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Abstract

CD19 CAR-T (chimeric antigen receptor-T) cell immunotherapy achieves a remission rate of approximately 70% in recur-
rent and refractory lymphoma treatment. However, the loss or reduction of CD19 antigen on the surface of lymphoma cells
results in the escape of tumor cells from the immune killing of CD19 CAR-T cells (CAR19-T). Therefore, novel therapeutic
strategies are urgently required. In this study, an anti-CD79b/CD3 bispecific antibody (BV28-OKT3) was constructed and
combined with CAR19-T cells for B-cell lymphoma treatment. When the CD19 antigen was lost or reduced, BV28-OKT3
redirected CAR19-T cells to CD79b™ CD19~ lymphoma cells; therefore, BV28-OKT3 overcomes the escape of CD79b*
CD19™ lymphoma cells by the killing action of CAR19-T cells in vitro and in vivo. Furthermore, BV28-OKT3 triggered
the antitumor function of CAR™ T cells in the infusion product and boosted the antitumor immune response of bystander
T cells, markedly improving the cytotoxicity of CAR19-T cells to lymphoma cells in vitro and in vivo. In addition, BV28-
OKT3 elicited the cytotoxicity of donor-derived T cells toward lymphoma cells in vitro, which depended on the presence of
tumor cells. Therefore, our findings provide a new clinical treatment strategy for recurrent and refractory B-cell lymphoma
by combining CD79b/CD3 BsAb with CAR19-T cells.
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Introduction

Chimeric antigen receptor-T (CAR19-T) cells have been
approved for treating B-cell malignancy by the FDA and
have achieved a remission rate of approximately 70% in
treating recurrent and refractory lymphoma [1-5]. CAR19-
T cells have demonstrated exceptional success in the treat-
ment of B-cell malignancy; however, many factors, such
as the lack of CAR-T cell persistence [6], loss or modula-
tion of the target antigen [7], and the tumor immunosup-
pressive microenvironment in tumors, preclude long-term
remission following CAR19-T therapy [8]. In clinical prac-
tice, CD19-negative relapse is a major problem in patients
with hematologic malignancies who receive CAR19-T
cell infusion [9, 10]. Among patients with B-cell acute
lymphoblastic leukemia (B-ALL), approximately 20-30%
of relapses are attributed to the loss of CD19 on the tumor
cell surface. Autopsy sample testing revealed that the
CD19 antigen was negatively expressed in approximately
30% of the patients with recurrent B-cell NHL [11]. Pre-
vious studies have suggested that the loss or reduction of
the CD19 epitope on the surface of tumor cells is caused
by alternative splicing or obstruction of CD19 transport
to the cell membrane [12]. In addition, CAR19-T treat-
ment results in reversible antigen loss on the tumor cell
surface through trogocytosis [13], reducing CD19 density
and enabling the escape of tumor cells from CAR19-T
surveillance. Therefore, identifying new tumor targets and
developing novel strategies are imperative to overcome
resistance to CAR19-T therapy.

CD79b is a B-cell surface antigen and a component of
the B-cell receptor (BCR). Normally, CD79b specifically
combines with CD79a to form a BCR complex only during
the late stage of B cell differentiation [14]. Clinical analy-
sis of patient samples revealed that the CD79b protein was
distinctively expressed in over 90% of B-cell NHL cases
[15, 16], suggesting that CD79b is a potential target for
the clinical treatment of lymphoma. Polatuzumab vedotin,
an antibody—drug conjugate, was developed to target the
CD79b antigen and approved by the FDA in 2019. In the
clinical setting, polatuzumab vedotin combined with ben-
damustine and rituximab has been used to treat relapsed
and refractory DLBCL in patients who have undergone at
least two rounds of treatment [17]. A recent study revealed
that an anti-CD79b/CD3 bispecific antibody is a potential
treatment for B-cell malignancies [18]. However, anti-
CD79b/CD3 bispecific antibodies with a bispecific T-cell
engagers (BiTE) structure combined with CAR-T cells
have not yet been reported for lymphoma treatment.

Treatment with CD3-bispecific antibody (CD3-BsAb) is
an alternative strategy for mobilizing and boosting T cells
[19]. CD3-BsAbs have two antigen-binding domains, one
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of which binds T cells, and the other binds distinct anti-
gens on the surface of tumor cells. CD3-BsAbs link the
tumor cell antigen and the CD3e unit of the T-cell receptor
(TCR) via antibody-binding regions, thereby bypassing
major histocompatibility complex restriction and leading
to the activation of cytotoxic T cells and subsequent tumor
lysis [20]. Blinatumomab, a CD19 and CD3 bispecific
antibody, has been approved by the FDA for refractory
B-ALL treatment and provides long-term clinical response
[21]. Given the potential of CD79b as a target for anti-
body-based therapeutics, we developed an anti-CD79b/
CD3 bispecific antibody combined with CAR19-T cells
to treat B-cell lymphoma and overcome the relapse fre-
quently associated with the loss of the CD19 antigen.

Materials and methods
Cell lines and primary cells

Cell lines: Ramos was provided by Tongji Hospital (Shang-
hai, China). SU-DHL-4 and DB were purchased from Pro-
cell Life Science &Technology Co., Ltd., (Wuhan, China)
and Nalm6 was purchased from ATCC. Cells were cultured
in RPMI-1640 medium supplemented with 10% FBS (Gibco,
USA), penicillin, and streptomycin (NCM biotech, Suzhou,
China). We purchased 293 T cells from the National Col-
lection of Authenticated Cell Cultures and cultured them in
HEK?293 MaxD medium with 3% MaxFA6 and 0.3% MaxFB
(MediumBank, Shanghai, China).

Peripheral blood mononuclear cells (PBMCs): Blood
from healthy donors was collected into tubes containing
ethylenediaminetetraacetic acid. PBMCs were collected via
density gradient centrifugation using human PBMC isola-
tion buffer (Dakewe Biotech, Shenzhen, China) and then cul-
tured in CTS™ AIM V™ SFM medium (Gibco, USA) with
4% FBS and 300 Unit/mL IL2 (SL pharm, Beijing, China).
PBMCs were continuously cultured for 5-12 days after acti-
vation for 48 h with anti-human CD3 and anti-human CD28
antibodies (5 pg /mL, Sino Biological Inc, Beijing, China).

Primary lymphoma cells: Pleural fluid or ascites from
patients with DLBCL were obtained from Tongji Hospi-
tal and centrifuged at 1500 rpm for 5 min. After counting
the cell number, the cells were cultured in a complete 1640
medium, and the remaining cells were preserved in CELL-
SAVINGTM (NCM, Suzhou, China).
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Protein production

BV28-OKT3, OKT3-scFv-IgG1 Fc, and BV28-scFv-IgG1
Fc antibodies were individually expressed using the pSB-
BV28-OKT3-cMyc-His, pSB-OKT3-scfv-IgG1 Fc, and
pSB-BV28-scfv-IgG1 Fc plasmids, respectively.

Using the Lipofectamine 3000 transfection reagent (Life
Technologies, USA), 293 T cells were transfected with the
target protein expression vector, and stable expression was
achieved by selection with 2 pg/mL puromycin. The pro-
teins were purified from the culture supernatant using grav-
ity chromatography columns filled with Ni-IDA. The culture
supernatant of 293 T cells was centrifuged at 3000 rpm for
5 min. After centrifugation, the supernatant was loaded onto
a column. Finally, the column containing the bound protein
was washed with 20 and 40 mM imidazole and eluted with
200 and 500 mM imidazole. Amicon® Ultra-4 10 K cen-
trifugal filter devices (Merk, USA) were used to concentrate
and dialyze the proteins in PBS thrice.

The amino acid sequences of the three antibodies are pre-
sented in the supplementary text.

Generation of CAR-T cells

Tongji Hospital (Shanghai, China) provided plasmids con-
taining CD19-CAR, whereas those containing CD123-CAR
were preserved in the laboratory. The two plasmids were
individually cotransfected with psPAX2 (Addgene number:
#12,260) and pMD2.G (Addgene number: #12,259) into
HEK?293T cells. The viral particles were collected after 48
and 72 h.

PBMCs were collected as previously described. T cells
were transduced with the indicated viruses and 10 pg/mL
of polybrene after 48 h of stimulation with anti-human CD3
and CD28 antibodies. The ratio of CAR-positive cells was
determined by flow cytometry 48 h after transduction.

Xenograft models

Severely immunocompromised Prkdc®1i12rg®™!/Smoc
(NSG) mice (male, 6-8 weeks old) were purchased from
the Shanghai Model Organisms Center. Mice were subcuta-
neously inoculated with 1x 107 SU-DHL-4 or SU-DHL-4
CD19 KO cells in 75 pL of PBS and an equal volume of
Matrigel (356,234, BD, USA) or with 5x 10% SU-DHL-1
cells in 100 pL of PBS. When the tumor volume reached
approximately 100 mm?, 4 x 10° CD19 CAR-T with 30-40%
CAR-positive or 1x 107 T cells were incubated with 1 pg/
mL BV28-OKTS3 for 2 h in vitro and then infused via tail

injection. On the second day, 50 puL (10 pg/mL) of BV28-
OKT?3 or PBS was injected intratumorally once daily for
6 days. The tumor volume and mouse weight were measured
daily or on alternate days. At the end of the experiment, the
mice were euthanized, and the tumors were harvested and
photographed.

The tumor volume (V) was calculated as V=L x W%/2.

One-way analysis of variance (ANOVA) was used to ana-
lyze the tumor volume and body weight at the end of the
experiment.

Statistical analyses

Two-tailed unpaired t-tests were used to compare two
groups. One-way ANOVA was used to compare three or
more groups in a single condition. All values in the study
were expressed as the mean + standard deviation. Statistical
analyses were performed using Graph Prism 9. Differences
with P<0.05 (*) P<0.01(¥*) P<0.001(**%*), and ****
P <0.0001(****) were considered significant.

Results

CD79b is an appropriate target for ymphoma
treatment

The CD19 antigen expressed on the surface of tumor cells
is the most promising target for CAR-T treatment. Clini-
cally, the loss or downregulation of CD19 leads to the recur-
rence of B-cell lymphoma after CAR19-T cell treatment.
The expression of B-cell antigens on the surface of tumor
cells in patients with DLBCL was detected to identify other
surface antigens of B-cell lymphoma as potential targets for
CARI109-T cell therapy. CD79b was highly expressed in all
the patients, whereas CD19 was absent or expressed at low
levels (Figure S1A). In addition, CAR19-T treatment results
in the loss of CD19, but not CD79b, in relapsed B-cell lym-
phoma (Figure S1B). Therefore, CD79b was used as alter-
native target to construct a CD3-BsAb to overcome CD19-
negative relapse during CAR-T cell treatment.

Production of anti-CD79b/CD3 bispecific
antibody (BV28-OKT3)

BV28-OKT3 was designed as a BiTE structure [22, 23] that
fuses a second N-terminal single-chain variable fragment
(scFv) domain derived from a CD79b-specific antibody
(BV28) (patent CN104540526A) with a C-terminal scFv
domain derived from a CD3-specific antibody (OKT3).
BV28 and OKTS3 bispecific antibody was connected via a
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«Fig. 1 Production of CD79b/CD3 bispecific antibody (BV28-OKT3)
A Vector construction of BV28-OKT3; (G,S);, G,S, and (G,S),GG
are linkers; c-Myc and 6 His tag are tags. VL: variable region of the
light chain. VH: variable region of the heavy chain. B Protein struc-
ture of BV28-OKT3. Blue: c-Myc tag. Yellow: 6 His tag; C-E Flow
cytometry analysis of the binding capability of BV28-OKT3 with T
cells C, Cell lines: Ramos, DB, SU-DHL-4, and Nalm6 D, Primary
lymphoma cells isolated from patients E, Samples without staining
were indicated as blank and negative control were cells only incu-
bated with anti-6 His tag antibody; F T and SU-DHL-4 cells were co-
cultured for 2 h with or without indicated antibodies. SU-DHL-4 cells
were stained with DiD (APC), and T cells were stained with CFSE
(FITC). Double-positive cells were assessed using FCM

G,S linker to provide flexibility to the two scFv domains.
In addition, c-myc and 6-His tags were added to purify
and detect antibodies (Fig. 1A-B). The BV28-OKT3 frag-
ment was cloned into the pSB vector, and the antibody was
expressed in HEK293T cells and purified using Ni-IDA Sefi-
nose resin. The purity and identity of BV28-OKT3, with an
expected molecular weight of approximately 55 kDa, were
determined using SDS-PAGE (Figure S2A). The expression
of BV28-OKT3 was also determined using an anti-human
c-Myc antibody (Figure S2B). OKT3-scFv-IgG1 Fc and
BV28-scFv-IgG1 Fc antibodies were constructed as control
proteins and referred to as OKT3 and BV28, respectively
(Figures S3A-B).

BV28-OKT3 modulates the cytotoxicity of T
cells

To verify whether BV28-OKT3 could bind to the CD79b
and CD3 antigens, we first evaluated the combination of
BV28-OKT3 with the CD3 antigen. PBMCs were isolated
from healthy donors and stimulated with anti-human CD3
and anti-human CD28 antibodies for 48 h, with the purity
of T cells over 95% (Figure S4A). Flow cytometry analysis
demonstrated that BV28-OKT?3 strongly bound to the CD3
antigen on the T cell surface (Fig. 1C). We then evaluated
the combination of BV28-OKT3 and CD79b antigens in
lymphoma cell lines such as Ramos, SU-DHL-4, and DB,
which highly express CD79b and CD19 (Figure S4B). Flow
cytometry analysis revealed that BV28-OKT3 was strongly
associated with Ramos, SU-DHL-4, and DB cells but not
with Nalm6, a B-ALL cell line that positively expresses
CD19 and does not express CD79b (Fig. 1D; Figure S4B).
Moreover, the binding efficiency of BV28-OKT3 to CD79b
was confirmed in samples from patients with lymphoma
(Fig. 1E). The ability of OKT3 and BV28 to bind to their
target proteins was also verified (Figures S4C-D).

To further determine whether BV28-OKT3 could simul-
taneously bind to lymphoma cells and T cells, SU-DHL-4
and T cells were stained with DiD and CFSE, respectively,
and co-cultured with BV28-OKT3, OKT3, or BV28. If

BV28-OKT3 facilitates the combination of lymphoma and
T cells, then a population of DiD and CFSE double-positive
cells can be detected by flow cytometry. The proportion of
double-positive cells was approximately 50% in the presence
of BV28-OKT3, whereas only 4% of double-positive cells
were detected in the presence of BV28 or OKT3 antibodies
(Fig. 1F). These results suggest that BV28-OKT3 success-
fully connects T cells to lymphoma cells.

The cytotoxicity of T cells mediated by BV28-OKT3
was proved. T cells were isolated from healthy donors and
incubated with Ramos and SU-DHL-4 cells in the presence
of BV28-OKT3, BV28, or OKT3 for 24 h. The cytotoxic-
ity of T cells to lymphoma cells was measured by LDH
detection kit (Fig. 2A, B). The results revealed that BV28-
OKT?3 prompted donor-derived T cells to kill SU-DHL-4
and Ramos cells, with a specific lysis ratio of 45% to 70%.
However, treatment with a high concentration of BV28-
OKT3 (10 pg/mL) alone did not affect the viability of the
lymphoma cells (Figure S4E). Moreover, the anti-CD3 anti-
body OKT3 slightly enhanced the killing capability of T
cells toward SU-DHL-4, indicating that OKT3 mildly acti-
vated T cells. Furthermore, the T cell-mediated lysis of lym-
phoma cells depended on the dose of BV28-OKT3 and the
number of T cells (Fig. 2C, D). In addition, BV28-OKT3 did
not stimulate T-cells against Nalm6, which does not express
CD79b, suggesting that BV28-OKT?3 possesses specificity
and safety in vitro and in vivo.

Donor-derived T-cells were injected into mice with
lymphoma treated with or without BV28-OKT?3 (Fig. 3A).
BV28-OKT3 markedly improved the antitumor activity
of donor-derived T-cells and compromised tumor growth
in vivo (Fig. 3B, C, D). In contrast, donor-derived T-cell
treatment or BV28-OKT3 alone did not affect the growth
of tumor neoplasms compared with the control (Fig. 3E,
F). In addition, BV28-OKT?3 resulted in the local expan-
sion of T cells within the tumor tissues (Fig. 3G), indicating
that BV28-OKT3 enhanced the cytotoxic killing of donor-
derived T cells by recruiting these cells into the tumor.
Therefore, the function of this bispecific antibody in modu-
lating T-cell cytotoxicity was verified.

BV28-OKT3 overcomes CD19 antigen escape
of tumor cells from the killing of CAR19-T
cells in vitro and in vivo

Loss or low expression of the CD19 antigen mainly con-
tributes to the escape of tumor cells from CAR19-T ther-
apy [24]. To determine whether BV28-OKT3 can redi-
rect CD79b™ CD19~ lymphoma cells to CAR19-T cells,
a second-generation CAR19-T cell was established using
4-1BB as a co-stimulatory molecule. CAR19 comprises an
extracellular FMC63 scFv, a transmembrane region, and a
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Fig.2 BV28-OKT3 induces the cytotoxicity of T cells to lymphoma
cells in vitro A, B Cytotoxicity of T cells from different donors
in SU-DHL-4 A and Ramos cells B T cells and lymphoma cells
(E:T=1:1) were incubated with 1 pg/mL antibodies for 24 h, and the
specific lysis ratio of the cells was detected using an LDH detection
kit; C Lymphoma cell lines were co-cultured with T cells at an E:T

cytoplasmic region of human 4-1BB and CD3( (Fig. 4A).
T cells were isolated from the PBMCs of healthy donors,
stimulated for 48 h, and then infected with CAR19 lentivi-
rus (Fig. 4B). CAR expression was detected using an anti-
FMC63 antibody, and the percentage of CAR-positive cells
was approximately 80% (Fig. 4C). Flow cytometry and cell
killing analyses indicated that CAR-T cells were activated

@ Springer

ET 1.5 1:3 1:1 3:1 5:1

ratio of 1:1 in the presence of the indicated concentrations of BV28-
OKT3 for 24 h. The specific lysis ratio was determined using an LDH
detection kit; D CFSE-labeled lymphoma cell lines were co-cultured
with T cells in the presence of 50 ng/mL BV28-OKT3 for 24 h at
the indicated E:T ratios. The percentage of lysed cells was quantified
using FCM

by Nalm6, which expressed CD19, but not by Jurkat cells,
which did not express CD19 (Figure S5).

CD19-negative (CD19-KO) SU-DHL-4 cells were
established using CRISPR/CAS9. The expression of CD19
was reduced, whereas that of CD79b remained unchanged
(Figure S6A). These cells were co-cultured with CAR19-T
cells in the presence of BV28-OKT3, OKT3, or BV28. The
results revealed that BV28-OKT3 promoted the reconnection
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Fig.3 BV28-OKT3 induces the cytotoxicity of T cells to lymphoma
cells in vivo A Schematic representation depicts the xenograft mouse
model. NSG mice were subcutaneously injected with 1x107 SU-
DHL-4 cells. When tumors reached a volume of approximately 100
mm?, mice were randomized into three groups and received differ-
ent treatments: Control group (n=5), T group (n=5), T+BV28-
OKT3 group (n=6); B Tumor growth curves of all mice are shown
(means +£SD). One-way ANOVA was used for analysis at D7. *,
P<0.05; ** P<0.01, *** P<0.001; C Weight change curves of
all mice (means +SD); One-way ANOVA was used at D6; D Images
of the tumors harvested from the mice at the end of the experiment,
where red x indicates the disappearance of the tumor; E-F NSG mice

‘ ' ‘ BV28-OKT3

T
+ BV28-OKT3

were subcutaneously injected with 1x 107 SU-DHL-4 cells. When
tumors reached a volume of 100 mm?, mice were randomized into the
following treatment groups: Control group (n=4), mice were injected
with PBS intravenously at DO, and 50 pL PBS intratumorally every
day at D1-D6; BV28-OKT3 group (n=4), mice were injected with
1 pg /mL BV28-OKT3 DO, and 50 pL 10 pg /mL BV28-OKT3 intra-
tumorally every day at D1-D6; Tumor growth curves of all mice are
shown (means+SD). One-way ANOVA was used for analysis on
D13 E; Images of the tumors harvested from the mice at the end of
the experiment F; G Representative tumor images obtained by confo-
cal microscopy were shown. Blue indicates Dapi, and green indicates
CD3
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Fig.4 BV28-OKT3 overcomes CD19 antigen escape of tumor cells
from killing of CAR19-T cells in vitro A Structure of CAR19; B
Schema of generation of CAR19-T cells; C The expression levels
of CAR and CD3 were analyzed by flow cytometry. UTD indicates
untransduced T cells; D CAR-T and CD19-KO SU-DHL-4 cells were
co-cultured for 2 h with or without indicated antibodies. CD19-KO
SU-DHL-4 cells were stained with DiD (APC), and CAR-T cells
were stained with CFSE (FITC). Double-positive cells were assessed

of CD19-KO SU-DHL-4 cells with CAR19-T cells com-
pared with OKT3 or BV28 cells (Fig. 4D). The results of
the cell cytotoxicity analysis demonstrated that BV28-OKT3
facilitated the killing effect of CAR19-T cells on CD19-KO
SU-DHL-4 cells (Fig. 4E), indicating that BV28-OKT?3
redirected CAR19-T cells to CD79b-positive tumor cells
with CD19 antigen loss and mediated the killing ability of
CAR19-T cells.

CD123 CAR-T cells (CAR123-T) were also generated
to treat Ramos cells that expressed CD79b, but not the
CD123 antigen, to further mimic the loss or downregula-
tion of the CD19 antigen after CAR19-T treatment. The
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using FCM; E T cells or CAR19-T cells were co-cultured with CFSE-
labeled CD19-KO SU-DHL-4 cells at E:T as 1:1 for 24 h with or
without 50 ng/mL BV28-OKT3. The percentage of specific cell lysis
ratio was quantitated by FCM; F T cells or CAR123-T cells were
co-cultured with Ramos cells at E:T as 1:1 for 24 h with or without
50 ng/mLBV28-OKT3. LDH detection kit was used to analyze the
specific lysis ratio of Ramos

structure of CAR123 is similar to that of CAR19 and
comprises an extracellular scFv anti-CD123 antibody, a
transmembrane region, and a cytoplasmic region of human
4-1BB, CD3(, and GFP moieties (Figure S6B). CAR
expression was determined by measuring GFP expres-
sion levels (Figure S6C). The cytotoxicity analysis con-
firmed that BV28-OKT3 dramatically enhanced the killing
capability of CAR123-T in Ramos cells (Fig. 4F). These
findings thus suggest that BV28-OKT3 contributes to the
cytotoxicity of CAR123-T cells by combining CAR-T cells
with CD79b-positive tumor cells despite the absence of
the CD123 antigen on the surface of tumor cells.
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To evaluate whether BV28-OKT3 cells overcome the
escape of immunotherapy due to the loss of CD19 antigen
in vivo, CD19-KO SU-DHL-4 cells were subcutaneously
injected into NOD-Prkdc*“I12rg°™!/Smoc (NSG) mice
to establish a tumor xenograft mouse model with CD19
antigen loss (Fig. 5A). After incubation with BV28-OKT?3
for 2 h in vitro, CAR19-T cells were injected via the tail
vein, and BV28-OKT3 was intratumorally administered
to circumvent the barriers of the tumor microenvironment
from day 1. The results revealed that treatment with BV28-
OKT3 or CARI19-T alone did not affect the growth of tumor
neoplasms, whereas BV28-OKT3 notably reactivated the
antitumor function of CAR19-T cells and retarded tumor
growth in vivo (Fig. 5B—F). Furthermore, BV28-OKT?3
treatment resulted in an increase in T cells within tumor
tissues (Fig. 5G). CAR-T cells from another donor also sug-
gested that BV28-OKT3 recruited CAR19-T cells into the
tumor and modulated the cytotoxic killing of CAR19-T cells
on lymphoma cells with CD19 antigen loss in vivo, but not
OKTS3 (Figure S7). In addition, BV28-OKT3 did not medi-
ate CAR19-T cells to kill SU-DHL-1 in vivo, which do not
express CD79b (Figure S8).

BV28-OKT3 promotes antitumor effects
of bystander T cells in vitro and in vivo

Bystander T cells do not recognize tumor-specific antigens
in tumor tissues [25, 26]. The proportion of CAR-positive
(CAR™Y) T cells is between 30 and 50% during CAR19-T
cell production in vitro due to the heterogeneity of T cells
in patients [27], indicating that CAR-negative (CAR™) T
cells (a type of bystander T cell) occupy 50-70% of infused
CAR-T cells. Thus, it remains unknown whether BV28-
OKT3 activates CAR™ T cells. To evaluate this, the mul-
tiplicity of lentiviral infection was decreased, and the ratio
of CAR™ cells was adjusted to approximately 50% (Figure
S9A). Lymphoma cells were then co-cultured with CAR19-
T cells in the presence of BV28-OKT3 cells, and the cell
lysis ratio of the lymphoma cells was determined. BV28-
OKT3 and CARI19-T cells exhibited synergistic cytotoxicity
toward lymphoma cells, including Ramos, SU-DHL-4, and
DB (Fig. 6A). The activation status of CAR™ T cells after
co-culturing with tumor cells was determined to gain fur-
ther insight into whether the cytotoxicity of CAR-T cells
enhanced by BV28-OKT3 partially contributed to the activ-
ity of CAR™ T cells. BV28-OKT3 remarkably increased
CD25 and CD69 expression in CAR™ T cells and promoted
the secretion of IL2, IFNy, and TNFa of CAR™ T cells
(Fig. 6B-E; Figure S10). In addition, BV28-OKT3 did not
promote the exhaustion of CAR™ T cells by staining the
T-cell exhausted marker, Tim3 (Figure S11).

Next, we investigated whether BV28-OKT3 could
improve the antitumor activity of CAR-T cells against
CD19" lymphoma cells in vivo (Fig. 7A). CAR19-T cell
treatment alone suppressed the growth of tumor neoplasms
compared with the control. BV28-OKT3 enhanced the
antitumor function of CAR19-T cells and alleviated tumor
growth (Fig. 7B-D). Further, BV28-OKT3 increased the
number of CD8* T cells within tumor tissues (Fig. 7E).
These findings were confirmed with CAR-T cells from
another donor (Figure S12). These findings indicated that
BV28-OKT3 promotes the antitumor effects of bystander
CAR™ T cells in vitro and in vivo.

BV28-OKT3-mediated T cell activation
depends on the presence of tumor cells

Whether BV28-OKT3-mediated T cell activation depends
on the presence of CD79b-positive lymphoma cells was fur-
ther investigated. BV28-OKT3 induced T cell activation in
the presence of CD79b* SU-DHL-4 cells (Figure S13). In
contrast, neither CD79b* SU-DHL-4 cells nor the BV28-
OKT?3 antibody alone activated T cells. These data indicate
that T cell activation mediated by BV28-OKT3 relies on
CD79b-positive tumor cells, which may introduce a few
toxic side effects in vivo. BV28-OKT?3 did not induce the
development of CAR19-T cells in a progressively worsening
disease characterized by weight loss (Fig. 7C). In addition,
HE staining of the heart, liver, and kidneys demonstrated
that BV28-OKT3 did not influence CAR19-T cells to induce
organ lesions (Figure S14). These results reveal that BV28-
OKT3 promotes T cell activation in combination with the
CD79b antigen.

Discussion

The threshold density of the targeted antigen is vital in the
modulation of CAR-T cells and tumor synapses. Hence,
the loss or downregulation of the CD19 antigen epitope on
the lymphoma surface contributes to the immune escape of
CAR19-T cells. In addition to CAR19-T, CAR20-T, CAR22-
T, CAR19, and CAR20, bispecific CAR-T cells have also
been used in clinical trials to treat refractory/relapsed B-cell
malignancies [11, 28]. Nevertheless, CD20- and CD22-neg-
ative relapses occur during CAR T-cell treatment [29, 30].
However, CD79b antigen loss has not been reported after
clinical administration of polatuzumab vedotin, indicating
that CD79b is a potential therapeutic target for lymphoma
treatment [31, 32]. A recent study revealed that anti-CD79b
CAR-T cells could treat and prevent CD19 antigen escape
from B-cell lymphoma [33]. Here, BV28-OKT?3, which
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Fig.5 BV28-OKT3 combined with CARI9-T cells retard the pro-
gression of CD19-negative tumor cells in vivo A Schematic rep-
resentation depicts the xenograft mouse model. NSG mice were
subcutaneously injected with 1x107 CD19-KO SU-DHL-4 cells.
When tumors reached a volume of approximately 100 mm?®, mice
were randomized into three groups and received different treat-
ments, five mice per group; B Tumor growth curves of all mice are
illustrated (means+SD). One-way ANOVA was used for analy-
sis at D7. *, P<0.05; **, P<0.01; C Weight change curves of all
mice are presented (means=+SD); One-way ANOVA was used for
analysis at D6. *, P<0.05; D Images of the tumors harvested from
the mice at the end of the experiment, where red x denotes the dis-
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appearance of tumor; E-F NSG mice were subcutaneously injected
with 1x107 CD19-KO SU-DHL-4 cells. When tumors reached a
volume of approximately 100 mm?>, mice were randomized into the
following treatment groups: Control group (n=4), mice were injected
with PBS intravenously at DO, and 50 pL PBS intratumorally daily
at D1-D6; BV28-OKT3 group (n=4), mice were injected with 1 pg
/mL BV28-OKT3 DO, and 50 pL 10 pg /mL BV28-OKT3 intratu-
morally daily from D1 to D6; Tumor growth curves of all mice are
shown (means +SD). One-way ANOVA was used for analysis on D7
E; Images of the tumors harvested from the mice at the end of the
experiment F; G Representative tumor images obtained by confocal
microscopy are shown. Blue indicates Dapi, and green indicates CD3



Cancer Immunology, Immunotherapy (2023) 72:3739-3753 3749
A B
SU-DHL-4 Ramo: DB CAR- CAR*
*
kK%
* % K Kk | *okkk 1 y G ?;3 ;?3 ‘“5'?‘5 7?;
1007 o torx | # L 3.88%| 23.7% 0.15%| 71.9%
a ,] 9. (] A7 4 0. 0 97
s 80 I_ 80 - KKk I_| °
g 60 2 |+
2 o
S 40 40 9
© 20 20 o ;m o4
Bv2s-okfs =+ - + BV2B-OKT3 - + - +BV2B-OKT3 - * - _* e
CAR-T T CART T CAR-T
C CD25 cD69 CD25 CD69 ® CAR-
ns ns ILI ® CAR*
1209 = 1009 —_ 1209 e 80+ ,_ns_lﬁ 1.
2 % 804 1 — = ! L 2
© 8 8 60
r 80 = 604  80- -
o T © ‘o 404
3 G 401 3 S
O 404 e 2 40- s
b 40 G 5 40 ‘G 20-
2 < 201 ﬁ " M rLl
0 T T 0 L T T T 0 i T
Ctrl BV28-OKT3 Ctrl BV28-OKT3 Ctrl BV28-OKT3 Ctrl BV28-OKT3
- +
N IL2 IFNy NEa ® CAR-CD4* T
ns ns ns ® CAR*CDA*T
1
400+ le PElL 6000 [ 1
T 1 400+ 5.0536 1 ns *k ek
7 300 T
c — 300 i i
s E S 4000
o ° [}
= 2004 > 200 2
g 5 ©
[0} ° © 20004
& 100- © 100 @
0 I I 0 LN I 0 m LI I
Ctrl BV28-OKT3 Ctrl BV28-OKT3 Ctrl BV28-OKT3
E IL2 IFNy TNFa ® CARCD8*T
- * ® CAR*CD8* T
- 1500
300 ns ns
| ok ns | 400+ Kkkk *kk
T I 1 il . I L !
* 1 —_—
— — T [
Lo [T s z300d T T < 1000-
o) = o
= [) =
= = 200 =
© 2004 = ‘@ 500
) (] o
@ ° @ 1004 ﬁ
150 T T 0 T T 0 T T
Ctrl BV28-OKT3 Cirl BV28-OKT3 Ctrl BV28-OKT3

Fig.6 BV28-OKT3 triggers CAR-negative T-cell activation A T cells
or CARI19-T cells were co-cultured with lymphoma cell lines at E:T
as 1:1 for 24 h with or without 50 ng/mL BV28-OKT3. Cell lysis
ratio was analyzed by flow cytometry; B CAR19-T cells were incu-
bated with an equal number of SU-DHL-4 for 24 h, demonstrating a
typical FCM graph of CD25 and CD69 expression on CAR* or CAR
~ T cells; C-E CAR19-T cells were incubated with an equal number

of SU-DHL-4 with or without 50 ng/mL BV28-OKTS3 for 24 h; PBS
as control. The ratio of CD69" or CD25" cells of CD4* and CD8* T
cells was assessed by flow cytometry C. Transport protein inhibition
was added 18 h after co-culturing, and the mean fluorescence inten-
sity of IL2, IFNy, and TNFa of CD4" T cells D and CD8" T cells E
was assessed by flow cytometry after 6 h
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Fig.7 BV28-OKT3 enhances the antitumor function of CARI19-
T cells in vivo A Schematic representation depicts the xenograft
mouse model. NSG mice were subcutaneously injected with 1x 107
SU-DHL-4 cells. When tumors reached a volume of approximately
100 mm?, mice were randomized into three groups and received
different treatments: Control group (n=4), CAR-T group (n=4),
CAR-T+BV28-OKT3 group (n=4); B Tumor growth curves of

redirects CD79b* CD19~ lymphoma cells to CAR19-T cells,
was developed based on the aforementioned findings.

Several studies have indicated that CAR-T cells secreting
BiTEs locally have superior antitumor function than CAR-T
cells alone in glioblastoma treatment, and also prevent the
immune escape of CAR-T cells and recruit bystander T cells
[34, 35]. This type of CAR-T therapy provided a more con-
venient method for clinical application and showed lower
toxicity or side effects. However, the combination of BiTEs
and CARI19-T cells is more flexible and the dose and usage
frequency of BiTEs can be controlled. Furthermore, with the
exhaustion of autocrine CAR-T cells, the amount of secreted
BiTEs will decrease, while the BiTEs combined with CAR-T
therapy can effectively achieve the working concentrations
through exogenous supplementation.

After a single infusion, dual-targeting CAR-T therapies,
such as anti-CD19 and CD22 CARs, have achieved excellent
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all mice are presented (means+SD). One-way ANOVA was used
for analysis at D10. *, P<0.05; **, P<0.01, **** P<0.0001; C
Weight change curves of all mice are shown (means +SD); One-way
ANOVA was used for analysis at D10; D Images of the tumors har-
vested from the mice at the end of the experiment; E Representative
tumor images obtained by confocal microscopy are shown. Blue indi-
cates Dapi, and red indicates CD8

clinical outcomes [36]. In addition, the production of dual-
targeting CAR-T cells is relatively simple, using bicistronic
vectors to encode both CARs and tandem CAR. However,
the persistence of CAR-T cells limits the efficiency of dual-
target CAR-T therapy [37]. In our study, the bispecific anti-
bodies in combination therapy can be supplied exogenously
at any time and can mobilize the endogenous T cells, which
have more powerful functions than the exhausted CAR-T
cells. Furthermore, combination therapy offers better flex-
ibility in application. For example, based on the tumor anti-
gen expression of patients, the bispecific antibodies can be
combined with different CAR-T therapies instead of produc-
ing new dual-targeting CAR-T cells.

The construction of CD3-BsAbs involves various struc-
tural options [19], such as BiTEs, Diabody, knobs-in-
holes, and Triomab. BiTEs comprise two different scFvs,
enabling close interaction between T cells and tumor cells
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because of their small size and high flexibility [22]. In
addition, BiTEs have low immunogenicity because of their
simple structures. From a clinical study, blinatumomab,
constructed with a BiTE structure, prolonged the reten-
tion time of T cells in the bone marrow, liver, and spleen,
allowing T cells to exert long-term antitumor effects [38].
BV28-OKT3, with a BiTE structure, was designed in this
study, and multiple-dose administration of BV28-OKT?3
preserved the antitumor function of CAR19-T cells con-
tinuously in vivo.

The recognition of tumor antigens by recombining TCRs
on the surface of T cells drives immune-mediated tumor
killing. However, T cells that specifically recognize tumor
antigens are only a small fraction of tumor-infiltrating lym-
phocytes (TILs), while many TILs are T cells that recog-
nize tumor-unrelated antigens (bystander or target-ignorant
T cells). Reactivation of the antitumor effects of bystander T
cells could help develop new therapeutic strategies for tumor
immunotherapy. Bispecific antibodies, particularly BiTEs,
help reinvigorate bystander T cells to attack tumors by ena-
bling them to recognize target antigens via artificial recom-
binant linking molecules [39]. Our study demonstrated that
BV28-OKT3 recruited CAR" and CAR™ T cells into tumor
tissues, reactivated the antitumor function of CAR™ T cells,
and recruited and reactivated the antitumor effect of donor-
derived T cells. These findings suggest that BV28-OKT3 can
be directly used to convert bystander (or ordinary) T cells
into TILs with antitumor activity.

Tumor-associated stroma, such as fibroblasts and mes-
enchymal cells, form physical barriers in tumor tissue [40],
and they preclude the infiltration of T cells from peripheral
blood into the tumor, partially explaining why the complete
response of CAR19-T cells in the treatment of lymphoma is
lower than that in leukemia. Delivering immunotherapeu-
tic molecules such as cytokines [41], immune cells [42],
antibodies [43], and bacteria through intratumoral injection
is a compelling approach to circumvent these barriers and
is applied to a range of histological conditions and target
organs, including lymphoma. In lymphoma, evidence of
increased tumor infiltration by T cells was observed follow-
ing the intratumoral injection of cytidine-guanosine motifs
[44]. Melero et al. proposed that T-cell engagers are likely
to be tested intratumorally in the future [45]. Here, BV28-
OKT3 was intratumorally injected into the lymphoma of a
mouse model and significantly improved the antitumor func-
tion of CAR19-T cells and promoted the infiltration of CD8*
T cells into tumor tissues, thus supporting the observed
in vivo antitumor activity. Intratumoral injection of BV28-
OKT3 maintained a high local concentration and did not
provoke CAR19-T cells that cause systemic side effects such
as weight loss and organ injury.

Overall, an anti-CD79b/CD3 bispecific antibody, BV28-
OKT3, was constructed and combined with CAR19-T

therapy to treat B-cell lymphoma. We propose a promising
strategy to prevent the escape of tumor cells from CAR19-
T cells owing to the loss or downregulation of the CD19
antigen and the simultaneous activation of bystander T cells
to kill tumor cells. However, further studies are required to
confirm their clinical efficacy.
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