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with broad activity against human B-cell malignancies
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• BAFF-R survival
receptor is an
attractive therapeutic
target because it is
critically involved in
B-cell lymphoma/
leukemia survival

• Humanized BAFF-R
antibody was optimized
for ADCC and has
antitumor activity in
patient-derived and
human lymphoma/
leukemia xenograft
models
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B-cell activating factor receptor (BAFF-R) is a mature B-cell survival receptor, which is

highly expressed in a wide variety of B-cell malignancies but with minimal expression in

immature B cells. These properties make BAFF-R an attractive target for therapy of B-cell

lymphomas. We generated a novel humanized anti BAFF-R monoclonal antibody (mAb)

with high specificity and potent in vitro and in vivo activity against B-cell lymphomas and

leukemias. The humanized variants of an original chimeric BAFF-R mAb retained BAFF-R

binding affinity and antibody-dependent cellular cytotoxicity (ADCC) against a panel of

human cell lines and primary lymphoma samples. Furthermore, 1 humanized BAFF-R mAb

clone and its afucosylated version, glycoengineered to optimize the primary mechanism of

action, prolonged survival of immunodeficient mice bearing human tumor cell lines or

patient-derived lymphoma xenografts in 3 separate models, compared with controls.

Finally, the tissue specificity of this humanized mAb was confirmed against a broad panel of

normal human tissues. Taken together, we have identified a robust lead-candidate BAFF-R

mAb for clinical development.

Introduction

Therapeutic monoclonal antibodies (mAbs) have been used widely and successfully in hematologic
malignancies, which began with the approval of the anti-CD20 rituximab in 1997.1 The B-lymphocyte
lineage–specific surface antigens CD20 and CD19 have been the targets of clinically relevant mAbs for
lymphomas and leukemias, which, however, still remain incurable because of emerging resistance. In
B-cell malignancies, for example, resistance to rituximab is caused by multiple mechanisms including
the downregulation of CD20 expression upon repeated exposure.2 There is clearly a need for the
development of mAbs to alternative therapeutic targets in resistant B-cell malignancies.

The tumor necrosis factor receptor superfamily member, B-cell activating factor receptor (BAFF-R/
TNFRSF13C), is 1 such target.3,4 BAFF-R is a particularly attractive target because it is specifically
involved in B-lymphocyte development and is expressed almost exclusively on B cells, including all
subtypes of mature human B-cell lymphomas.5 The BAFF/BAFF-R axis has been successfully targeted
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for the treatment of autoimmune diseases, particularly with mAbs
directed against the BAFF ligand.6 In addition to our previous
report of a chimeric BAFF-R mAb (C90) with activity in models of
drug-resistant mantle cell lymphoma (MCL),7 another anti-BAFF-R
mAb was effective at reducing murine B-cell populations in vivo but
no data on activity against malignant B cells were provided,8 and a
fully human anti-BAFF-R Ab (B-1239/VAY736/ianalumab) has
shown some activity in models of Philadelphia-positive pre-B acute
lymphoblastic leukemia (ALL)9 and chronic lymphocytic leukemia/
lymphoma (CLL).10,11 Ianalumab is now in early clinical develop-
ment in combination with ibrutinib in patients with CLL.12,13

Clearly, anti-BAFF-R mAbs show promising signs of therapeutic
potential in B-cell malignancies. To further develop our BAFF-R mAb
for clinical application, we humanized our original chimeric Ab
(C90),7 to reduce potential immunogenicity.14 In this report we
describe the generation, in vitro and in vivo optimization of human-
ized variants of C90, and the identification of a lead-candidate
humanized anti-BAFF-R mAb with appropriate specificity.

Methods

Animals, cell lines, and primary human tumor

samples

Mice. Nonobese diabetic/severe combined immunodeficiency/
γCnull (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ [NSG]) mice were either
purchased directly as 8-week-old individuals or as breeding pairs
from The Jackson Laboratory (Bar Harbor, ME) to maintain an NSG
breeding colony at the Animal Resource Center at City of Hope.
Mice were housed in a pathogen-free animal facility according to
institutional guidelines. All animal studies were approved by the
Institutional Animal Care and Use Committee (IACUC #15020).

Tumor and cell lines. Commercially available tumor cell lines Raji,
RL, JeKo-1, Z-138, and Nalm6 were purchased from the American
Type Culture Collection (ATCC) (Manassas, VA). RS4;11, MEC-1,
and HL-60 were obtained from The Leibniz Institute German
Collection of Microorganisms and Cell Cultures (Brunswick, Ger-
many). Human natural killer (NK)-92 176V cells were obtained from
CONKWEST Life Sciences Company (San Diego, CA). Ly-10 cell
line was provided by Marcin Kortylewski of the Beckman Research
Institute of the City of Hope. MCL96069 (BIRC3L548fs) patient-
derived xenografts (PDXs) were obtained from the Public Reposi-
tory of Xenografts (ProXe; www.proxe.org).15

Human blood and tumor samples. Noncultured, primary
human lymphomas were obtained from the lymphoma satellite tis-
sue bank at MD Anderson Cancer Center under an Institutional
Review Board (IRB)-approved protocol (protocol, 2005-0656).
Primary patient samples included leukapheresis or blood from
patients with MCL or CLL, and excised lymph nodes from patients
with diffuse large B-cell lymphoma (DLBCL) or follicular lymphoma
(FL). Samples were cryopreserved as viable single-cell suspen-
sions in 10% dimethyl sulfoxide without additional enrichment or
sorting. The percentage of tumor cells in each sample ranged from
80% to 98% for leukapheresis or blood, and from 50% to 60% for
lymph node biopsies. Normal donor peripheral blood mononuclear
cells (PBMC) for NK-cell isolation was provided by the Michael
28 MARCH 2023 • VOLUME 7, NUMBER 6
Amini Transfusion Medicine Center at City of Hope under an
IRB-approved protocol (protocol, 15283).

Humanized BAFF-R Abs

LakePharma (San Carlos, CA) was contracted to produce 3 light
chain (VL) and 3 heavy-chain (VH) variants of our previously
described BAFF-R chimeric C90 mAb (C90)7 to produce 9
humanized Ab variants. For each of the 9 VL/VH combination
antibodies, Lake Pharma provided expression plasmids, human-
ness scores, and dissociation constants (KDs). KDs were deter-
mined by surface plasmon resonance and were a measure of the
strength of attraction between receptor (BAFF-R Ab) and ligand
(BAFF-R). KD is calculated by the off-rate (koff) divided by the on-
rate (kon): KD = koff

kon
.

Generation, production, and purification of

humanized Abs

To enable head-to-head comparisons in the functional studies, all
Ab variable regions were cloned into pFUSEss-CHIg-hG1e4 and
pFUSE2ss-CLIg-hk (InvivoGen, San Diego, CA) to produce heavy-
chain and light-chain immunoglobulin G1 (IgG1) peptides,
respectively. All humanized versions of BAFF-R C907 were pro-
duced by polymerase chain reaction amplification of heavy and light
chain variable region sequences provided as VH1, VH2, VH3, VL1,
VL2, and VL3 in the pcDNA3.1 vector backbone by Lake Pharma.
Heavy- and light-chain vectors were cotransfected at a 1:2 ratio
into Freestyle 293-F cells (Expi293F) (Life Technologies, Carlsbad,
CA) grown in Freestyle 293 expression medium (Life Technolo-
gies) in a 37◦C, humidified, 8% CO2 incubator with 120-RPM
shaking. For the transfection, 2 mL of 500 μg/mL poly-
ethylenimine MAX (Polysciences, Inc, Warrington, PA) were mixed
with 2 mL of 100 μg/mL total plasmid DNA, which was then added
to 2 × 108 cells in 100 mL medium after which cells were cultured
for 6 days before harvesting. Antibody-containing supernatant was
collected and diluted 1:5 with phosphate-buffered saline (PBS).
The Abs were purified by protein-A affinity chromatography
according to the manufacturer’s directions (GE Healthcare, Marl-
borough, MA) and stored in PBS. All Abs were assessed for purity
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, for
affinity by enzyme-linked immunosorbent assay (ELISA), and activity
by Ab-dependent cellular cytotoxicity (ADCC), as described in
further sections.

Generation of afucosylated H90

Afucosylated H90-5 (H90-AF), a glycosylated IgG1-κ, was pro-
duced in Chinese hamster ovary (CHO)-DG44 cells, stably trans-
fected with the pAB11_DHFR_Dual expression vector (Aragen
Bioscience Inc, Morgan Hill, CA) containing the complementary
DNA (cDNA) sequences of the humanized light- and heavy-chain
variable regions, and the human constant region of H90-5. Cells
were grown in a 14-day feed-batch suspension culture in Escugen
Biotechnology Co Ltd proprietary chemically defined medium in a
15-L bioreactor. Growth medium was supplemented with a pro-
prietary fucosyltransferase inhibitor to reduce Ab core fucosylation.
The culture medium was harvested by depth filtration and Ab
purified using protein-A affinity chromatography, low-pH virus
inactivation, and anion exchange and cation exchange chroma-
tography. Afucosylation of H90-5 was verified by analysis of Ab
HUMANIZED BAFF-R MONOCLONAL ANTIBODY FOR LYMPHOMA 919
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oligosaccharide components using hydrophilic interaction liquid
chromatography (HILIC), coupled with mass spectrometry.

ELISA for BAFF-R Ab binding

The ELISA was performed with recombinant human BAFF
receptor–coated (PeproTech, Cranbury, NJ) micro-well plates with
twofold serial dilutions of test Abs (C90; or H90-1 through H90-9)
incubated at room temperature for 1 hour. Secondary Ab goat
antihuman IgG-HRP (Thermo Fisher, Waltham, MA) was diluted
according to the manufacturer’s recommendation and incubated
for 1 hour at room temperature. Wells were incubated with Step
Ultra TMB-ELISA substrate solution (Thermo Fisher) for 10 minutes
followed by 2N sulfuric acid quench. Samples were read at an
optical density of 450 nm on a SpectraMax Plus 384 micro plate
reader (Molecular Devices, San Jose, CA).

Flow cytometry and cell sorting

The recombinant Abs were labeled for characterization of their
binding specificity using flow cytometry analysis. Biotinylated H90-4
and H90-5 (100 ng) per 106 target cell–bound cells were detected
using Abs labeled with phycoerythrin (PE)-labeled streptavidin
alongside commercial fluorescently labeled Abs against other cell
surface markers to stain target cells.

All flow cytometry procedures were performed on a BD LSR For-
tessa (Becton Dickinson, Franklin Lakes, NJ). Staining procedures
were performed using staining buffer (fetal bovine serum [FBS])
(RUO) (Becton Dickinson). Data were analyzed using FlowJo
software (Flowjo, LLC, Ashland, OR).

Antibody binding to BAFF-R variants

To generate common BAFF-R variants, BAFF-R wild-type (WT),
p21R variant, or G64V variant cDNA together with T2A self-cleaving
peptide were cloned into a pcDNA-green fluorescent protein (GFP)
vector (Plasmid #160697; Addgene) under the cytomegalovirus
promoter. Then, 293T cells were cultured in 10 cm plates to express
each variant using transfection protocols with 17 μg of plasmid and
51 μL of FuGENE 6 transfection reagent. Resulting cells were har-
vested 48 hours after transfection. Cells were then stained with
H90-4 and H90-5 at doses ranging between 0.01 ng and 10 ng per
106 cells. For detection, cells were stained with the Allophycocyanin
(APC)-labeled goat antihuman secondary Ab. An APC-labeled
antihuman BAFF-R mAb (11C1) was used as a positive control
and analyzed as described earlier. Staining procedures were per-
formed using staining buffer (FBS) (RUO) (Becton Dickinson).

Cytotoxicity assays

Target cells (2 × 106) (BAFF-R–expressing human tumor cell lines,
primary patient-derived tumor samples) were incubated with 100
μL chromium-51 (51Cr) solution (1 μCi/mL; Perkin Elmer, Waltham,
MA) for 1 hour at 37◦C in a humidified 5% CO2 incubator. After
removing excess 51Cr, cells were resuspended in 10 mL of RPMI-
1640 glutaMAX media (Life Technologies) with 10% (v/v) FBS
(Omega Scientific, Tarzana, CA) to a final concentration of 2 × 105

cells per mL. Cells (50 μL) were combined with 50 μL of Ab pre-
pared in RPMI-1640 glutaMAX media (Life Technologies) with
10% (v/v) FBS at test concentrations (5 μg/mL) (Figure 1C,E) or
serial dilutions (10−6 μg/mL to 10 μg/mL) of this Ab preparation, as
indicated in Figure 2D. Effector NK cells were isolated from donor
920 DONG et al
PBMC with a human NK-cell enrichment kit (Stemcell Technolo-
gies, Inc, Vancouver, BC, Canada) and resuspended in RPMI-1640
glutaMAX media (Life Technologies) with 10% (v/v) FBS to the
appropriate effector-to-target (E:T) concentrations. Effector cells
(50 μL) were added to the appropriate experimental groups. Cells
were mixed well and maintained for either 6 hours or overnight, at
37◦C in a humidified 5% CO2 incubator. At the end of the incu-
bation period, 51Cr released into the supernatant was analyzed by
sampling clarified supernatant and detecting radioactivity with a
gamma counter (Wallac Wizard 1470 Automatic Gamma Counter,
Perkin Elmer). Percent lysis was calculated using the equation: lysis
(%) = −

CPM−SR
MR−SR × 100% | SR: CPM of spontaneous release; MR:

CPM of maximum release. For comparison of H90-5 and H90-AF
the target cells were of human B-lymphoblast cell line RL with
engineered NK-92MI-CD16a effector cells (provided by Escugen
Biotechnology). The target cells were suspended in RPMI-1640
(Thermo Fisher, Waltham, MA) with 5% (v/v) FBS to a density of
2 × 105 cells per mL. Effector cells were suspended in the same
medium to 1 × 106 cells per mL. The target and effector cell
suspensions (50 μL each) were mixed in the wells of a 96-U cell
culture plate. H90-5, H90-AF, and rituximab were prepared with
the cell culture medium at 1 μg/mL, and with 10-fold serial dilutions.
An irrelevant IgG1 isotype control (Escugen, Shanghai, China) was
also prepared in parallel as a negative-control reagent. Ab dilutions
(100 μL) were mixed with the cells and incubated in 96-well plates
for 4 hours at 37◦C in a humidified 5% CO2 incubator. Superna-
tants were collected and lactate dehydrogenase release was
measured using the CytoTox 96 nonradioactive cytotoxicity assay
kit (Promega, Madison, WI) with a 96-well plate reader. Percent
cytotoxicity was calculated using to the equation: % cytotoxicity
(%) = (experimental release – effector cell spontaneous release −

target spontaneous release) / (target maximum release − target
spontaneous release) × 100%.

Antibody glycan profile analysis

N-linked oligosaccharides were cleaved off from the Ab with
N-glycosidase. The oligosaccharide component was analyzed using
HILIC, coupled with mass spectrometry. Abs H90-5 or H90-AF
(200 μg each) were dissolved in 180 μL of 50 mM phosphate
buffer, and 20 μL of 10× denaturing buffer (New England Biolabs,
Woburn, MA). The Abs were denatured by heating at 100◦C for
10 minutes. N-linked oligosaccharides were cleaved by N-glycosi-
dase F by adding 40 μL of 10% NP-40 and 1 μL of PNGaseF
(New England Biolabs), followed by incubation at 37◦C for ~16 to
24 hours. The cleavage reaction was stopped with 500 μL of pre-
cooled ethanol and subsequent freezing at −80◦C for 30 minutes.
The aqueous layer of 500 μL was collected by centrifugation for
13 000 rpm for 10 minutes, followed by centrifugal evaporation. The
products were dissolved in 10 μL of water with 10 μL of the labeling
reagent solution (50 mg, 2-aminobenzamide; 60 mg sodium cya-
notrihydridoborate in 300 μL of glacial acetic acid; and 700 μL
dimethyl sulfoxide) at 65◦C for 2.5 hours. The sample wasmixedwith
80 μL of 70% acetonitrile (ACN) at room temperature until all sedi-
mentwas dissolved. The aqueous layer was collected for analysis using
HILIC. HILIC–ultra-performance liquid chromatography (UPLC) anal-
ysis was performed on a Waters ACQUITY UPLC H-Class system
equipped with a fluorescence detector (λex = 330nm; λem = 420nm)
using a glycan BEH amide column (2.1 × 150 mm, 1.7 μm; Waters
Corporation, Milford, MA) and gradient elution (phase A, 50 mM
28 MARCH 2023 • VOLUME 7, NUMBER 6
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Figure 1. In vitro characterization of humanized anti-BAFF-R mAbs. (A) Binding affinities of 9 selected humanized Abs derived from the C90 sequence by ELISA,

as described in Methods. (B) Specificity of 2 candidates, H90-4 and H90-5, analyzed by flow cytometry staining of human B-cell malignancy lines representative of the following

diseases: Burkitt lymphoma (Raji), ALL (RS4;11), CLL (MEC-1), acute myeloid leukemia (HL-60), DLBCL (Ly 10), follicular lymphoma (RL), and MCL (JeKo-1, Z-138). (C) ADCC

assays of H90-4 and H90-4 against B-cell lines as indicated. Anti-CD20 mAb rituximab was used as a positive control. Negative controls were human IgG and NK cells

alone. Target cell lines were incubated with Abs at 5 μg/mL, and fresh NK cells at E:T ratio of 20:1 for 6 hours. Specific cytotoxicity was calculated as in Methods. Experiments

were conducted in triplicate and data were analyzed by Student t test. (D) Flow cytometry of H90-4 and H90-5 (100 ng/106 cells) on human primary tumor samples. (E.) H90-4

and H-90 to 5 ADCC assays against primary patient tumor cells. Target cells were incubated with Abs at 5 μg/mL, and fresh NK cells at E:T ratio of 20:1 for 6 hours. (F) 293T

cells were transfected with the BAFF-R wild-type or P21R/G64V variants as described in Methods. Cells were then stained with different amounts of H90-4/H90-5 with a

secondary goat antihuman APC or antihuman BAFF-R mAb (11C1) as positive controls. Unstained cells and secondary Ab (antihuman IgG-APC) served as negative controls.

Experiments were conducted in triplicate and analyzed by Student t test. Data shown are representative of 3 independent experiments. Ctrl, control.
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ammonium, pH 4.40; phase B, 100% ACN). The sample was eluted
with the following gradient: 0 to 5 minutes, 22% phase A at a flow rate
of 0.5 mL/min; 5-33 minutes, 22%-40% phase A at a flow rate of
0.5mL/min; 34-39minutes, 80%phaseAat a flow rate of 0.25mL/min;
column requilibration, 41-50 minutes, with 22% phase A at a flow rate
of 0.5 mL/min (column temperature maintained at 60◦C). All glycosyl-
ation peaks were identified by mass-to-charge ratios on Thermofisher
Q Exactive Orbitrap mass spectrometers (Thermo Fisher Scientific,
Waltham, MA).

Antibody mass analysis

Intact mass analysis was performed to characterize N-glycosylation
uniformity of H90-AF. Vanquish-F UPLC (Thermo Fisher Scientific)
28 MARCH 2023 • VOLUME 7, NUMBER 6
with aMabPac reversed-phase column (4 μm, 2.1 × 50mm; Thermo
Fisher Scientific) were used for separation. The column was initially
equilibrated in 80% phase A (0.1% formic acid in water) and 20%
phase B (0.1% formic acid in ACN) at a flow rate of 0.5 mL/min with
a column temperature of 80◦C. The 5-minute gradient was pro-
grammed as follows: 0 to 0.5 minutes, 20% phase B; 0.5 to
2.5 minutes, 20%-50% phase B; 2.5-3 minutes, 50% phase B; 3 to
3.5 minutes, phase B was increased to 90% andmaintained at 90%
phase B to 4 minutes; and finally, 4 to 5 minutes, 20% phase B
(column reequilibration). The Q Exactive Plus Quadrupole-Orbitrap
mass spectrometer (Thermo Fisher Scientific) was used for mass
detection in positive mode, with spray voltage set to 3.8 kV and
nitrogen as drying gas at a flowrate of 3.5 L/min at 300◦C. Data were
HUMANIZED BAFF-R MONOCLONAL ANTIBODY FOR LYMPHOMA 923
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acquired in the mass-to-charge ratio range of 800 to 4000 and
analyzed using BiopharmaFinder software (Thermo Fisher
Scientific).

Human lymphoma and leukemia cell line xenograft

studies

In vivo studies were carried out with MCL cell line Z-138 and ALL
cell line Nalm6. Red luciferase-expressing tumor cells were
generated for in vivo imaging of tumor development by stable
transduction with lentivirus-expressing red luciferase together with
924 DONG et al
a GFP reporter (Life Technologies). GFP-positive cells were sorted
by flow cytometry and a stable luciferase-expressing lines were
expanded.

Functional in vivo studies of selectedAbswere performed inNSGmice
(Jackson Laboratory). For each experiment, each mouse was chal-
lenged with the minimum lethal dose of tumor cells (5 × 104 Z-138;
1.0 × 105 Nalm6) suspended in 300 μL PBS (day 0). Tumors were
allowed to engraft for 3 days before Ab treatments, which occurred on
days 3, 7, 11, and 15. Treatments consisted of a 300 μL IV injection
containing 15 × 106 effector human NK-92 176V cells, 1.5 × 106
28 MARCH 2023 • VOLUME 7, NUMBER 6



Table 1. Humanized C90 humanness score and binding affinity

Antibody Humanness score VH/VL KD (nM)

C90 71/65 3.0

H90-1 86/86 4.0

H90-2 86/84 3.7

H90-3 86/85 5.0

H90-4 85/86 2.6

H90-5 85/84 3.6

H90-6 85/85 3.2

H90-7 82/86 3.8

H90-8 82/84 3.1

H90-9 82/85 3.4

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/6/918/2071671/blooda_adv-2022-008560-m

ain.pdf by guest on 07 M
ay 2024
(Nalm6 xenografts), or 2.0 × 106 (Z-138 xenografts) NK cells enriched
from a healthy male donor using a NK-cell enrichment kit (Thermo
Fisher), with 300 μg treatment Ab and 5 × 104 IU interleukin 2 (IL-2)
(Prometheus Therapeutics & Diagnostics, San Diego, CA). Control
groups received the same volume of injectionwith PBSorNKcells with
IL-2. Bioluminescent imaging was performed once or twice a week for
up to 50 days. For bioluminescent imaging, mice were anesthetized
with isoflurane and administered 150 mg/kg D-luciferin (Life Technol-
ogies) via subcutaneous injection 10 minutes before imaging. In vivo
bioluminescence imaging was performed on an AmiX imaging system
(Spectral Instruments Imaging, Tucson, AZ). Survival was tracked up to
100 days after tumor challenge.

PDXs

Eight-week-old NSG mice received 25 mg/kg busulfan via intra-
peritoneal injection. After 24 hours, MCL cells from the PDX model
MCL96069 (BIRC3L548fs) were inoculated via tail vein injection
(3 × 106 MCL cells in 200 μL PBS). Three days after tumor
challenge, mice received Ab treatments, which occurred on days 3,
7, 11, and 15. Treatments consisted of a 300 μL IV injection
containing 300 μg treatment Ab (either H90-5, C90, or H90-AF),
2 × 106 NK cells enriched from a healthy donor as described
earlier, and 5 × 104 IU IL-2. Control groups received the same
volume of injection withPBS alone or NK cells with IL-2.

Peripheral blood was analyzed on weeks 3, 7, and 9 using flow
cytometry to detect CD45+/CD5+/CD19+ circulating MCL cells as
previously described.16 Samples analyzed by flow cytometry for
MCL cells, which were classified as live lymphocytes (live/CD45+),
which coexpressed CD5 and CD19 (aberrant concurrent expres-
sion of these markers is found on human MCL cells). Mice were
followed for survival, weighed every 2 to 3 days, and were eutha-
nized if weight loss exceeded 20%. Left untreated, mice suc-
cumbed to disease within 9 to 10 weeks.

Tissue cross-reactivity

A GLP tissue cross-reactivity study on a full panel of normal human
tissues was conducted at Charles River Laboratories, Frederick,
MD. The tissue cross-reactivity study of the H90-5 Ab was per-
formed with autopsy archival tissues from 3 healthy humans using
the avidin-biotin immunoperoxidase method, as described previ-
ously.17 In total, 35 human organs were examined, and the primary
Ab was H90-5 or human IgG1κ used at concentrations of 2 μg/mL
and 10 μg/mL. Positive tissue staining was verified with an anti–β2-
microglobulin Ab. Specificity for the BAFF-R protein was examined
with spot slides using recombinant human BAFF-R/TNFRSF13C
Fc chimera protein (R&D Systems) as a positive control, and
human parathyroid hormone–related protein (PTHrP)-1-34 (Sigma
Chemical) as a negative control. Mononuclear cells in the human
tonsil were selected as the ancillary control material because of the
reported expression of BAFF-R in this tissue.18 Further details are
provided in supplemental Methods.

Results

In vitro characterization of BAFF-R humanized Abs

As our goal is clinical application of this BAFF-R Ab, we elected to
humanize our original chimeric Abs7 to reduce potential immuno-
genicity. Combination of the 3 VL and 3 VH humanized variants of
28 MARCH 2023 • VOLUME 7, NUMBER 6
BAFF-R chimeric C90 mAb (C90) resulted in 9 candidates with
varying degrees of humanness (Table 1), with scores of ≥78 for VH
and ≥84 for VL, supporting adequate humanness. All 9 variants
(H90-1 through H90-9) were assessed for antigen binding, affinity,
activity, and specificity in vitro, before identifying lead candidates
for testing in mouse models.

Binding affinity was measured for each of the humanized Ab vari-
ants and compared with C90 using Biacore surface plasmon
resonance imaging. Binding affinity for all variants were similar and
essentially unchanged from C90 (Table 1). Similarly, all humanized
variants bound recombinant BAFF-R protein–coated ELISA plates
and had comparable dose response curves to the chimeric control
(Figure 1A). The only suggestive differences were observed
between Ab variants, and we elected to concentrate on H90-4 and
H90-5, which both had high affinity (low KD value) and relatively
high humanness scores (VH ≥ 78 and VL ≥ 84, respectively).

By flow cytometry analysis, H90-4 and H90-5 bound a panel of
B-lymphoma cell lines, Raji (Burkitt’s), Ly 10 (DLBCL), RL (FL),
JeKo-1 and Z-138 (both MCL), MEC-1 (CLL), and RS4;11 (ALL)
with no appreciable difference from the chimeric Ab, but did not
bind BAFF-R–negative line HL-60 (acute myeloid leukemia)
(Figure 1B).

Having previously established that the chimeric BAFF-R mAbs
exert their effector function primarily via ADCC,7 we determined
whether the humanized BAFF-R Abs induce ADCC against a
panel of B-cell lymphoma cell lines (Figure 1C). Significant killing
(P < .01), comparable with that observed with anti-CD20 mAb
rituximab was observed for H90-4 and H90-5 in Ly 10, RL, JeKo-1,
Z-138, Raji, and MEC-1. Notably, both H90-4 and H90-5 exhibited
ADCC in RS4;11 whereas rituximab did not because this cell line
lacks CD20. Having established activity against cell lines, we
determined whether these 2 humanized candidates could bind
(Figure 1D) and kill (Figure 1E) primary samples. Both H90-4 and
H90-5 were equally effective at binding and mediating ADCC
against 6 different primary samples from patients with B-cell
tumors.

In addition, approximately 6% and 0.87% of humans carry the
BAFF-R P21R (rs77874543) and G64V variant (rs547352394),
respectively,19 making them 2 of the most significant variants of
BAFF-R. We observed that H90-4 and H90-5 could bind both
HUMANIZED BAFF-R MONOCLONAL ANTIBODY FOR LYMPHOMA 925
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Figure 3 (continued) In vivo activity of humanized anti-BAFF-R mAbs. Z-138 MCL–luciferase cells (5 × 104) were injected IV into the tail veins of NSG mice on
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Table 2. Summary of cellular localization of H90-5 staining

Membrane and cytoplasmic elements • Mononuclear cells in the colon (submucosal lymphoid aggregates), lymph node (follicles), prostate (small infiltrates), small
intestine (submucosal lymphoid aggregates), spleen (white pulp), stomach (lamina propria), thymus (medulla), and tonsil (follicles)

Cytoplasmic elements • Spindle cells in the bladder, cervix, esophagus, kidney, large intestine, liver, lung, mammary gland, ovary (stromal cells), pancreas,
prostate, pituitary, small intestine, spleen, stomach, testis, ureter, and uterus (endometrial stromal cells)

• Cells/processes associated with peripheral nerves in spinal nerve roots in the spinal cord
• Intrinsic smooth myocytes in the bladder, cervix, and uterus (endometrium)
• Striated (skeletal) myocytes in periocular skeletal muscle in the eye
• Reticular cells in the lymph node and tonsil
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variants P21R and G64V, similar to wild-type BAFF-R, whereas
variant P21R was not recognized by commercial anti-BAFF-R mAb
11C1 (Figure 1F).

Generation and characterization of afucosylated

humanized Abs

Glycoengineering, reducing fucosylation in the Fc domain, which
generates greater ADCC through enhanced binding to FcgRIII
receptor on immune effector cells, has successfully generated
therapeutic Abs in clinical use.20-22 N-linked oligosaccharides were
cleaved from H90-5 as described in Methods. The resulting pro-
portions of G0 and G1 core-fucosylated chains derived from H90-5
and H90-AF are shown in Figure 2. For H90-5, the G0F proportion
accounts for about 75%, whereas the G0 portion is minor. In
contrast, for H90-AF G0 becomes the predominant component
(~75%), whereas the sum of G0F and G1F is less than 5%
(Figure 2A). Deconvoluted mass spectra for H90-AF also revealed
the extent of core glycosylated species, which correlate with the
number of glucose residues and was consistent with successful
afucosylation (Figure 2B; supplemental Table 2). Reducing fucosy-
lation resulted in greater ADCC activity as demonstrated by in vitro
ADCC assays comparing the activities of H90-5 and H90-AF with 4
human lymphoma/leukemia cell lines (Figure 2C-D). For example,
the anti-CD20 Ab rituximab (positive control) induced ADCC
against RL cells in a dose-dependent manner, with a 50% effective
dose (EC50) of 2.74 ng/mL and efficacy of ~80%. under the same
conditions, H9-5 showed only ~50% of the cell killing, with an EC50

of 14.8 ng/mL. The ADCC activity of H90-AF was greatly enhanced,
with an EC50 of 0.26 ng/mL, and efficacy at 80%, comparable with
that of rituximab. In addition, we confirmed the ability of H90-AF to
mediate ADCC against Su-DHL-6, MEC-1 RL, Mino, Ramos, Z138,
REC-1, Jeko-1, and Raji cells (supplemental Figure 1).

In vivo antitumor activity of humanized mAbs

Because there was no appreciable difference in the characteristics
of H90-4 and H90-5, we selected H90-5 to develop for in vivo
efficacy tests in mouse models. In vivo, we challenged NSG mice
with a lethal IV dose of a stable red luciferase knock-in Z-138 MCL
cell line followed by treatments with Ab (300 μg per mouse),
Figure 3 (continued) IL-2, and NK cells, as described earlier for panel D, on days 3, 7, 1

alone or PBS. (G) Flow cytometry for CD45+/CD5+/CD19+ cells representing MCL at th

groups were all euthanized before week 7 because weight loss exceeded 20%, indicated by

(1 × 105) were injected IV into the tail veins of NSG mice on day 0. Mice were treated wit

donor and 5 × 104 IU IL-2 on days 3, 7, 11, and 15. Tumor growth was monitored by biolu

chimeric BAFF-R Ab (C90), humanized BAFF-R Ab (H90-5), afucosylated H90-5 (H90-AF

measuring bioluminescence of luciferase on days 16, 22, 29 and 36 after tumor cell injec
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effector human NK cells, and IL-2, starting 3 days later (Figure 3A).
Mice that had received humanized (H90) or chimeric (C90) BAFF-
R Ab demonstrated significant retardation of tumor growth and
significantly prolonged survival, compared with either control
group, PBS or NK alone (Figure 3B-C). The humanized H90
showed similar anti-MCL tumor activity to the chimeric Ab. Simi-
larly, H90-AF treatment in vivo was associated with significant anti-
MCL activity under the same conditions (Figure 3D-F). Moreover,
compared with C90, mice treated with afucosylated H90 showed
prolonged survival. C90, H90-5, and H90-AF were also effective at
suppressing tumor growth (Figure 3G) and prolonging survival
(Figure 3H) in the MCL9606 (BIRC3L548fs) PDX model of
aggressive MCL compared with PBS or NK cells alone. We also
investigated the activity of all 3 BAFF-R Abs in the Nalm6 xenograft
model of ALL. All 3 Abs suppressed tumor growth (Figure 3I-J) and
significantly extended survival (Figure 3K), compared with the NK
cells alone control.

Tissue cross-reactivity

Next, we determined the potential cross-reactivity of H90-5 with
normal human tissues using a full panel of cryosections. H90-5
produced weak to strong staining of the positive control material
(recombinant human BAFF-R/TNFRSF13C Fc chimera UV-resin
spot slides, designated rhBAFF-R) at the 2 concentrations tested
(2 μg/mL and 10 μg/mL). H90-5 did not specifically react with the
negative control material (human hypercalcemia of malignancy
peptide, amino acid residues 1-34, UV-resin spot slides,
designated PTHrP 1-34) at either staining concentration. There
also was no staining of the assay control slides. Mononuclear cells
in the human tonsil was selected as the ancillary positive control
because of the known expression of BAFF-R in lymphoid cells,18

and, indeed, H90-5 stained the membrane and cytoplasm of
mononuclear cells observed primarily within the mantle cuffs of
follicles in the human tonsil with varying intensities at concentra-
tions ranging from 2 to 10 μg/mL (Table 2; Figure 4). The panel of
human tissues showed occasional cytoplasmic staining with H90-5,
but no tissue showed similar membrane staining with H90-5, except
for expected staining of other lymphoid tissues. Binding to cyto-
plasmic sites is generally considered of little to no toxicologic sig-
nificance because of the limited ability of Ab-based therapeutics to
1, and 15. Control groups received the same volume of injection with NK cells

e indicated times after tumor inoculation. Mice in the PBS and NK cells only control

†. (H) Kaplan-Meier survival curves for each group of mice. Nalm6 ALL-luciferase cells

h 300 μg Abs, as indicated, together with 1.5 × 106 NK cells enriched from a healthy

minescent imaging on the days indicated. (I) Tumor growth after treatment with either

), or control treatments of NK cells alone or PBS only. (J) Flux was determined by

tion. (K) Kaplan-Meier survival curves for each group of mice. **log-rank P values.
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Figure 4. Tissue specificity of BAFF-R H90-5 by

immunohistochemistry. Frozen tissue sections were stained at a

concentration of 10 μg/mL with BAFF-R H90 (top row) using various

normal human tissue sections from 3 separate donors. Anti–beta-2-

microglobulin (bottom row) was used as an internal tissue control.

Lymphoid tissues such as the tonsil (positive control) showed distinct,

strong staining within the mantle cuffs of the follicles. No nonlymphoid

frozen tissues showed cross-reactivity with BAFF-R H90-5. Representative

tissue sections are shown (original magnification ×40; except for tonsil

shown at original magnifications ×40 and ×200).
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access the cytoplasmic compartment in vivo.23 The comprehensive
list of all tissues tested is shown in supplemental Table 1.

Discussion

BAFF-R is a an appealing target for immunotherapy because it is a
B-cell lineage surface marker highly expressed by various mature
B-cell malignancies.5 We predict that the capacity of clonal B-cell
tumors to escape anti-BAFF-R therapy by downregulation of anti-
gen expression would also be limited, because BAFF-R signaling is
a driver of B-cell growth and survival via activation of NF-κB
pathways.3,18,24-28 Furthermore, increased BAFF-R expression is
correlated with disease progression in patients with B-cell lym-
phoma and pre-B ALL29-31; whereas expression is undetected on
pre–B-cells,18 making B-cell aplasia an unlikely outcome of BAFF-R–
directed therapies.

In an extensive survey of mAbs in successful clinical use, Hwang
et al documented a higher incidence of anti-Ab responses (AAR)
for chimeric mAbs than for humanized mAbs.14 Anti-Ab responses
limit the clinical utility of mAbs through a combination of rapid
elimination of the therapeutic mAb and infusion reaction toxicity. In
this report we have described the generation of a specific
humanized anti-BAFF-R mAb, which retain the in vitro and in vivo
antitumor activity profiles of a previously described chimeric BAFF-R
mAb (C90) from which it was derived.7

Nine different humanized variants were created from 3 humanized
VH and 3 humanized VL sequences and initially tested for binding
affinity to recombinant BAFF-R. Surprisingly, binding affinities of all
of these humanized BAFF-R Abs were similar, as KD values ranged
from 2.6 to 5.0 nM and were comparable with the KD of the parental
chimeric BAFF-R Ab (3.0 nM) (Table 1). We elected to focus on
H90-4 and H90-5, which both had high affinity and relatively high
humanness scores (VH ≥ 78 and VL ≥ 84, respectively).

The specificity of these humanized BAFF-R mAbs was demon-
strated by flow cytometry analysis of a variety of B-cell malignancy
cell lines, and in 6 primary samples from patients with MCL or mar-
ginal zone lymphoma (MZL) (Figure 1B). In addition, immunohisto-
chemical analysis of H90-5 against a panel of normal human tissues
showed the expected pattern of staining; membrane and cyto-
plasmic staining in mononuclear cells in several human tissues,
consistent with the reported expression of its target protein, BAFF-
R, by B cells18,32 but not in any other tissue type (Figure 4).

We showed that the humanized BAFF-R mAb H90-5 was as
effective at delaying tumor grown and prolonging survival as the
parent chimeric mAb C90 in 2 separate in vivo xenograft models of
human lymphoma and 1 model of human leukemia, including 1 MCL
PDX (Figure 3A-K). Our prior study showed that parental, chimeric
C90 BAFF-R Abs mediated antitumor effects through multiple
potential mechanisms of action, including inhibition of BAFF ligand
binding to BAFF-R on tumor cells in a dose-dependent manner.7

However, the primary mechanism of action was likely ADCC,
which suggested a strategy for further optimization. Indeed, afuco-
sylated BAFF-R Ab, H90-AF, demonstrated superior ADCC
compared with the parental humanized Ab in vitro (Figure 2C-D), and
was at least as effective in both in vivo models tested (Figure 3G-K).
Taken together, these data suggest that afucosylated H90-5 is a
suitable lead candidate for further clinical development.
930 DONG et al
To our knowledge, the only other anti-BAFF-R therapeutic mAb is
the fully human B-1239/VAY736 that has been investigated in ALL
and CLL.9-11 Similar to H90-5 and H90-AF, B-1239/VAY736 has
been shown to kill CLL primarily by ADCC.10 B-129/VAY736
demonstrated in vivo activity preclinically in the Eμ-TCL CLL model
in SCID mice in combination with ibrutinib,11 and B-129/VAY736
has entered early clinical testing, as ianalumab, in combination with
ibrutinib in CLL. Results of this phase 1b trial were recently
reported, showing favorable safety, tolerability, and preliminary
efficacy, suggesting the therapeutic potential of BAFF-R mAbs in
B-cell malignancies.13

Finally, these humanized BAFF-R immunoglobulin gene sequences
can be incorporated into emerging chimeric antigen receptor,33,34

dual chimeric antigen receptor in combination with CD19,35 and
bispecific T-cell engager platforms to generate novel therapeutic
agents with different mechanisms of action against B-cell
malignancies.
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