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Abstract 
Several CD19-targeting CAR-T cells are used to treat leukemias and lymphomas; however, relapsed and/or refractory (R/R) 
disease is still observed in a significant number of patients. Additionally, the success of CD19-CAR-T cell therapies is not 
uniform across hematological malignancies, particularly in chronic lymphocytic leukemia (CLL). In this study, we present 
the development of a novel CAR-T cell therapy targeting B-cell activating factor receptor (BAFF-R), a key regulator of B-cell 
proliferation and maturation. A new monoclonal antibody against BAFF-R was generated from a hybridoma clone and used 
to create a novel MC10029 CAR construct. Through a series of in vitro and in vivo models using the Nalm-6 cell line for 
leukemia and the Z138 cell line for lymphoma, we demonstrated the antigen-specific cytotoxicity of MC10029 CAR-T cells 
against tumor cells. Additionally, MC10029 CAR-T cells exhibited potent antitumor effects against CD19 knockout tumor 
cells, mimicking CD19-negative R/R disease. MC10029 CAR-T cells were specifically targeted to CLL, in which BAFF-R 
is nearly always expressed. The cytotoxicity of MC10029 CAR-T cells was first shown in the MEC-1 CLL cell line, before 
we turned our efforts to subject-derived samples. Using healthy donor-engineered MC10029 CAR-T cells against enriched 
primary tumor cells, followed by subject-derived MC10029 CAR-T cells against autologous tumor cells, we showed the 
efficacy of MC10029 CAR-T cells against CLL subject samples. With these robust data, we have advanced to the production 
of MC10029 CAR-T cells, using GMP lentivirus, and obtained an IND approval in preparation for a Phase 1 clinical trial.
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Abbreviations
ALL  Acute lymphocytic leukemia
BAFF-R  B-cell activating factor receptor
BCR  B-cell receptor
CAR   Chimeric antigen receptor
CLL  Chronic lymphocytic leukemia
CR  Complete remission
DLBCL  Diffuse large B-cell lymphoma
EGFR  Epidermal growth factor receptor
E:T  Effector to target cell
FL  Follicular lymphoma
GFP  Green fluorescent protein
GMP  Good manufacturing practices
IV  Intravenous
KO  Knock out
MCL  Mantle cell lymphoma
MOI  Multiplicity of infection
NHL  Non-Hodgkin lymphoma
NSG  NOD scid gamma
PBMCs  Peripheral blood mononuclear cells
PBS  Phosphate-buffered saline
scFv  Single-chain variable fragment
R/R  Relapsed and/or refractory
VSVG  Vesicular stomatitis virus G
WPRE  Woodchuck hepatitis virus post-transcriptional 

regulatory element
WT  Wild type

Introduction

The genetic engineering of T cells to express a surface 
chimeric antigen receptor (CAR) has revolutionized can-
cer therapeutics with B-cell malignancies providing an 
opportune landscape for this targeted therapy since B-cells 
possess tissue restricted antigens and B-cell aplasia can 
be medically managed. The expression of CD19 on most 
B-cell malignancies but not on hematopoietic stem cells 
positioned it as an antigen for CAR-T cell design and devel-
opment [1]. Axicabtagene ciloleucel, tisagenlecleucel, liso-
cabtagene maraleucel, and brexucabtagene autoleucel have 
been approved for the treatment of various relapsed and/or 
refractory (R/R) B-cell malignancies that had failed systemic 
therapies [2–9]. Although all target the CD19 antigen, these 
CAR-T cells differ either in costimulatory domains or by 
their manufacturing processes [2–4]. These CD19 CAR-T 
cell therapies have become effective treatment options for 
some patients with R/R B-cell lymphoma, showing complete 
tumor eradication and prolonged remission for between 40 

and  54% of patients [2–4]. Wanting higher (and more dura-
ble) remission rates, understanding these treatment failures 
remains an unmet need.

The desire to improve partial or complete remission(CR) 
rates for patients receiving CD19 CAR-T cell therapies 
applies to all B-cell malignancies; however, chronic lympho-
cytic leukemia (CLL) stands out as a particular need with 
an average CR of only 30% [10]. Although CD19 CAR-T 
cell therapy was pioneered as a therapy for CLL in 2011, 
the multiple refinements to treatment protocols in the sub-
sequent years that included changes to the lymphodepletion 
chemotherapy protocol to increasing the dose of CAR-T cells 
to adding complementary agents (e.g., immune checkpoint 
inhibitors, Bruton tyrosine kinase inhibitor) did significantly 
enhance the success of CD19 CAR-T cells in treating B-cell 
malignancies but provided only modest improvements to 
the treatment outcomes for patients with CLL [10]. Thus, 
resolving R/R disease after CD19 CAR-T cell therapy, spe-
cifically for patients with CLL, remains an unmet medical 
need.

An effective strategy for addressing R/R disease involves 
the generation of CAR-T cells that target an alternative 
B-cell antigen. We propose B-cell activating factor receptor 
(BAFF-R) as an ideal target, since it is a B-cell marker spe-
cifically involved in B lymphocyte development and mature 
B-cell survival [11, 12]. BAFF-R and BCR work together to 
produce and maintain immunocompetent B-cells along the 
various stages of normal B-cell development via pathways 
that engage ERK, Akt, and NF-ĸB [13]. The functional link-
age between BAFF-R and BCR allows for the selection and 
maturation of B-cell clones [13, 14]. BAFF-R has a highly 
restricted tissue specificity, is universally expressed in B-cell 
malignancies [12, 15], and plays a critical role in tumor sur-
vival [12, 16]. We were particularly intrigued in BAFF-R 
as a specific target antigen for CLL, due to not only the 
high expression of BAFF-R in CLL but also the localiza-
tion of BAFF-R in germinal centers where B-cell survival 
is determined [15]. Hence, we first developed and charac-
terized a novel BAFF-R targeted CAR, MC10029 CAR, 
before designed a series of in vitro, in vivo, and ex vivo 
experiments to assess the antigen-specific cytotoxicity of 
MC10029 CAR-T cells. Our experimental journey culmi-
nated in the generation of subject-derived MC10029 CAR-T 
cells that were then shown to be efficacious against autolo-
gous CLL tumor cells. These compelling data support the 
potential of MC10029 CAR-T cells as a promising treatment 
for CLL and the filing of an IND for MC10029 CAR-T cells 
for evaluation in a clinical trial.
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Materials and methods

Cell lines

The cell lines of Nalm-6, MEC-1, and Z-138 were pur-
chased from Deutsche Sammlung von Mikroorganismen 
und Zellkulturen GmbH (Braunschweig, Germany); Jurkat 
and 293FT cell lines were obtained from Thermo Fisher Sci-
entific (Waltham, Massachusetts, USA) and American Type 
Culture Collection (Manassas, Virginia, USA), respectively. 
Cells were maintained in either 90% RPMI 1640, Iscove’s 
MDM, or 90% Dulbecco's Modified Eagle Medium (Thermo 
Fisher) supplemented with 10% heat-inactivated fetal bovine 
serum (Thermo Fisher). Cell lines were authenticated by 
flow cytometry. The following antigen knock out cells lines 
were generated: BAFF-R KO Nalm-6, CD19 KO Nalm-6, 
CD19 KO Z-138, and CD19 KO MEC-1. Luciferase express-
ing human cell lines were generated for in vivo experiments, 
as previously described [16].

PBMCs and Tn/mem isolation from health donors’ 
blood samples

Peripheral blood mononuclear cells (PBMCs) from healthy 
volunteer donors were isolated via leukapheresis using leu-
kocyte reduction system (LRS) cones, by the Division of 
Transfusion Medicine, Mayo Clinic, Rochester, Minnesota, 
following current regulatory requirements and as previously 
described [17]. For the generation of CAR-T cells, naïve and 
memory T cell (Tn/mem) populations were isolated from 
PBMCs in a three-step procedure by negative selection of 
both CD14 and CD25 and positive selection of CD62L, 
using CD14, CD25, and CD62L microbeads, per the manu-
facturer protocol (Miltenyi Biotech, Germany).

Isolation of T cells and B‑cells from blood samples 
from subject with CLL

Peripheral blood samples from subjects with CLL were 
procured per a biorepository protocol approved by the 
Institutional Review Board (IRB) of Mayo Clinic, Florida 
(20–010888) and followed the ethical principles of the Dec-
laration of Helsinki. All subjects provided written informed 
consent. For primary cell analysis, 50 ml of blood was col-
lected from subjects with a diagnosis of CLL. For CAR-T 
cell generation from CLL subjects, the T cells were isolated 
using the Pan T cell isolation kit (Miltenyi Biotec, Ger-
many), following the instructions provided. The B-cells were 
isolated using the EasySep™ Direct Human B-cell Isolation 
Kit (Stemcell Technologies, Vancouver, Canada), per the 
manufacturer protocol.

CAR‑T cell production

A second-generation BAFF-R-CAR was designed as 
described in the results. The CAR cDNA was cloned into 
a pHIV.7 lentiviral vector. CD19-CAR was generated 
similarly, replacing BAFF-R antibody single-chain vari-
able fragment (scFv) with CD19 antibody scFv that was 
derived from a clinically tested and previously reported 
CD19-CAR [16]. Lentiviruses were produced in 293FT 
cells, concentrated, and titered with Jurkat cells. Tn/mem 
or subject T cells were isolated and activated with Human 
T-Activator CD3/CD28 beads (Life Technologies) for 
24 h, followed by transduction with lentivirus encoding 
CAR at a multiplicity of infection (MOI) = 1. We used 
protamine sulfate as a transduction enhancer for lentivirus 
transduction to generate CAR-T cells. The optimal MOI 
was determined after testing the MOI range from 0.1 to 
10 to maximize the CAR-T cell potency while minimiz-
ing residual lentivirus effect (WPRE and VSVG) in the 
CAR-T cells. The CAR-T cells were further activated with 
CD3/CD28 bead stimulation for seven days after which the 
beads are removed, and the CAR-T cells were expanded 
for an additional seven days. Non-CAR-T cells are non-
transduced T cells from the same donor, expanded follow-
ing the CAR-T cell protocol, and used as a control.

In vitro functional assays

Degranulation assay [16]

CAR-T cells were incubated with target cells at an effector-
to-target (E:T) ratio of 2:1 in complete RPMI 1640 medium 
containing GolgiStop™ Protein Transport Inhibitor Rea-
gent (BD Bioscience) and CD107a APC antibody (BD Bio-
sciences) for 6 h. The cells were subsequently stained with 
anti-CD3 BV605 (BD Biosciences), anti-CD4 PE-Cy7 (BD 
Biosciences), anti-CD8 APC-Cy7 (BD Biosciences), and 
anti-EGFR BV421(BD Biosciences). Samples were evalu-
ated on the Attune flow cytometer (Thermo Fisher Scien-
tific) or the Fortessa flow cytometer (BD Biosciences); data 
were analyzed using FlowJo™ Version 10 software. Non-
CAR T cells from the same patient were used as negative 
controls.

Granule release assay

CAR-T cells and target cells were co-incubated for 72 h at 
an E:T ratio of 4:1; the supernatant was collected after 72 h; 
and analytes were quantified using a customized U-PLEX 
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Human ELISA kit from Meso Scale Diagnostics, following 
the manufacturer's instructions (Rockville, MD, USA).

Direct killing assay

To evaluate the cytolytic function of CAR-T cells on tumor 
cells, CAR-T cells were co-incubated with GFP-positive tar-
get cells at an E:T ratio of 20:1 for 24 h. Live dye staining 
with Sytox Blue (Thermo Fisher) identified the percentage 
of live GFP-positive tumor cells; the samples were run on 
the Attune flow cytometer.

In vivo modeling

NOD scid gamma (NSG) mouse breeding pairs were pur-
chased from The Jackson Laboratory (stock no. 005557) to 
establish a breeding colony that was monitored in a patho-
gen-free animal facility at the Animal Resource Center at 
Mayo Clinic Florida, per institutional guidelines. Animal 
studies were approved by and in accordance with guide-
lines of the Institutional Animal Care and Use Commit-
tee (IACUC: 15020; protocol number A00005759). Mice 
(8–12 weeks old) received an intravenous (IV) challenge 
with a luciferase-expressing human tumor cell line (opti-
mized in a separate experiment), randomized into test 
groups (5 mice per group), and treated with a single IV treat-
ment dose, typically with non-CAR-T cell group receiving 
10 ×  106 cells total T cells and CAR-T cell groups receiv-
ing 2 ×  106 cells CAR-T cells out of 10 ×  106 total T cells. 
(Concentration is also specified in figure legends.) [16] The 
tumor burden was quantified weekly by bioluminescent sig-
nal intensity on isoflurane-anesthetized mice that received a 
subcutaneous injection of D-luciferin (150 μg luciferin/1 g 
mouse body weight) 10 min prior to IVIS® imaging (Perki-
nElmer, Waltham, MA). Survival data were presented and 
reported in Kaplan–Meier plots.

Statistical analysis

All statistical analyses were performed with GraphPad Prism 
software (San Diego, CA). Data are reported as means ± SD 
and analyzed by a student’s t test. Unpaired t test compari-
sons were performed with granule protein release data, and 
a log rank test was performed for the animal studies. Typical 
comparisons were between non-CAR T cells and antigen-
specific CAR-T cells, with the following convention: * for 
p < 0.05; ** for p < 0.01; *** for p < 0.001.

Results

Generation of novel anti‑BAFF‑R MC10029 CAR 

The MD Anderson Cancer Center Monoclonal Antibody 
Core Facility was contracted to generate an anti-BAFF-
R monoclonal antibody (mAb) using BAFF-R expressing 
NIH/3T3 cells as the immunogen. (Supplementary Fig. 1a) 
Screening of candidate hybridoma clones against BAFF-R 
expressing 293FT cells was performed for identifying the 
lead antibody-producing clone. (Supplementary Fig. 1b) 
Remarkably, hybridoma clone 21 (C21) supernatants exhib-
ited dose-dependent and antigen-specific binding patterns. 
(Supplementary Fig. 1c and 1d) This antigen-specific bind-
ing was further confirmed on the antibody purified from 
C21 hybridoma supernatant. (Supplementary Fig. 1e) Fol-
lowing confirmation of the lead hybridoma clone, the cDNA 
sequences of the heavy and light chain variable regions of 
the C21 mAb were identified for constructing the MC10029 
CAR.

We generated a second generation BAFF-R CAR 
(MC10029 CAR) using a clinically approved lentiviral vec-
tor [18]. The construct includes the scFv of our new BAFF-R 
antibody with the following elements in tandem: IgG4 hinge, 
CD28 transmembrane domain, CD28 costimulatory domain, 
CD3ζ, and tEGFR. (Supplementary Fig. 2a) Our selection of 
the CD28 costimulatory domain was empirically determined 
by comparing the antigen-specific cytotoxicity of BAFF-R 
CAR constructs containing either CD28 or 4–1 BB (Sup-
plementary Fig. 3a–c). Research grade MC10029 CAR-T 
cells were reproducibly generated with the specific require-
ments of cell quality, CAR-T cell specific characterization, 
and CAR-T cell fold expansion (Supplementary Fig. 2b–e) 
to ensure the quality of our experimental CAR-T cells.

MC10029 CAR‑T cells exhibit antigen‑specific 
cytotoxicity against acute lymphocytic leukemia 
(ALL) in both in vitro and in vivo models

The surface expression of BAFF-R has been extensively 
documented across various types of B-cell malignancies [11, 
19–21]. We confirmed BAFF-R expression in the cell lines 
that we used to characterize MC10029 CAR-T cell function 
(Supplementary Fig. 4a). After confirming BAFF-R expres-
sion on Nalm-6, an ALL cell line, we show the antigen-spe-
cific cytotoxic properties of MC10029 CAR-T cells against 
wild-type (WT) Nalm-6 but not BAFF-R KO Nalm-6 cells; 
the CD107a degranulation assay was either gated on CD4 
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or CD8 to highlight the activity of these specific MC10029 
CAR-T cell populations (Fig. 1a, Supplementary Fig. 7a; 
Fig. 1b, and Supplementary Fig. 7b). Granzyme B release 
was only observed when MC10029 CAR-T cells were incu-
bated with WT Nalm-6 (Fig. 1c). Cytolysis, as determined 
with the loss of target cells engineered to express green fluo-
rescent protein (GFP), was observed when MC10029 CAR-T 
cells were incubated with the GFP-labeled, WT Nalm-6, but 
not BAFF-R KO Nalm-6 cells, again confirming antigen-
specific cytotoxicity (Fig. 1d).

The therapeutic efficacy of MC10029 CAR-T cells was 
assessed in NSG mice that were challenged with Nalm-6 
tumor cells. Tumor changes were temporally monitored by 
bioluminescence imaging (Fig. 1e), and long-term survival 
was monitored to generate a Kaplan–Meier plot (Fig. 1f). 
Tumor growth and death were noted in the PBS treated 
mice within 42 days; the non-CAR-T cell treated group 

also showed advanced tumor progression. The MC10029 
CAR-T cell treated mice displayed a considerable decrease 
in Nalm-6 tumor presence and a statistically significant sur-
vival rate to 120 days.

MC10029 CAR‑T cells remained effective in models 
of CD19 antigen loss

We generated a Nalm-6-based model deficient in CD19 to 
mimic antigen-escape disease. We showed that MC10029 
CAR-T cells retain antigen-specific cytotoxic function 
against the CD19 KO Nalm-6 cell line, while only back-
ground activity was observed for non-CAR-T cells and 
CD19 CAR-T cells (Fig. 2a and Supplementary Fig. 7c). 
The robust MC10029 CAR-T cell activity against CD19-
deficient tumor cells was confirmed by measuring granzyme 
B (Fig. 2b). The antitumor activity of MC10029 CAR-T cells 
against CD19-deficient tumors was consistently replicated in 
two additional CD19-deficient B-cell tumor models, namely 
CD19 KO Z-138 and CD19 KO MEC-1, which we generated 
(Supplementary Fig. 4b–f). This confirmation further sup-
ports our initial observation made in the CD19 KO Nalm-6 
model. We next examined NSG mice that were challenged 
with CD19 KO Nalm-6 tumor cells followed by one of four 
therapies: PBS, Non-CAR-T cells, MC10029 CAR-T cells, 
or CD19 CAR-T cells. Bioluminescence imaging showed 
tumor progression (Fig. 2c), and a Kaplan–Meier curve plot-
ted survival (Fig. 2d). The control groups of PBS and Non-
CAR-T cells were euthanized around 60 days due to exces-
sive tumor burden; 80% of the mice in the CD19 CAR-T 
cell treatment group showed similar tumor burden as the 
controls with one mouse surviving to the termination of the 
84 day experiment. The MC10029 CAR-T cell treatment 
group displayed a considerable decrease in tumor presence 
and a statistically significant survival.

MC10029 CAR‑T cells show antigen‑specific 
cytotoxicity of against lymphoma in both in vitro 
and in vivo models

Z-138 is a non-Hodgkin lymphoma (NHL) cell line that 
expresses BAFF-R (Supplementary Fig. 4b). Antigen-spe-
cific cytotoxicity of MC10029 CAR-T cells against Z-138 
was confirmed by using a CD107a degranulation assay 
(Fig. 3a and Supplementary Fig. 7d) and by measuring 
granzyme B release (Fig. 3b). We assessed the therapeutic 
efficacy of MC10029 CAR-T cells in NSG mice that were 
injected with Z-138 tumor cells followed by one of three 
treatments. Bioluminescence imaging of the mice showed 
tumor progression (Fig.  3c), and survival was plotted 

Fig. 1  Antigen-specific cytotoxicity of MC10029 CAR-T cells 
against acute lymphocytic leukemia (ALL) cell lines in in  vitro 
and in  vivo models. a, b Flow cytometry contour plots of CAR 
T-cell functional potency, as measured by the surface expression 
of CD107a in a degranulation assay. MC10029 CAR-T cells were 
incubated with Nalm-6 WT or Nalm-6 BAFF-R KO cells at an E:T 
ratio of 2:1. Analysis was gated on CD4 + CAR-T cells (a) or gated 
on CD8 + CAR-T cells (b); gating on EGFR was used as a proxy for 
CAR expression in the CAR-T cells. Non-transduced T cells (Non-
CAR-T) from the same donor were used as negative controls. (Sta-
tistical analysis, Supplementary Fig.  7a/b). c Granzyme B ELISA 
further confirmed the antigen-specific potency of MC10029 CAR-T 
cells against Nalm-6 cells. Non-CAR-T or MC10029 CAR-T cells 
generated from the same donor were co-incubated with either Nalm-6 
WT or Nalm-6-BAFF-R KO cells at an E:T ratio of 4:1. After 
72  h, the supernatants were collected and assayed in a granzyme B 
ELISA. Graphed data are means of quadruplicate sampling. The 
results shown are representative of three independent experiments. d 
Direct target cell cytolysis was measured by incubating GFP express-
ing Nalm-6 cells with CAR-T cells. Non-CAR-T cells or MC10029 
CAR-T cells were co-incubated with either Nalm-6 WT or Nalm-6 
BAFF-R KO cells at an E:T ratio of 20:1 for 24 h, followed by flow 
cytometry to quantify the GFP expression target cells. The results 
shown are representative from three independent experiments. e The 
in vivo therapeutic efficacy of MC10029 CAR-T cells was evaluated 
in an NSG mouse model in which the mice were challenged with 
luciferase labeled Nalm-6 tumor cells (0.25 ×  106 cells/mouse). Bio-
luminescent imaging catalogs the changes of luciferase-expressing 
Nalm-6 tumors. Six days after tumor cell injection, tumor-bearing 
mice were randomized into three groups (N = 5 per group) to receive 
a single intravenous (IV) infusion of either vehicle (PBS), non-CAR 
T cells (10 ×  106 total T cells), or MC10029 CAR-T cells (2 ×  106 
CAR-T cells out of 10 × 10.6 total T cells) that were generated from 
the same donor. Although imaged weekly, we share representative 
images along the time course to highlight changes due to treatment. 
These data are the representative of two independent experiments 
using different donor T cells. f A Kaplan–Meier plot of overall sur-
vival versus days after tumor challenge details the overall survival of 
the three treatment groups; log rank analysis identified statistical dif-
ferences between the treatment groups. (**p < 0.01; ***p < 0.001)

◂
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Fig. 2  Characterization of in  vitro and in  vivo cytotoxicity of 
MC10029 CAR-T cells against CD19 deficient Nalm-6 cell line. 
a Flow cytometry contour plots show the functional potency of 
CAR-T cells against target cells by the surface expression CD107a 
in a degranulation assay. Non-CAR-T cells, MC10029 CAR-T cells, 
or CD19 CAR-T cells were generated from the same donor and incu-
bated with CD19 KO-Nalm-6 cells at an E:T ratio of 2:1 to identify 
the cytotoxicity of MC10029 CAR-T cells against CD19-deficient 
tumor cells. Analysis was gated on CD8 + CAR-T cell populations. 
(Statistical analysis, Supplementary Fig. 7c). b Granzyme B ELISA 
shows functional potency of MC10029 CAR-T against CD19 KO 
Nalm-6 cells. Non-CAR-T cells, MC10029 CAR-T cells, or CD19 
CAR-T cells were co-incubated with Nalm-6 CD19 KO cells at an 
E:T ratio of 4:1 for 72 h when the supernatants were harvested for 
subsequent ELISA. Graphed data are means of quadruplicate sam-

pling. The data are representative of three independent experi-
ments. c Bioluminescent imaging catalogs the changes of luciferase-
expressing CD19 deficient-Nalm-6 model (CD19 KO- Nalm-6-Luc, 
0.25 ×  106 cells/mouse) in NSG mice followed one of four treat-
ments. Six days after tumor cell injection, tumor-bearing mice were 
randomized into four groups (N = 5 per group). On day seven, mice 
received single infusion treatment with either PBS (vehicle), Non-
CAR-T cells (10 ×  106 total T cells), MC10029 CAR T-cells (2 ×  106 
CAR-T cells out of 10 ×  106 total T cells), or CD19 CAR-T cells 
(2 ×  106 CAR-T cells out of 10 × 10.6 total T cells). Tumor burden 
was quantified by bioluminescence intensity. d The Kaplan–Meier 
plot shows overall survival versus days after tumor challenge; log 
rank analysis identified statistical differences between the treatment 
groups. (**p < 0.01; ***p < 0.001)
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(Fig. 3d). Excessive tumor burden led to the euthanasia 
of the control groups (PBS and Non-CAR-T cells) within 
56 days. The MC10029 CAR-T cell treatment group showed 
a considerable decrease in tumor presence and a statistically 
significant survival rate.

MC10029 CAR‑T cells offer a promising option 
for chronic lymphocytic leukemia (CLL)

CLL stands out as a significant unmet need in the realm of 
CAR-T cell therapy for B-cell hematological malignancies. 
Although CD19 CAR-T cell therapies have been pursued 
for CLL patients, complete remissions have not matched 
those reported for ALL or diseases like FL and MCL [7–9, 
22]. Considering the high expression of BAFF-R in CLL, 
we explored the potential of BAFF-R-targeting MC10029 
CAR-T therapy as an alternative option for CLL patients. 
MEC-1, a CLL cell line, was first utilized to investigate the 
cytotoxicity of MC10029 CAR-T cells against CLL. The 
effectiveness of MC10029 CAR-T cells against MEC-1 cells 
was confirmed through granule degranulation, as shown in 
Fig. 4a and supplementary Fig.7e. Furthermore, the release 
of granzyme B in response to the tumor cells provides addi-
tional evidence supporting the efficacy of MC10029 CAR-T 
cells in targeting and inducing cytotoxic effects on MEC-1 
cells (Fig. 4b).

We next assessed our MC10029 CAR-T cells against pri-
mary B-cells isolated from subjects with CLL. The selected 
subjects were three males and three females with an age 
range of 56 to 83 years. (Supplementary Fig. 5a, Identifiers 
1–6) B-cells were enriched from PBMCs of each subject, 
and BAFF-R expression was confirmed (Fig. 4c); B-cell 
enrichment effectively removed endogenous T cells (Sup-
plementary Fig. 5b). In our initial studies, two batches of 
MC10029 CAR-T cells and non-CAR-T cells were engi-
neered from T cells isolated from two healthy donors. These 
batches were shown to be identical in viability, identity, and 
potency. (Supplementary Fig. 6a–c).

We observed the activation of CD8 + MC10029 CAR-T 
cells was comparable across the six primary CLL tumor 
cells following incubation (Fig. 4d, top panels and Sup-
plementary Fig. 5c). Furthermore, incubation of MC10029 
CAR-T cells with CLL tumor cells resulted in the release of 
granzyme B (Fig. 4e). Four of the CLL subjects provided 
sufficient B-cells that could be evaluated for the release 
of additional granule proteins. Granzyme A, perforin, and 
IFN-γ were released in statistically significant amounts when 
the MC10029 CAR-T cells were incubated with primary 
CLL tumor cells. (Supplementary Fig. 5d).

To model the efficacy of MC10029 CAR-T cells more 
realistically as a clinical therapeutic, we identified three 
additional CLL subjects (Supplementary Fig. 5a, Identifier 
7– 9) to generate subject-derived MC10029 CAR-T cells for 
incubation with autologous B-cells. The MC10029 CAR-T 
cells that were engineered from three CLL subjects were 
characterized by monitoring fold expansion (> 25; Fig. 5a), 
identity (> 80% CD3 positive cells; Fig. 5b, top panels), and 
potency (> 10% EGFR positive cells; Fig. 5b, bottom pan-
els). These MC10029 CAR-T cells and their corresponding 
non-CAR-T cells (negative control) were then incubated 
with either the matching autologous B-cells or MEC-1 cells 
(positive control). The cytotoxicity of the subject-derived 
MC10029 CAR-T cells against autologous tumor cells was 
confirmed with a CD107a degranulation assay on CD8 
(Fig. 5c). Non-specific activity is consistently observed 
when subject-derived Non-CAR-T cells are incubated with 
target cells, especially autologous B-cells.

The readiness of advancing the MC10029 CAR‑T cell 
therapy to the clinic

As part of our IND filing and in preparation for our Phase 
1a/1b clinical trial, we have performed engineering runs 
to yield three production batches of CAR-T cells using a 
MC10029-expressing lentiviral vector that was produced 
under GMP conditions. We have established and validated 
a collection of assays that will be used as the process quality 
control (QC) and final product QC assays; these assays were 
performed on the laboratory generated production batches 
(Fig. 6a and b). The production batches of MC10029 CAR-T 
cells were evaluated for cell quality with Fold Expansion and 
Viability (> 70%, as determined by Muse Cell Analyzer); 
CAR-T cell specific characterization with Identity (> 70%, 
as determined by flow cytometry for CD3 positive cells) and 
Potency (> 10%, as determined by flow cytometry for EGFR 
positive T cells); and Safety from adventitious viral agents 
by determining lentiviral copy number by two methods (< 5 
copies of Woodchuck Hepatitis Virus Posttranscriptional 
Regulatory Element (WPRE) per cell and < 5 copies/50 ng 
DNA of vesicular stomatitis virus G glycoprotein (VSVG; 
encodes envelope gene sequences) as detected via a real-
time qPCR assay). All three production batches of MC10029 
CAR-T cells met the required criteria to be qualified as a 
product (Fig. 6a). Furthermore, antigen-specific cytotoxic-
ity of these MC10029 CAR-T cells was confirmed using 
our standard degranulation assay (Fig. 6b, Supplementary 
Fig. 7f). The successful qualification of these batches con-
firms their suitability for further clinical development.
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Discussion

Since their approval in 2017, CD19 CAR-T cell therapies 
have since widened their indications and numbers [2, 3]. 
CD19 CAR-T cell therapy has revolutionized the treatment 
of B-cell malignancies and has been a trailblazer for adop-
tive cell therapies as well as for developing strategies for 
treating the CAR-T cell toxicities, namely cytokine release 
syndrome (CRS) and immune effector cell-associated neu-
rotoxicity syndrome (ICANS). It is irrefutable that the col-
lection of CD19 CAR-T cell therapies has been curative for 
many patients, has extended the lives of many other patients, 
and continues to change the treatment paradigm for B-cell 
malignancies.

The long-term surveillance of CD19 CAR-T cell-treated 
patients shows a reduction in overall survival (OS) after four 
years[23] and that not all B-cell malignancies respond to 
CD19 CAR-T cells with equal success. CD19 CAR-T cell 
therapy shows considerably lower complete remissions 
for patients with CLL[24], possibly related to the 72 year 
median age of CLL patients and the characteristic immu-
nosuppression of this malignancy [25]. This highlights the 
need for alternative treatment strategies that include new 
target antigens as well as strategies to combat R/R disease.

The BAFF cytokine and its receptor, BAFF-R, form a 
critical pathway for the development, maturation, and sur-
vival of mature B-cell that results in the activation of the 

PI3K and NF-ĸB anti-apoptotic pathways [14, 26]. The 
BCR and BAFF-R signaling pathways share PI3K and 
NF-ĸB[26, 27], which aid in the selection and maturation of 
B-cell clones[13, 14]; when particular clones are expanded 
that has unrestricted growth, B-cell malignancies are the 
result [12]. In fact, BCR activation regulates the expression 
of BAFF-R; BAFF-R works in concert with BCR for the 
positive selection of B-cells during development, best exem-
plified in the production of auto-reactive B-cells in auto-
immune disease [28]. BAFF-R targeting CAR-T cells have 
advanced into a Phase 1 clinical trial for patients with R/R 
B-cell ALL (NCT04690595 with the primary outcome of 
incidence of adverse events) and a Phase 1 clinical trial for 
patients with R/R B-cell NHL (NCT05370430 with the pri-
mary outcomes of incidence of adverse events and maximum 
tolerated dose). Interestingly, the literature reports only two 
cases of late-onset common variable immunodeficiency due 
to a loss of BAFF-R expression [26]. With the two clinical 
trials for BAFF-R CAR-T cell therapy either in early clinical 
trial phases or our trial that is scheduled to begin, the loss of 
BAFF-R antigen has yet to be observed within the context 
of antigen escape; however, the loss of antigen might be 
observed once BAFF-R CAR-T cell therapies have become 
more widely applied to an increased number of patients.

Like the CD19 CAR-T cell therapy, a second novel 
BAFF-R CAR-T cell therapy likely holds great potential for 
the benefit of patients. In this regard, we have successfully 
developed a new monoclonal antibody that targets BAFF-R 
and used its scFv to engineer a novel anti-BAFF-R CAR, 
MC10029 CAR. What further sets MC10029 CAR apart 
is its utilization of the CD28 costimulatory domain, distin-
guishing it from the first reported anti-BAFF-R CAR that 
is currently in clinical trials with a 4–1 BB costimulatory 
domain. We have validated the antigen-specific cytotoxicity 
of MC10029 CAR-T cells against multiple BAFF-R express-
ing cell lines and their corresponding BAFF-R KO cell lines 
in both in vitro and in vivo models, suggesting the broad 
utility of MC10029 CAR-T against B-cell malignancies.

The observation that the therapeutic efficacy of CD19 
CAR-T cells in treating CLL was significantly lower com-
pared to ALL (reported at 26% for CLL versus over 90% 
for ALL)[22] prompted us to focus our efforts on MC10029 
CAR-T cells as a specific immunotherapy for CLL. We were 
further encouraged with the strong expression of BAFF-R in 
CLL [29]. Our initial evaluation of MC10029 CAR-T cells 
was conducted against CLL cell lines, followed by more 
challenging assessment using clinically derived samples. 
The evaluation of healthy donor MC10029 CAR-T cells 
against CLL subject-derived primary tumor cells demon-
strated antigen-specific cytotoxicity and established our 

Fig. 3  Characterization of in  vitro and in  vivo cytotoxicity of 
MC10029 CAR-T cells against Z-138, a lymphoma cell line. a Flow 
cytometry contour plots show the functional potency of CAR-T cells 
against target cells by the surface expression CD107a in a degranu-
lation assay. Non-CAR-T cells and MC10029 CAR-T cells were 
generated from the same donor and incubated with Z-138 cells at 
an E:T ratio of 2:1 to characterize the cytotoxicity of MC10029 
CAR-T cells. (Statistical analysis, Supplementary Fig.  7d). b Gran-
zyme B ELISA shows functional potency of MC10029 CAR-T cells 
against Z138 cells. Non-CAR-T cells or MC10029 CAR-T cells were 
co-incubated Z-138 cells at an E:T ratio of 4:1 for 72  h, when the 
supernatants were harvested for subsequent ELISA. Graphed data are 
means of quadruplicate sampling. The data are representative of three 
independent experiments. c Bioluminescent imaging catalogs the 
changes of luciferase-expressing Z-138 model (Z-138-Luc, 0.5 ×  106 
cells/mouse) in NSG mice challenged with the tumor cells followed 
by treatment with one of three treatments. Six days after tumor cell 
injection, tumor-bearing mice were randomized into three groups 
(N = 5 per group). On day seven, mice received single infusion treat-
ment with either PBS (vehicle), Non-CAR-T cells (10 ×  106 total T 
cells), or MC10029 CAR T-cells (2 ×  106 CAR-T cells out of 10 × 10.6 
total T cells). Tumor burden was quantified by bioluminescence 
intensity. The results shown are the representative of two independent 
experiments using different donor T cells. d The Kaplan–Meier plot 
shows overall survival versus days after Z-138 tumor challenge; log 
rank analysis identified statistical differences between the treatment 
groups. (**p < 0.01; ***p < 0.001)

◂
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methodologies. To strengthen our hypothesis that MC10029 
CAR-T cells are suitable to treat CLL, we designed an 
autologous assay of MC10029 CAR-T cells and primary 
tumor cells, both derived from the same CLL subject using 
a 50 ml peripheral blood collection. We show that T cells 
isolated from CLL patients can be engineered into MC10029 

CAR-T cells having the comparable fold expansion, identity, 
and potency as those generated from healthy donors. Most 
importantly, these subject-derived MC10029 CAR-T cells 
show cytotoxic potency against autologous primary CLL 
cells, thereby providing convincing evidence for the trans-
lational significance and clinical applicability of MC10029 
CAR-T cell therapy for future CLL patients.

We also noted that subject-derived non-CAR-T cells 
exhibited higher non-specific cytotoxicity against autologous 
target cells compared to non-specific cytotoxicity that we 
typically see with healthy donor-derived non-CAR-T cells. 
This may suggest that these subjects have specific tumor 
reactive T cell populations that have been expanded in the 
manufacturing process; these tumor reactive T cell popula-
tions also appear subject specific in quantity and reactivity 
to target cells.

With these convincing data, we filed an IND for 
MC10029 CAR-T cells, which has received approval. We 
are advancing to our next goal of a Phase 1a/1b clinical trial 
for MC10029 CAR-T cells with patients with R/R CLL and 
B-cell NHL. We believe MC10029 CAR-T cells are a thera-
peutic that can have a role in the current onco-hematological 
treatment regimens for B-cell lymphoid malignancies, spe-
cifically CLL. Our future work includes designing dual or 
multiantigen CAR-T cells as well as armored CAR-T cells 
with BAFF-R as the foundation. These next generation CAR 
designs remain active avenues of therapeutic development 
to combat lymphoid malignancies.

Fig. 4  Targeting chronic lymphocytic leukemia (CLL) with 
MC10029 CAR-T cells. a Flow cytometry contour plots show the 
functional potency of CAR-T cells against target cells by the surface 
expression CD107a in a degranulation assay. Non-CAR-T cells and 
MC10029 CAR-T cells were generated from the same donor and 
incubated with MEC-1 cells at an E:T ratio of 2:1 to characterize the 
cytotoxicity of MC10029 CAR-T cells. (Statistical analysis, Supple-
mentary Fig. 7e). b A granzyme B ELISA shows functional potency 
of MC10029 CAR-T cells against MEC-1 cells. Non-CAR-T cells 
or MC10029 CAR-T cells were co-incubated MEC-1 cells at an E:T 
ratio of 4:1 for 72 h; the supernatants were then harvested for sub-
sequent ELISA. Graphed data are means of quadruplicate sampling. 
The data are representative of three independent experiments. c Flow 
cytometry shows the cell surface expression of BAFF-R on enriched 
tumor cells and PBMCs that were collected from six subjects with 
CLL. d MC10029 CAR-T cells derived from two different healthy 
donors were incubated with the enriched primary B-cell tumor cells 
at an E:T ratio of 2:1. Using a CD107a degranulation assay, the cyto-
toxic activity of MC10029 CAR-T cells was visualized using flow 
cytometry. Non-CAR T cells from the same donor were used as 
a negative control. e The release of granzyme B confirms the func-
tional potency of MC10029 CAR-T cells against primary CLL tumor 
cells. MC10029 CAR-T cells or non-CAR-T cells were co-incubated 
with enriched primary CLL tumor cells (E:T ratio of 4:1) for 72 h, 
after which the supernatants were harvested for subsequent ELISA. 
Graphed data are means of quadruplicate sampling. (***p < 0.001)

◂
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Fig. 5  Subject-derived MC10029 CAR-T cells elicited ex vivo cyto-
toxicity against autologous CLL tumors. a The growth curves of 
MC10029 CAR-T cells and their corresponding Non-CAR-T cells, 
both derived from T cells isolated from the peripheral blood of three 
CLL subjects, were plotted side by side to compare their growth pat-
terns. b The subject-derived MC10029 CAR-T cells were assessed for 
their identity (> 80% CD3 positive cells) and potency (> 10% EGFR 

positive cells). c. The cytotoxicity of MC10029 CAR-T cells derived 
from the three subjects with CLL was evaluated against autologous 
tumor cells using a CD107a degranulation assay. MEC-1 cells were 
employed as a positive control, while the corresponding Non-CAR-
T cells served as a negative control. The analysis of cytotoxicity was 
gated on the CD8 + CAR-T cell populations



4045Cancer Immunology, Immunotherapy (2023) 72:4031–4047 

1 3

Fig. 6  Characterization of three qualification productions of clinical-
grade MC10029 CAR-T cells. a Product release criteria for CAR-T 
cells. Three batches of MC10029 CAR-T cells were evaluated for 
cell quality with fold expansion (> 25) and viability (> 70%, as deter-
mined by Trypan Blue staining) as well as CAR-T cell specific char-
acterization with identity (> 80%, as determined by flow cytometry 
for CD3 positive cells) and potency (> 10%, as determined by flow 
cytometry for EGFR (a transgene) positive T cells). The correspond-
ing non-CAR-T cells were used as controls. To show that the lenti-
viral vector remains non-infectious and safe from adventitious viral 

agents, the lentiviral copy number (< 5 copies/per cell of WPRE) and 
VSVG (< 5 copies/50 ng DNA) were determined using a qPCR assay. 
b Flow cytometry contour plots of CAR-T cell functional potency as 
measured by a CD107a degranulation assay. MC10029 CAR-T cells 
(characterized in panel A) from three different healthy donors were 
incubated with WT Nalm-6 or BAFF-R KO Nalm-6 at an E:T ratio 
of 2:1. Analysis was gated on CD8 + CAR-T cell populations and 
showed no difference between the batches (Supplementary Fig.  7f). 
Non-transduced T cells (Non-CAR-T) from the same donor were used 
as negative controls
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