.
The full-text version of this article contains a data supplement.
© 2019 by The American Society of Hematology

12 FEBRUARY 2019 x VOLUME 3, NUMBER 3 447

mailto:raj.muthusamy@osumc.edu
mailto:raj.muthusamy@osumc.edu
mailto:john.byrd@osumc.edu


dramatic, with 90% to 95% of patients responding and disease
progression mostly in a subset of high-risk individuals.9,10 As an initial
therapy, ibrutinib has been even more successful, with responses in
virtually all patients, prolonged remissions, and improvement in OS.
Two initial phase 2 trials with ibrutinib for which 5-year or greater
follow-up exists found that ;90% of patients remain in remission, a
finding not matched by any chemoimmunotherapy regimen.11,12

Although ibrutinib therapy has been transformative in treating CLL, it
does have limitations, including absence of complete remission,
thereby necessitating continuous therapy. In addition, adverse events
prevent some patients from taking ibrutinib long term, and develop-
ment of resistance occurs in a subset of patients.13-15 Unfortunately,
the addition of CD20 antibody to ibrutinib has not improved
the outcome of patients with CLL, as was observed with
chemotherapy.16,17

One reason that RTX does not improve the efficacy of BTK
inhibitors is that CD20 expression decreases during ibrutinib
therapy.18 In addition, ibrutinib inhibits interleukin-2–inducible T-cell
kinase, which is required for natural killer (NK) cell ADCC.19 Given
the previous success with combining antibody therapeutic agents
with chemotherapy in CLL, we continue to search for viable alter-
native targets to CD20.

One such tumor surface protein that we hypothesized might be
amenable to targeting in CLL is the B-cell activating factor (BAFF)-
receptor (BAFF-R). BAFF is a member of the tumor necrosis factor
(TNF) superfamily that supports normal B-cell development and
proliferation.20,21 BAFF-R engagement activates pro-survival activ-
ity in B cells by exclusively binding BAFF with high affinity22-24 and
driving antiapoptotic gene transcription of Bcl-2 family members via
NF-kB–inducible kinase–mediated alternative NF-kB signaling.25-27

The CLL microenvironment, which is composed in part by stromal
endothelial cells and nurse-like cells, supports survival of the
malignant CLL B cells by producing a proliferation-inducing ligand
(APRIL) and BAFF.28-30 One study found that the Em-TCL1 mouse
model of CLL31 developed disease earlier and had shorter survival
when crossed with stromal cell–expressing BAFF transgenic mice,
suggesting that BAFF signaling is a driving factor in disease
progression.32 BAFF expression by stromal cells has also been
shown in mantle cell lymphoma and CLL to mediate chemotherapy
resistance,33,34 but, to date, the influence of ibrutinib on this
signaling pathway has not been examined. The present study
identifies that the BAFF signaling pathway, driving primarily the
alternative NF-kB signaling pathway, is not antagonized by ibrutinib
and that expression of BAFF remains high during treatment with this
agent. Given the inability of ibrutinib to antagonize alternative NF-kB
signaling in vivo, we hypothesized that antagonizing this signaling
pathway with the therapeutic antibody VAY-736,35 previously called
B-1239, might improve the efficacy of ibrutinib treatment. Herein,
we use the glycoengineered defucosylated Fc-domain BAFF-
R–blocking antibody VAY-736 to confirm this hypothesis.

Materials and methods

Human sample preparation and cell culture

Blood samples were obtained from patients with CLL36 or healthy
donors following written, informed consent under an institutional
review board–approved protocol according to the Declaration
of Helsinki. Peripheral blood mononuclear cells were separated
by Ficoll density gradient centrifugation (Ficoll-Paque Plus; GE

Healthcare, Chicago, IL) and isolated via negative selection for
B cells or NK cells with RosetteSep (STEMCELL Technologies,
Vancouver, BC, Canada). Cells were cultured at 37°C with 5%
carbon dioxide atmospheric conditions in RPMI 1640 (Thermo
Fisher Scientific, Waltham, MA) supplemented with 10% heat-
inactivated fetal bovine serum (MilliporeSigma, Burlington, MA),
2 mM L-glutamine (Thermo Fisher Scientific), and 56 U/mL penicillin
with 56 mg/mL streptomycin (Thermo Fisher Scientific). The OSU-
CLL cell line has been described previously.37 Monocytes were
positively selected by using the Magnetic Activated Cell Sorting
System (Miltenyi Biotec, Cambridge, MA) and differentiated into
monocyte-derived macrophages by culture with monocyte-
colony stimulating factor (R&D Systems, Minneapolis, MN)
for 7 days.

Reagents

RTX, ofatumumab (OFA), OBN, alemtuzumab, and trastuzumab
(TRA) were purchased from the OSU pharmacy. Novartis (East
Hanover, NJ) provided the following: VAY-73635 (previously called
B-1239), VAY-736 labeled-PE, immunoglobulin G subclass 1
isotype labeled-PE, VAY-736 Fc-variant N297, VAY-736 labeled-
Dylight633, immunoglobulin G subclass 1 isotype labeled-Dylight633,
and recombinant human BAFF (PeproTech, Rocky Hill, NJ). Ibrutinib
for in vivo studies was sourced from Acorn PharmaTech, LLC
(Redwood City, CA).

Flow cytometry and reagents

Beckman Coulter FC500 and Gallios Flow Cytometers were used
(Brea, CA), and data were analyzed by using Kaluza software
(Beckman Coulter). BAFF-R expression and antibody-binding
assays were conducted with fluorochrome-labeled monoclonal
antibodies purchased from Becton Dickinson (Franklin Lakes, NJ).
Antibodies includemouse anti-humanCD19-PE (SJ25C1), CD5-FITC
(L17F12), and CD56-APC (NCAM16.2) and antibodies generated in
rat against mouse CD19 (1D3), CD5-FITC (53-7.3), and CD45-APC
(30-F11). The BD Pharmingen anti–BAFF-R–PE (11C1) with wild-
type Fc domain binding was compared with VAY-736–PE to observe
VAY-736 engaging cells via its variable region or by its glycoengineered
defucosylated Fc-domain. Gating was verified with appropriately
matched isotype controls and/or with Fluorescence Minus One. To
compare binding of antibodies to cells, delta mean fluorescence
intensity (DMFI) was calculated: DMFI 5 (MFI experimental) – (MFI
isotype); negative MFI is reported as 0.0.

Functional assays

Viability assays were conducted by flow cytometry using fluorescein
isothiocyanate conjugated annexin V and propidium iodide in 1X
Annexin V–binding buffer (BD Biosciences, Franklin Lakes, NJ) as
previously described.5 ADCC assays were performed by using a
standard 4-hour 51Cr-release assay. Antibody-dependent cellular
phagocytosis (ADCP) assays were performed by using published
methods.5 TNF-a, interferon-g (IFN-g), and BAFF levels were
determined in triplicate by using an enzyme-linked immunosorbent
assay (R&D Systems) per the manufacturer’s directions. Isolation
of nuclear and cytoplasmic lysates was performed by using the
NE-PER Kit (Thermo Fisher Scientific). Immunoblot experiments
were performed by using established methods.5 The following
antibodies were used for detection: p100/p52 (MilliporeSigma),
actin (I-19; Santa Cruz Biotechnology, Dallas, TX), and Lamin B
(Santa Cruz Biotechnology). After antibody incubations, proteins
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were detected with chemiluminescent substrate (Thermo Fisher
Scientific) and quantified by using the ChemiDoc system with
AlphaView software (Protein Simple, San Jose, CA). Single-cell
fluorescence microscopy methodology is outlined in the supple-
mental Materials and Methods.

Animal studies

All animal procedures were performed in accordance with federal
and Institutional Animal Care and Use Committee requirements.
Em-TCL1 transgenic mice (C57BL/6 background) have been
described elsewhere.31,38 Other strains used include C.B17 severe

combined immunodeficiency (SCID) mice and NOTAM mice
lacking FcR signaling potential.39 Details regarding the experimental
design of the in vivo studies can be found in the supplemental
Materials and methods.

Histopathological analysis

One of the authors (B.K.H.) performed the pathologic analysis of
hematoxylin and eosin–stained sections. Sections of spleen and
bone marrow were fixed in 10% neutral buffered formalin, paraffin
embedded, sectioned at 3 mM onto glass slides, and stained with
hematoxylin and eosin.
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Figure 1. VAY-736 engages surface molecules on CLL B cells

and NK cells. Flow cytometry analysis of VAY-736 binding profile on

different cell subsets enriched from primary CLL or healthy donor blood.

Peripheral blood mononuclear cells are stained with fluorochrome-

conjugated VAY-736, anti–BAFF-R (11C1), isotype control, or VAY-736

variant with null Fc binding (N297). (A) Four CLL B-cell samples, IGHV

mutated (M) or unmutated (UM) (CD451, CD191, and CD51) stained

with VAY-736 (blue) and anti–BAFF-R (11C1) (red) compared with

isotype control (purple). (B) Patients DMFI stratified according to IGHV

mutational status (P , .05 mutated vs unmutated; mutated, n 5 6;

unmutated, n 5 10; 2-sample Student t test). (C) Representative flow

cytometry analysis of VAY-736 or anti–BAFF-R binding to healthy

T cells (CD451, CD31, and CD19–; n 5 10). (D) Representative flow

cytometry analysis of VAY-736 and N297 binding to CLL NK-cells

(CD451, CD561, and CD3–; n 5 8). *P , .05.
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Figure 2. BAFF-mediated survival is blocked by VAY-736 treatment of CLL B cells. (A) Representative annexin V/propidium iodide (PI) flow cytometry analysis of a CLL

patient B-cell viability at 72 hours. (B) Time course comparison of primary CLL cells’ viability at 24, 48, and 72 hours treated with BAFF (500 ng/mL), VAY-736, or cells pretreated

with VAY-736 subsequently stimulated with BAFF (P , .001: 72 hours, BAFF vs untreated; P , .01: 48 hours, VAY-736 1 BAFF vs BAFF). Inhibitory effect of VAY-736 at each

time point was tested by interaction contrast (BAFF 1 VAY-736 subtracting BAFF vs VAY-736 subtracting untreated; 72 hours, P , .01). Data were analyzed by using a mixed

effect model, and Holm’s method was used to adjust multiplicity (n 5 21 patients). (C-E) Western blot analysis of p100 and p52 protein levels in primary CLL patient B cells.

Treatments were soluble BAFF (500 ng/mL) for 16 hours with or without pretreatment with VAY-736 (10 mg/mL). Activation of alternative NF-kB was determined by separate

cytoplasmic (CE) and nuclear (NE) protein fractions, loading controls actin (cytoplasmic), and Lamin B (nuclear). Quantification of p100 or p52 protein by densitometry analysis was

normalized to loading control and then to the untreated condition (P , .01: cytoplasmic p100, VAY-736 1 BAFF vs BAFF; P , .05: p52 cytoplasmic and nuclear levels, BAFF vs

untreated, VAY-736 1 BAFF vs BAFF; n 5 5 CLL patients, 3 independent experiments). *P , .05, **P , .01, and ***P , .001.
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Statistical analysis

Because many of the measurements used samples from the same
patients, mixed effect models were used for analysis to take into
consideration the dependency of these observations. Survival
studies are illustrated by using Kaplan-Meier plots, and survival
probabilities of treatment groups were compared by using log-rank
tests. Trend analysis was used to compare the rates of leukemic cell
depletion among groups.40 The Bonferroni stepdown procedure41

was used to control the family-wise error rate at 0.05. Statistical
significance was determined by using SAS version 9.4 (SAS
Institute, Inc., Cary, NC); *P , .05, **P , .01, and ***P , .001.

Results

Specificity of VAY-736 to BAFF-R on B cells and FcgR

on NK cells

BAFF-R expression has been shown to be present on normal
B cells and CLL cells.24,42 VAY-736 binds to CLL cells (Figure 1A)
with increased variability on unmutated IGHV versus mutated IGHV
patients (Figure 1B). As expected, VAY-736 lacks detectable T-cell
binding (Figure 1C), supporting the high B-cell–specific expression
of BAFF-R. We identified VAY-736 binding to NK cells, a cell type
not known to express BAFF-R (Figure 1D), and hypothesized that
this binding was by virtue of its glycoengineered Fc domain
specifically modified to exhibit higher affinity for FcgRIIIa (CD16a).
Indeed, the VAY-736 variant control (N297) with mutated Fc
domain that abolishes FcgR binding failed to bind to NK cells. These
collective findings and no detectable BAFF-R messenger RNA in
NK cells (data not shown) support the theory that VAY-736 is
binding to NK cells via FcgRIIIa.

VAY-736 decreases viability of BAFF-treated CLL cells

Spontaneous apoptosis of CLL cells occurs ex vivo,30,43,44 and
BAFF-R engagement via BAFF treatment significantly diminishes this
action (Figure 2A, representative analysis at 72 hours; Figure 2B,
summary of 21 patients). Although VAY-736 does not promote
direct CLL cytotoxicity, pretreatment with VAY-736 blocked BAFF-
mediated protection of CLL cells (P , .01), consistent with previous
reports that VAY-736 engagement with the BAFF-R blocks BAFF
binding to cells.35 BAFF-R engagement mediates pro-survival activity
in normal B cells by driving antiapoptotic gene transcription via an
NF-kB–inducible kinase–mediated alternative NF-kB pathway.26

This action occurs via p100 partial degradation to its subunit p52,
nuclear translocation of p52/RelB, and binding of p52/RelB to NF-kB
DNA binding motifs.25 Similar signaling occurs in CLL with BAFF
treatment, whereas pretreatment of CLL cells with VAY-736 before
BAFF prevented the BAFF-R–dependent p100 cytoplasmic degra-
dation and inhibited the BAFF-R–induced increase of p52 levels
in the cytoplasmic and nuclear fractions (P , .01) (Figure 2C,
representative blot; Figure 2D-E).

Although these findings reveal that VAY-736 is able to antagonize
the BAFF-R signaling at the bulk cellular level, the level of variability
in NF-kB signaling at the single-cell level remained unclear.
Evaluating an intracellular signaling response at the single-cell
level not only allows for increased measurement sensitivity but
also a more representative and precise evaluation of the entire
cell population because tumor populations are inherently
heterogeneous.45,46 Single-cell analysis also allows for a direct
comparison of equal cell numbers across treatment groups. To

confirm that BAFF activated NF-kB at the single-cell level and to
test the ability of VAY-736 to block BAFF activation of NF-kB, we
used the OSU-CLL cell line transduced with an expression vector
containing tandem repeat elements for NF-kB binding upstream of
the green fluorescent protein (GFP) coding sequence. This action
allows us to measure transcriptional response of both canonical
and noncanonical NF-kB in terms of relative fluorescence units
of GFP expression. Single-cell fluorescent microscopy analysis
confirmed that VAY-736 pretreatment inhibited BAFF-induced
NF-kB–driven GFP expression (P , .001) (Figure 3A, representa-
tive figure; Figure 3B). To monitor NF-kB activity in real time and
matching in vivo conditions, time-lapse live cell imaging experiments
were performed over a 14-hour time course. BAFF stimulation
resulted in a robust time-dependent increase in NF-kB activity,
and pretreatment with VAY-736 substantially reduced the level of
NF-kB activity with soluble BAFF addition (n5 48 single OSU-CLL
cell traces) (Figure 3C-D). Importantly, BAFF/BAFF-R engagement
in the presence of RTX revealed an elevation in NF-kB activity
(supplemental Figure 1A), suggesting that the observed effect with
VAY-736 was mediated by specifically blocking BAFF-R and not by
virtue of antibody binding to cells. Together, these findings confirm
that BAFF engagement of the BAFF-R triggered NF-kB activation
pro-survival signaling at the single-cell level in OSU-CLL cells, an
effect that was blocked by VAY-736.

Conserved BAFF-mediated NF-kB activity in

ibrutinib-treated CLL patient cells

Shinners et al47 showed that BTK couples BAFF-R and B-cell
receptor to NF-kB using mice with the xid phenotype and BTK
deletion. In BTK2/2 mice, BAFF-mediated activation of alternative
NF-kB signaling was reduced due to low p100 levels. After
showing that serum BAFF levels remain elevated in patients with
CLL at 2 and 3 months during ibrutinib therapy (supplemental
Figure 2A), we sought to determine if this treatment antagonized
BAFF signaling. CLL cells were incubated with ibrutinib or control
for 1 hour followed by BAFF stimulation. BAFF induced p100
processing and p52 nuclear translocation in ibrutinib-treated cells,
whereas VAY-736 pretreatment prevented BAFF-mediated p100
processing and p52 nuclear translocation (P , .01) (Figure 4A,
representative figure; Figure 4B). To extend this finding, single-cell
fluorescence microscopy analysis was used in OSU-CLL cells
as described earlier. BAFF-mediated NF-kB signaling was not
compromised in ibrutinib-treated OSU-CLL cells (P , .001)
(Figure 4C, representative figure; Figure 4D). In contrast, VAY-
736 blocked NF-kB reporter activity in BAFF-stimulated cells
(P , .001). In this same model, ibrutinib decreased NF-kB reporter
activity in anti–immunoglobulin M stimulated control conditions
compared with vehicle conditions (P , .05, n 5 46 single cells/
condition) (supplemental Figure 1B). This finding validates BAFF
activation of alternative NF-kB signaling in ibrutinib-treated cells
through the BAFF-R.

VAY-736 showed enhanced ADCC and cytokine

production by CLL NK cells

We compared ADCC mediated by VAY-736 vs other clinically
relevant antibody therapeutic agents for CLL. VAY-736 at 0.1 mg/mL
mediated potent ADCC against CLL B-cell targets (mean
relative cytotoxicity, 76.28%), which was significantly greater
than that of OFA (49.76%), RTX (35.36%), and trastuzumab
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(22.50%) (P , .001) (Figure 5A). VAY-736 mediated superior
NK-ADCC over glycoengineered CD20 antibody OBN at 0.1 mg/mL
(76.28% vs 45.84%; P , .0001), down to concentrations of
0.0001 mg/mL (42.17% vs 3.77%; P , .001). At concentrations
of 0.00001 mg/mL, anti-CD20 antibodies RTX, OFA, and OBN
exhibited virtually no killing, whereas VAY-736 mediated 20.21%
killing activity (P , .002; n 5 7). These findings support that VAY-
736 mediated potent and superior NK cell ADCC activity against
CLL B cells compared with the CD20-directed antibodies RTX,
OBN, and OFA.

The superior ADCC activity observed with VAY-736 to OBN was
unexpected due to their similarly defucosylated Fc domains.
Because cytolytic CD56dim CD161 NK cells secrete IFN-g after

activation, which promotes NK:target cell conjugation leading to
increased target cell lysis,48,49 we hypothesized that VAY-736–
enhanced NK cell–mediated killing of targets was through
increased IFN-g release. IFN-g production was significantly de-
tected more in NK cells drugged with VAY-736 than with OBN at
10 mg/mL (1468.0 vs 490.3 pg/mL; P , .05, n 5 3) (Figure 5B),
suggesting that the ability of VAY-736 to induce NK IFN-g release
may partially explain the enhanced killing of CLL tumor cell targets.

To test the ability of VAY-736 to activate cytokine production of
myeloid cells, we evaluated whether CLL patient monocytes or
monocyte-derived macrophages (MDMs) could release TNF-a after
culture with VAY-736. As shown in Figure 5C-D, monocytes and
MDMs displayed increased levels of TNF-a cytokine release after
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14-hour time lapse of single OSU-CLL cell GFP–NF-kB activity. GFP–NF-kB levels in VAY-736–treated cells were comparable to untreated control cells (data not shown).

(D) Compiled 14-hour time lapse data of single cells monitored for GFP–NF-kB activity (488 nm) expressed as relative florescence unit mean fold change 6 SEM relative to untreated

control (n 5 48 single cells, .3 independent experiments) treated with BAFF (500 ng/mL), pretreatment of VAY-736 (10 mg/mL), or untreated. **P , .01 and ***P , .001.
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plate-bound antibody stimulation (VAY-736 vs no antibody:
monocytes, P , .01; MDMs, P , .01 [n 5 3]). VAY-736 triggered
macrophage ADCP of CLL cells comparable to the antibody
therapeutic agents RTX, OBN, and OFA that was significant over
untreated conditions (P , .05; n 5 3; Figure 5E). This finding is in
agreement with previous reports showing similar ADCP levels
between RTX and defucosylated CD20 antibody OBN-stimulated
macrophages.5

VAY-736 increases in vivo survival in CLL

mouse models

We confirm that VAY-736 binds to the CD191 CD51 cells of
murine splenocytes derived from the Em-TCL1 CLL mouse model
(Figure 6A). Em-TCL1 mice with active leukemia were treated once
per week for 2 weeks with VAY-736 at the preclinical highest
repeatable dose of 100 mg/kg (the no observable adverse effects
level). Absolute counts and percentage of blood CD51 CD191

leukemic B cells were serially monitored over time. Blood B cells
at pretreatment compared with 24 hours posttreatment (Figure 6B,

representative example) revealed a significant reduction in circulat-
ing leukemic cells from 3.6 3 107 cells/mL to 2.7 3 106 cells/mL
(Figure 6C), along with a decrease in the mean percentage of
circulating leukemic lymphocytes (78.1% to 5.2%) (Figure 6D).
These low leukemic counts were maintained up to 80 days
posttreatment.

After verifying that VAY-736 was not cytotoxic to Em-TCL1
splenocytes in vitro (data not shown), we tested if VAY-736 could
provide a survival advantage at a dose concentration lower than the
no observable adverse effects level. Splenocytes from leukemic
Em-TCL1 mice were transferred into SCID mice, and when
leukemia was evident, mice were given VAY-736 (10 mg/kg) or
control antibody once a week for 6 weeks. This treatment provided
a survival advantage over vehicle control (P , .05) (Figure 6E).
NOTAM mice express normal surface levels of FcRg but are unable
to signal due to mutations in the receptor’s immunoreceptor
tyrosine–based activation motif (ITAM), which primarily antagonizes
ADCC function and allows us to interrogate NK-cell functions
without deletion of Fc receptors or depletion of NK cells.50 We
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injected NOTAM mice with splenocytes from a highly leukemic
Em-TCL1 mouse to assess the requirement of ITAM function for in
vivo efficacy of VAY-736. Unlike the rapid peripheral leukemia
eradication seen in the Em-TCL1 SCID mouse model, the disease
burden was comparable in VAY-736–treated vs vehicle-treated
mice in the NOTAM mouse model with nonsignaling FcRg
(Figure 6F). Furthermore, no differences in leukemic burden were
observed between vehicle-treated and VAY-736–treated mice
in either the spleen or bone marrow at day 12 posttreatment
(Figure 6G). These data support the importance of FcRg receptor
ITAM-dependent effector functions, including ADCC, in mediating
the cytotoxic effects of VAY-736.

Combining VAY-736 and ibrutinib in vivo enhances

efficacy and survival advantage

Because our findings thus far suggested potent ADCC activity with
VAY-736, we hypothesized that the increased affinity for FcgRIIIa

on NK cells could overcome ibrutinib-mediated NK-cell impairment.
To address this theory, we adoptively transferred splenocytes from
a leukemic Em-TCL1 mouse into SCID mice and randomly assigned
them to vehicle, VAY-736, ibrutinib, or combination VAY-736 1
ibrutinib treatment groups. Median survival of the VAY-736 1
ibrutinib combination treatment group was 170 days (n 5 9)
and increased significantly compared with monotherapy alone
(Figure 7A) (vs VAY-7365 115 days, P, .05, n5 13; vs ibrutinib5
79 days, P , 0.01, n 5 13). Tissues were harvested from recipient
mice 6 weeks postenrollment and analyzed by histopathology to
observe and evaluate leukemia infiltration in lymphoid organs
(Figure 7B). Spleens from vehicle-treated or ibrutinib-treated mice
were markedly enlarged compared with mice treated with VAY-736
or VAY-736 1 ibrutinib. In addition, we detected expanded splenic
white pulp caused by leukemic cells, which were visible as white
foci in the enlarged spleens. Although ibrutinib slowed the rate of
leukemia in the blood, addition of VAY-736 eliminated blood leukemia
through week 10 (Figure 7C, WBC counts; Figure 7D, peripheral
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blood percent CD51CD191). Postmortem analysis of mouse spleen
and bone marrow revealed less disease burden in animals given
VAY-736 1 ibrutinib treatment compared with monotherapy with
VAY-736 or ibrutinib (Figure 7E-F).

VAY-736 and ibrutinib in vivo activity is dependent on

ITAM function

To determine if the added benefit of VAY-736 to ibrutinib was
dependent on blocking of BAFF survival signaling or ITAM function,
we repeated this combination strategy in the NOTAM mice.
NOTAM mice were engrafted with Em-TCL1 leukemic cells, and
mice were randomized according to the experimental design in
Figure 7A. No added efficacy was shown when VAY-736 was
added to ibrutinib in this model (Figure 7G), supporting the theory
that the added benefit of ibrutinib1 VAY-736 is due to the influence
of Fcg activation by ITAM-containing immune effector cells.

Discussion

The present study shows the novelty of targeting BAFF-R in CLL with
the antibody therapeutic VAY-736. The defucosylated Fc-domain of
VAY-736 engaged NK cells to deliver potent ADCC to CLL cells, even
at very low concentrations, and the killing activity was superior to that of
all other therapeutic antibodies currently available for CLL treatment.
Similarly, VAY-736 enhanced IFN-g production by CLL NK cells at
concentrations where OBN was inactive. Innate immune cell activation
of monocytes and macrophages was also superior or equal, as shown
by proinflammatory cytokine release and ADCP. In addition to this
potent therapeutic mechanism, in BAFF-stimulated cells, VAY-736
blocked NF-kB activation and reduced leukemic cell viability, offering a
second potential therapeutic mechanism of killing. After identifying that
BAFF signaling can activate downstream NF-kB signaling even in the
presence of BTK inhibition, we hypothesized that this antibody could
synergize with ibrutinib. This theory was corroborated by in vivo
experiments in which combining VAY-736 and ibrutinib significantly
improved survival and reduced disease burden in the Em-TCL1
leukemiamodel. Collectively, findings from this study provide justification
for further clinical development of VAY-736 as a therapeutic agent
in CLL and suggest that VAY-736 may be an ideal antibody for
combination with ibrutinib as opposed to anti-CD20 antibodies.

A previous report showed that VAY-736 is highly effective at
depleting human acute lymphoblastic leukemia cells in vitro and
decreasing tumor burden in vivo, and found that VAY-736 binds to
BAFF-R epitopes that are part of the BAFF ligand-binding site.35

Herein, we extend this finding to CLL and show for the first time that
ibrutinib does not block BAFF signaling in CLL cells. The activation

of BAFF downstream signaling that was dependent on BTK has
been previously reported in murine B cells by Shinners et al,47 who
showed that BTK deficiency reduced, but not abolished, BAFF
induced alternative NF-kB signaling. Our observation that BAFF
signaling can still be activated even in the context of BTK inhibition
with ibrutinib is consistent with those findings and provides an
alternative mechanism of BTK inhibitor resistance. The ability of
VAY-736 to block BAFF-R on CLL cells is a novel concept for
immunotherapy, as is our finding that in human CLL cells,
antagonizing BTK signaling does not block NF-kB signaling by
BAFF stimulation. Although most antibodies are designed to target
a cell-specific marker, here we highlight the advantage in targeting a
receptor that is both cell-specific and involved in survival signaling.

The full extent to which blocking BAFF or BAFF-R will contribute to
CLL eradication remains unclear. In vitro, the presence of B-cell
maturation antigen–Fc decoy receptors reduces the viability of CLL
cells by binding up BAFF and APRIL; however, the BAFF-R–Fc
decoy receptor was unable to reduce the viability of CLL cells.30 In
the viability assays reported here, BAFF protected CLL cells from
spontaneous apoptosis, and anti–BAFF-R treatment with VAY-736
inhibited a BAFF-mediated boost in viability. This finding suggests
that blocking BAFF’s specific interaction with BAFF-R, not just
quenching BAFF in the serum, is essential to block survival of CLL
cells, and furthermore that BAFF/BAFF-R is a critical mechanism for
mediating survival. VAY-736 is advantageous in its ability to both
interfere with the BAFF/BAFF-R survival axis and to facilitate highly
effective and rapid antibody-mediated clearance of target cells.
An alternative BAFF-R antibody was also recently reported, with
promising activity in drug-resistant human B-cell malignancies.34

To our surprise, despite the blocking ability of BAFF by VAY-736,
which we hypothesized might contribute to improve efficacy of
ibrutinib in vivo, the lack of ITAM function in immune effector cells in
the NOTAM mouse removed any added benefit of VAY-736
efficacy in the Em-TCL1 adoptive transplant model of murine CLL.
This finding suggests that ibrutinib enhancement of VAY-736
activity occurs through an ITAM function on NK cells. Given the
enhanced activation and cytokine production of NK cells when
exposed to VAY-736, we hypothesize that ibrutinib, by alterna-
tive target inhibition of interleukin-2–inducible T-cell kinase, may
diminish activation-induced death of NK and other innate immune
effector cells in vivo, as we have shown with NK cells and T cells ex
vivo.51 Future studies to elucidate this mechanism are ongoing in
our laboratory. These studies elucidating 2 separate therapeutic
mechanisms of VAY-736 in CLL provide strong support for the
clinical development of VAY-736 in this disease. We have further

Figure 7. VAY-736 combines effectively with ibrutinib in vivo. Tumor-derived splenocytes from disease-burdened Em-TCL1 mice were engrafted into SCID mice. (A) Kaplan-Meier

survival plot receiving weekly VAY-736 (10 mg/kg) retro-orbital injections, vehicle control injections, ibrutinib drinking water, or combination VAY-736 1 ibrutinib, for up to 6 injections of

VAY-736 or vehicle, and continuous ibrutinib drinking water provided through study. Leukemic death was confirmed upon death by fluorescence-activated cell sorting analysis of blood, spleen,

and bone marrow CD51 CD191 percentage of lymphocytes (VAY-736 1 ibrutinib vs ibrutinib, P , .0001; VAY-736 1 ibrutinib vs VAY-736, P 5 .06; n 5 14 per group). Adjustments for

multiple comparisons for the log-rank test were used for data analysis. *P , .05 and **P , .01. (B) After 6 weeks, 2 animals per group were euthanized and samples sent for histopathology

analysis. Splenic white pulp expanded by leukemia cells is visible as white foci in the enlarged spleens. Splenic white pulp areas (arrows) and red pulp (arrow heads) are infiltrated and

expanded by leukemia cells in all specimens. Top row: photomicrographs at low-power magnification to show level of infiltration (magnification 320; hematoxylin and eosin stain). Middle row:

high-power magnification to show cellular detail (magnification 360; hematoxylin and eosin stain). Mitotic figures are indicated with an asterisk. Bottom row: gross anatomy images of spleens.

White blood cell (WBC) counts from blood smears (C) and CD51 CD191 percent circulating lymphocytes (D) were observed weekly for leukemia progression. (E-F) At death, spleen and

bone marrow were analyzed by fluorescence-activated cell sorting for percent lymphocytes CD51 CD191. (G) Kaplan-Meier survival plot of a repeated experiment described in panel A except

with engraftment into NOTAM mice lacking functional FcRg (VAY-736 1 ibrutinib vs ibrutinib, P 5 .4921; VAY-736 vs vehicle, P 5 .7453; n 5 7 to 8 per group). NS, not significant.
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shown that both these mechanisms are active in the presence
of ibrutinib, and these data provide the preclinical rationale for a
recently initiated phase 1 clinical trial of VAY-736 in combination
with ibrutinib (#NCT03400176).
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