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Abstract

Chimeric antigen receptor (CAR) T cells targeting CD19 mediate potent anti-tumor effects in B 

cell malignancies including acute lymphoblastic leukemia (ALL), but antigen loss remains the 

major cause of treatment failure. To mitigate antigen escape and potentially improve durability of 

remission, we developed a dual-targeting approach using an optimized, bispecific CAR construct 

that targets both CD19 and BAFF-R. CD19-BAFF-R dual CAR T cells exhibited antigen-specific 

cytokine release, degranulation and cytotoxicity against both CD19−/− and BAFF-R−/− variant 

human ALL cells in vitro. Immunodeficient mice engrafted with mixed CD19−/− and BAFF-R−/− 

variant ALL cells and treated with a single dose of CD19-BAFF-R dual CAR T cells experienced 

complete eradication of both CD19−/− and BAFF-R−/− ALL variants, while mice treated with 

monospecific CD19 or BAFF-R CAR T cells succumbed to outgrowths of CD19-/BAFF-R+ 

or CD19+/BAFF-R- tumors, respectively. Further, CD19-BAFF-R dual CAR T cells showed 

prolonged in vivo persistence, raising the possibility that these cells may have potential to promote 
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durable remissions. Together, our data support clinical translation of BAFF-R/CD19 dual CAR T 

cells to treat ALL.
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Introduction

Clinical trials evaluating CD19-targeting chimeric antigen receptor (CAR) T cells have 

resulted in overall response rates of up to 90% in B cell acute lymphoblastic leukemia 

(ALL)(1–3) and 50–80% in lymphoma(4–7). Despite initial responses, antigen negative 

relapse is common following CD19-targeted therapies(8–11), and may occur in up to 39% 

of patients(9, 12, 13). One approach of addressing this problem is to utilize dual-targeting 

CAR T cells, a strategy that has recently been applied to CD19/CD22(14) for ALL, CD19/

CD20 for B cell malignancies(15, 16) and CD19/BCMA(17), CS1/BCMA(18) and BCMA/

GPRC5D(19) for multiple myeloma. Dual-targeting CARs simultaneously target two 

antigens and, therefore, potentially eradicate heterogenous tumors. Dual-targeted CAR T 

cells are expected to provide greater tumor coverage than single-targeted therapy, potentially 

circumventing antigen escape. Moreover, if one tumor antigen becomes downregulated 

during treatment, the second targeting domain will continue to be reactive to tumors. 

Therefore, it is critical to identify novel targets that can be combined with CD19 in a 

dual-targeted immunotherapeutic platform.

We previously developed CAR T cell therapy against a novel target, B-cell activating factor 

receptor (BAFF-R), based on the remarkable specificity of anti-BAFF-R antibodies that we 

generated(20). BAFF-R is expressed almost exclusively on B cells, including in patients 

with CD19-negative relapse(21–25), making it an ideal immunotherapeutic target. Limited 

studies suggest that BAFF-R is a critical regulator of B-cell function and survival, which 

may mitigate the tumor’s ability to escape therapy through antigen loss, particularly if a 

non-redundant role for BAFF-R is confirmed(22, 26, 27). BAFF-R-CAR T cells demonstrate 

in vitro effector function and in vivo therapeutic efficacy in CD19-negative models, 

including patient-derived xenograft models(25), and are currently being evaluated clinically 

for treatment of ALL (NCT04690595). We hypothesized that simultaneous targeting of 

CD19 and BAFF-R in a bispecific CAR platform could confer a therapeutic advantage and 

avoid the challenges of sequential administration of CD19 and BAFF-R monospecific CAR 

T cells.

We leveraged our experience with CD19- and BAFF-R-CAR T cells to develop a dual-

targeting, bispecific CAR T cell platform (CD19/BAFF-R dual CAR T cells). We identified 

the optimal orientation of single chain variable fragment (scFv) domains and tested our 

optimized dual CAR construct using different populations of T cells. We demonstrated that 

CD19/BAFF-R dual CAR T cells potently eradicate ALL both in vitro and in a NOD-scid 
IL2Rgammanull (NSG) mouse model of heterogenous (CD19−/−and BAFF-R−/−) leukemia.
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Materials and Methods

Cell Lines

Nalm-6 and HL-60 cells were obtained in 2015 from Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) and maintained in 

RPMI 1640 (Thermo Fisher, Waltham, Massachusetts, USA) supplemented with 10% 

heat-inactivated FCS (Hyclone, Logan, Utah, USA). Nalm-6 cells were transduced with 

a lentivirus encoding enhanced green fluorescent protein and firefly luciferase (EGFP-ffluc). 

GFP+ cells were sorted by FACS and single cell clones were expanded. Z138 cells were 

provided by Dr. Michael Wang (MD Anderson Cancer Center). Cell lines were authenticated 

for desired antigen/marker expression by flow cytometry before cryopreservation.

Nalm-6-BAFF-R-knockout (KO) and Nalm-6-CD19-KO cell lines were developed 

previously(25). Briefly, we used CD19-CRISPR/Cas9 or BAFF-R-CRISPR/Cas9 and RFP 

reporter genes containing homologous directed repair Plasmid Systems (Santa Cruz 

Biotechnology, Dallas, Texas, USA) according to the manufacturer’s directions. We 

transfected plasmids with Neon Electroporation Transfection System (Thermo Fisher) as 

follows: Voltage: 1350V, Pulse Width: 35 ms, Pulse Number: 1. CD19- and BAFF-R-

negative cells were sorted by FACS and single cell clones were expanded. The same 

approach was used to generate CD19-KO Z138 cells. Stable CD19- and BAFF-R-deficient 

clones were verified by flow cytometry and immunoblotting before banking.

Primary ALL cells were obtained from City of Hope (COH) Hematopoietic Tissue Bank 

under protocols approved by COH Institutional Review Board. Samples were depleted of 

CD3+ cells using the Human CD3 Positive Selection kit (Stemcell Technologies, Vancouver, 

Canada Cat#:17851) according to manufacturer’s instruction. Briefly, 5×106 cells were 

incubated with 10μL selection cocktail/100μL cell suspension for 10 minutes, incubated 

with 6μL Dextran RapidShere beads for 3 minutes at room temperature and applied to 

EasySep magnets (Stemcell Technologies Cat#: 18000) for 3 minutes. CD3+ cells were 

eliminated by negative selection. Unbound cells were evaluated with anti-CD3 antibodies 

(BD Biosciences Cat#: 563109) using MACSQuant (Miltenyi Biotec) and FCS express flow 

cytometry software (version 7).

Antibodies and Flow Cytometry

To assess lentiviral transduction, T cells were incubated for 30 minutes at 4°C with anti-

EGFR (clone AY13; BioLegend, San Diego, California, USA). To assess degranulation, 

T cells were incubated with anti-CD107a APC (clone H4A3; BD Biosciences, San Jose, 

California, USA) at 37°C for 6 hours in medium containing Golgi plug (BD Biosciences). 

Stimulated cells were washed with buffer and incubated for 30 minutes at 4°C with 

anti-CD4 Pacific Blue (clone PRA-T4), anti-CD8 APC-Cy7 (clone SK1), anti-CD10 PerCP-

Cy5.5 (clone HI10a) (BD Biosciences) and anti-EGFR PE (clone AY13) (BioLegend). To 

detect tumor and CAR T cells in mice, 30–50 μl blood was collected 46–50 days post-tumor 

engraftment, and red blood cells were lysed using RBC lysis buffer (BD Biosciences). Cells 

were incubated for 30 minutes at 4°C with anti-CD3 Pancific Blue (UCHT1), anti-CD10 

PerCP-Cy5.5 (clone HI10a), anti-CD19 APC (clone HIB19), anti-BAFF-R BUV395 (clone 

Wang et al. Page 3

Leukemia. Author manuscript; available in PMC 2022 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11C1) (BD Biosciences) and anti-EGFR PE (clone AY13) (BioLegend), and stained with 

fixable viability dye (BD Biosciences). To detect BAFF-R and CD19, cells were incubated 

for 30 minutes at 4°C with anti-CD19 APC (clone HIB19), anti-BAFF-R APC (clone 11C1) 

or APC isotype (clone MOPC-21) (BD Biosciences).

Data was acquired on a BD Fortessa and analyzed using Flowjo Version 10 software. CAR 

T cells were GFP+ or EGFR+. Activated CD4 and CD8 cells from degranulation assays 

were CD4+ EGFR+ CD107a+ and CD8+ EGFR+ CD107a+, respectively. CAR T cells in 

mouse blood were CD3+EGFR+; tumor cells were CD10+ GFP+ CD19+ or CD10+ GFP+ 

BAFF-R+.

CAR constructs and lentiviral production

We generated monospecific CAR constructs using research and clinical vectors. Research 

constructs were scFv (BAFF-R: humanized H90 BAFF-R antibody scFv(20); CD19: FMC63 

CD19 monoclonal antibody(28)), CD8 transmembrane, 4–1BB co-stimulatory, and CD3ζ 
intracellular signaling domains. CAR cDNAs were cloned into pLenti7.3 lentiviral vector 

(pLenti7.3/V5-TOPO Vector Kit, Invitrogen, Carlsbad, California, USA) under the CMV 

promoter; constructs contained GFP under the SV40 promoter. Clinical constructs were scFv 

(BAFF-R: humanized H90 BAFF-R antibody scFv(20); CD19: FMC63 CD19 monoclonal 

antibody(28)), CD4 transmembrane domain, co-stimulatory domain (BAFF-R: 4–1BB; 

CD19: CD28), CD3ζ intracellular signaling domains and truncated EGFR (EGFRt)(29), for 

final constructs of BAFF-RCAR:4–1BB:ζ/EGFRt(30) and CD19CAR:CD28:ζ/EGFRt(31).

BAFF-R/CD19 dual CARs were as follows: for tandem CARs, BAFF-R and CD19 

scFvs were fused with G4S linker in one of two orientations (CD19:BAFF-R:4–1BB:ζ/

EGFRt [CD19-BAFFR(t)] and BAFF-R:CD19:4–1BB:ζ/EGFRt [BAFF-R-CD19(t)]); for 

the loop CAR, CD19(VL):BAFF-R(VH):BAFF-R(VL):CD19(VH):4–1BB:ζ/EGFRt [CD19-

BAFFR(l) were fused with whitlow linker(32). All constructs included CD4 transmembrane 

domain, the 229-amino acid, double-mutated IgG4 Fc spacer (L235E; N297Q)(31), 4–1BB 

co-stimulatory and CD3ζ signaling domains, and EGFRt separated by a T2A ribosomal 

skip sequence(29). Constructs were cloned into an epHIV7 lentiviral backbone under the 

EF1a promoter. For lentiviral production, 14×106 293T cells transfected with plasmids 

encoding CARs and packaging and envelop vectors (PCHGP2, pCMV-Rev, pCMV-G) with 

3μg PEI (Polysciences, Warrington, Pennsylvania, USA) per 1μg of DNA in T-225 flasks. 

Supernatant collected 48–96 hours later was concentrated by centrifuging 6080xg overnight 

at 4°C.

CAR T cell production protocol (research)

CAR T cells were produced using our research-grade protocol(25) for indicated 

experiments. Briefly, peripheral blood mononuclear cells (PBMCs) from healthy donors 

were obtained from the Michael Amini Transfusion Medicine Center at COH (IRB: 15283). 

CD8 and/or CD8 T naïve cells were isolated from PBMCs with Human Naïve CD8+ 

or Naive T Cell Isolation Kits, respectively (Stemcell Technologies, Vancouver, Canada). 

T cells were cultured in vivo-15 (Lonza, Basel, Switzerland) supplemented with 10% 

human serum (Valley biomedical, Winchester, Virginia, USA) and 100U/mL human IL-2, 
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and activated with Human T-Activator CD3/CD28 beads (Life Technologies, Carlsbad, 

California, USA) for 24 hours before transduction with lentivirus at MOI 1. Cultures were 

maintained at 0.5–1×106 cells/mL in medium containing 100 U/mL IL-2. After 7 days, 

CD3/CD28 beads were removed by Dynamag-2. GFP-positive single CAR T cells or EGFR-

positive dual CAR T cells were enriched by FACS, activated and expanded with CD3/CD28 

bead stimulation for another 7 days. CD3/CD28 beads were removed by Dynamag-2 before 

use. T cells from each donor were used to produce un-transduced T-cell controls (mock) in 

parallel to CAR T cells.

CAR T cell production protocol (cGMP)

CAR T cells were produced using a cGMP production protocol(30) for indicated 

experiments. Leukapheresis products were obtained from healthy donors using protocols 

approved by the COH Institutional Review Board (IRB: 15283). Blood from different 

healthy donors was used for each experiment as indicated. Naïve and central memory T 

cells (Tn/mem) were defined as CD62L+CD14-CD25- and isolated by Miltenyi AutoMACS 

(Miltenyi Biotec, Inc., Bergisch Gladbach, Germany). Briefly, PBMCs were incubated 

with anti-CD14 and anti-CD25 microbeads and CD14+and CD25+ cells were immediately 

depleted. The unlabeled fraction was incubated with anti-CD62L microbeads and CD62L+ 

cells were purified with positive selection. Isolated Tn/mem or Tn cells were activated, 

transduced, and expanded for 14 days as described with 50U/mL IL2 and 0.5ng/mL 

IL15(30, 33).

In vitro functional assays

We measured chromium-51 (51Cr) release to calculate specific lysis of tumor cells as 

described(25). Briefly, CAR T (105) cells were co-incubated with 51Cr-labeled target cells 

(104) in 96-well V-bottom tissue culture plates for 4 hours at 37°C in 5% CO2. 51Cr was 

detected in clarified supernatant by gamma counter (PerkinElmer, Waltham, Massachusetts, 

USA). Specific Lysis(%)=(CPM-SR/MR-SR)x100%, where CPM is sample count per 

minute, SR is CPM of spontaneous release, and MR is CPM of maximum release(34).

Degranulation was assessed by measuring CD107a-positivity by flow cytometry, as 

described(25). Briefly, target cells (2×105) were co-incubated with 105 CAR T cells in 

complete RPMI 1640 medium containing Golgi Stop Protein Transport Inhibitor (BD 

Bioscience) and anti-CD107a APC (BioLegend) for 6 hours. Cells were analyzed on 

BD Flow cytometer. To measure INF-γ release, 2×105 CAR T cells were co-cultured 

in 96-well U-bottom tissue culture plates with 2×105 target cells at 37°C in 5% CO2. 

Supernatants harvested 24 hours post-stimulation were analyzed in triplicate by enzyme-

linked immunosorbent assay using human IFN-γ uncoated ELISA kit (Thermo Fisher).

In vivo modeling

NSG mice were purchased from Jackson Laboratory and maintained by the Animal 

Resource Center at COH. 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). NSG mice (12–16 week old female; 5/group for 

statistical power) were challenged (IV) with luciferase-expressing tumor cells followed by 
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treatment with CAR T cells(25). Mock T cell or PBS-treated mice were controls. Tumors 

were monitored by bioluminescent imagining. Briefly, mice were challenged with 2.5×105 

Nalm-6-BAFF-R-KO + 1×105 Nalm-6-CD19-KO or 1×105 Nalm-6-BAFF-R-KO + 1×105 

Nalm-6-CD19-KO where indicated. 9–10 days post-tumor challenge, mice were assessed 

for engraftment and randomly allocated to treatment groups. A single infusion of 2.5×106 

CD4 T cells + 1×106 of CD8 T cells of dual-targeting CAR T cells or 1×106 BAFF-R/

CD19 dual CAR, CD19 or BAFF-R single CAR-T cells as indicated, were administered 

intravenously. Mice were anesthetized with isoflurane and received subcutaneous d-luciferin 

(150 mg/kg; Life Technologies) 10 minutes before imaging with LagoX imaging systems 

(Spectral Instruments Imaging, Tucson, Arizona, USA). Investigators were not blinded to 

group allocation or outcome assessment.

Statistical analysis

Means±SD of triplicate samples are presented. Paired Student’s t-tests were used to compare 

experimental and control groups. Experiments were repeated with T cells from at least three 

different donors. Survival data was reported in Kaplan-Meier plots and analyzed by log-rank 

tests.

Results

Dual CAR T cells showed activity against heterogeneous ALL

To optimize a dual targeting platform, we adapted the BAFF-R and CD19 scFv domains 

from our single targeting platforms(30, 35) to generate 3 CAR constructs that combine 

the dual-scFv domains in tandem (t) or loop (l) configurations (Figure 1A; Supplemental 

Figure 1A). We transduced naïve CD8+ T cells with single or dual constructs (Figure 

1B, Supplemental Figure 1B), and evaluated potency of purified GFP+ (≥80%) single or 

EGFR-enriched (≥92%) dual CAR T cells by chromium-release assays. We chromium-51 

labeled the ALL cell line Nalm-6 wildtype (WT), as well as Nalm-6 cells that were deficient 

of either CD19 (CD19−/−) or BAFF-R(25) (BAFF-R−/−) (Figure 1C), and incubated with 

CAR T cells or un-transduced (mock) cells at a 10:1 effector-to-target ratio (E:T). As 

expected, CD19- and BAFF-R single CAR T cells induced cytotoxicity of Nalm-6 WT cells 

and BAFF-R−/− and CD19−/− cells, respectively, and did not induce cytotoxicity of CD19−/

− and BAFF-R−/−, respectively (Figure 1D). CD19-BAFF-R(t) and CD19-BAFF-R(l) dual 

CAR T cells exhibited specific cytotoxicity against all target cells (P<0.001), suggesting that 

cytotoxicity was induced from both scFvs (Figure 1D). Specific cytotoxicity was equivalent 

between dual and single-targeting CAR T cells. BAFF-R-CD19(t) CAR T cells, which 

differ from CD19-BAFF-R(t) in scFv orientation, exhibited inferior cytotoxicity against 

Nalm-6 CD19−/− (BAFF-R+) target cells (Supplemental Figure 1C), suggesting that in this 

orientation the BAFF-R scFv cannot optimally target BAFF-R. Therefore, we subsequently 

evaluated only CD19-BAFF-R(t) and CD19-BAFF-R(l) dual CAR constructs.

To test the function of CD4+ and CD8+ T cells in our dual CAR platform, we transduced 

naïve CD4+ or CD8+ T cells with lentivirus encoding the dual CAR constructs at MOI of 

1. Resulting EGFR+ CAR T cells were purified (Figure 2A) and used in cytotoxicity assays 

targeting Nalm-6 cell lines (WT, CD19−/− or BAFF-R−/−) as previously described. Both 
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CD4+ and CD8+ dual CAR T cells had significantly superior (P<0.01) cytotoxicity against 

Nalm-6 WT, Nalm-6 CD19−/−, and Nalm-6 BAFF-R−/− targets compared to mock T cells 

(Figure 2B).

To evaluate antigen-dependent targeting in vivo, we utilized a mixed B-cell leukemia model 

that simulates clinical tumor heterogeneity. Mice were inoculated with 2.5:1 Nalm-6 BAFF-

R−/− and CD19−/− cells, infused with a single injection of either CD19-BAFF-R(t) or 

CD19-BAFF-R(l) dual CAR T cells and monitored for tumor growth. Mice treated with 

dual CAR T cells demonstrated significantly delayed tumor growth at day 20 (Figure 2C–D; 

P<0.01) and had significantly prolonged survival compared to untreated and mock controls 

(Figure 2E; P< 0.01). Because we observed a significant survival advantage in mice treated 

with CD19-BAFF-R(l) versus CD19-BAFFR(t) dual CAR T cells (P<0.01), we focused 

further development on CD19-BAFFR(l) dual CAR T cells.

Tn/mem-derived dual CAR T cells eradicated heterogeneous ALL

To test the CD19-BAFF-R(l) dual CAR in a clinically relevant platform, we utilized 

a defined memory-enriched T cell population (CD62L+CD14-CD25-; [Tn/mem]) that is 

currently used in multiple ongoing CAR T cell clinical trials at COH(30). We transduced 

CD19-BAFF-R(l) dual CAR T cells (MOI=2) and achieved 40% CAR+ cells (Figure 3A). 

We observed similar expansion in CD19-BAFF-R(l) dual CAR T cells and mock Tn/mem 

cells after 14 days (Figure 3B). To determine in vitro potency, we incubated CD19-BAFF-

R(l) dual CAR T cells with Nalm-6 cells (CD19−/− or BAFFR−/−) at 1:1 or 2:1 E:T and 

measured IFN-γ release (Figure 3C) and degranulation (Figure 3D), respectively. Neither 

CD19-BAFFR(l) CAR nor mock T cells released IFN-γ when incubated in media or 

with control CD19−/−BAFF-R−/− HL-60 cells. However, CD19-BAFF-R(l) CAR T cells 

released IFN-γ following incubation with Nalm-6 CD19−/− or BAFF-R−/− cells (P<0.001) 

(Figure 3C). Both CD4+ and CD8+ CAR T cell populations degranulated upon stimulation 

with Nalm-6 CD19−/− or BAFF-R−/− cells, but not when incubated in media or with HL-60 

cells (Figure 3D). To determine if CD19-BAFF-R(l) CAR T cells were effective in other B 

cell malignancies, we conducted cytotoxicity assays using the mantle cell lymphoma cell 

line Z138 and Z138 cells deficient of CD19 (WT and CD19−/−, respectively). While CD19 

monospecific CAR T cells killed Z138 WT cells, dual CAR T cells killed both Z138 WT 

and CD19−/− cells equivalently (Figure 3E). Together, these data suggest that the in vitro 
functionality of CD19-BAFF-R(l) dual CAR T cells is antigen specific and that the dual 

scFv domains recognize their respective antigens independently.

To validate the in vivo functional potency of Tn/mem-derived CD19-BAFF-R(l) dual CAR 

T cells, we treated mice bearing mixed leukemia (1:1 of Nalm-6 CD19−/− and BAFF-R−/−) 

with mock T cells, dual CAR T cells or PBS. We decreased the ratio of BAFFR−/− and 

CD19−/− cells in our mixed leukemia model from 2.5:1 (Figure 2) to 1:1 to assess complete 

tumor clearance and long-term survival. Consistent with naïve-derived CAR T cells (Figure 

2), 1×106 Tn/mem-derived dual CAR T cells completely eradicated tumors and significantly 

prolonged mouse survival (Figure 3E–G) compared to untreated and mock treated mice 

(P<0.01). Thus, for subsequent in vivo experiments, we utilized the dosing strategy of 1×106 

CAR-positive T cells.
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Dual but not monospecific CAR T cells eradicated heterogeneous ALL

To compare dual and monospecific CAR T cells, we engineered single-targeting CARs using 

our clinical lentiviral vectors (BAFF-R/4–1BB:ζ and CD19/28:ζ) and the dual CAR using 

the CD19-BAFF-R(l)/41BB:ζ vector. For a direct comparison, we manufactured all CAR T 

cells in parallel using Tn/mem cells from the same healthy donor (Supplemental Figure 2). 

We observed that monospecific and dual CAR T cells possessed stronger in vitro effector 

functions against target cell lines expressing their specific target antigens than mock T cells 

(P<0.001) (Figure 4A–B). Monospecific CAR T cells possessed stronger effector functions 

than dual CAR T cells as indicated by increased degranulation (P<0.01; Figure 4A) and 

IFN-γ secretion (P<0.01; Figure 4B) following target cell stimulation. This difference could 

result from differential configuration of scFv domains that may lead to different antigen 

affinity and strength of signaling. To elucidate whether CD19-BAFF-R(l) dual CAR T cells 

are effective in the context of high disease burden, we conducted cytotoxicity assays using 

E:T of 10:1, 2:1, and 0.5:1. We observed a dose dependent decrease in cytotoxicity induced 

by dual and monospecific CAR T cells against target cells expressing their respective target 

antigen(s) (Figure 4C). Notably, killing by both dual and monospecific constructs was 

proportional at each E:T, suggesting that dual CAR T cells did not lose potency in the 

context of high disease burden. When we treated mice engrafted with 1:1 Nalm-6 CD19−/

− and BAFF-R−/− with monospecific or dual CAR T cells, we observed superior tumor 

eradication (P<0.01; Figure 4D–E) and survival (P<0.01; Figure 4F) by dual CAR T cells 

compared to either single-targeting CAR and mock T cells. Together, these results suggest 

that dual targeting may improve efficacy and mitigate antigen-escape against heterogeneous 

leukemia.

To characterize tumors post-CAR T cell therapy, we analyzed blood from mice 46–50 days 

post tumor inoculation. We observed a significant reduction in CD10+ leukemic cells in 

mice treated with dual versus monospecific CD19CAR T cells (P<0.0001) (Figure 5A–C). 

Tumor cells isolated from mice treated with CD19 or BAFF-R single CAR T cells were 

negative for CD19 or BAFF-R, respectively, demonstrating effective tumor elimination in 

a target-dependent manner (Figure 5D). CD19-BAFF-R(l) dual CAR T cells completely 

eradicated both CD19+ and BAFF-R+ tumors (P<0.001) (Figure 5D–E), supporting the dual 

targeting feature of these cells. We detected equivalent levels of CAR T cells in mice treated 

with BAFF-R CAR T cells and CD19-BAFF-R(l) dual CAR T cells, but significantly more 

in mice treated with CD19-BAFF-R(l) dual CAR T cells than in CD19 CAR T cell-treated 

mice (P<0.05), despite full tumor clearance in dual CAR T cell-treated mice (Figure 5F–

G). Overall, this data suggests that CD19-BAFFR(l) dual CAR T cells have potential for 

long-term in vivo persistence and expansion.

Dual CAR T cells can target heterogeneous primary ALL cells

To evaluate targeting of primary ALL cells by dual CAR T cells, we performed cytotoxicity 

(51Cr) and degranulation as in Figures 2 and 4, respectively, using CD19+ and CD19 

primary ALL samples (Figure 6A) as targets. We depleted T cells from patient samples 

before performing the assays to avoid any reaction of patient-derived T cells and healthy 

donor-derived CAR T cells (Supplemental Figure 3). Dual and monospecific CAR T cells 
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degranulated (Figure 6B–C) and induced cytotoxicity (Figure 6D) against primary ALL cells 

that express their target antigen.

Discussion

CD19 CAR T cell therapy has achieved high response rates in ALL(1–3) and lymphoma(4–

7), but CD19-negative relapse compromises its potential success(3, 36, 37). We optimized 

a dual-targeting CAR T cell platform with potential to mitigate antigen escape and increase 

durability of remission. We leveraged our experience targeting BAFF-R(20, 22, 23, 25) to 

design CD19-BAFF-R dual CAR T cells (Figure 1), which showed potent effector function 

against heterogeneous target cells in vitro (Figure 1–4) and extended survival in our mouse 

model of heterogeneous ALL (Figure 2–4). Furthermore, CD19-BAFF-R dual CAR T cells 

persisted in mice following tumor elimination (Figure 5), suggesting that they may hold 

potential for inducing long term remissions.

Dual targeting may prevent antigen loss post-CAR T cell therapy. Bispecific CAR constructs 

have advantages over sequential or simultaneous co-administration of monospecific CAR 

T cells, which can be inefficient and costly. Designing a dual CAR is challenging, and a 

panel of constructs is typically needed to systemically evaluate the effects of orientation 

of the two scFv domains relative to each other on function of resulting dual CAR T 

cells; the best candidate construct will equivalently execute effector function in vitro and 

in vivo against both targets. We evaluated 3 CD19/BAFF-R dual CAR constructs that 

differed in scFv orientation (Figure 1; Supplemental Figure 1). When transduced into T 

cells, only CD19-BAFFR(t) and CAR CD19-BAFFR(l) yielded effective dual targeting in 
vitro (Figure 1; Supplemental Figure 1). This data agrees with previous studies showing 

that scFv orientation can alter antigen binding and targeting(38). However, in other reports, 

modification of linker/spacers within the CAR construct(39) or generating a biscistronic 

structure(40) are also necessary to achieve dual targeting.

CD19-BAFF-R(l) dual CAR T cells exhibited the best anti-ALL activity in our in vivo 
mixed leukemia mouse model (Figure 2), and were successfully manufactured using current 

clinical and research platforms that use Tn/mem cells(30, 33). We confirmed that dual CAR 

engineering did not compromise cell expansion as indicated by comparable growth to mock 

T cells (Figure 3A). CD19-BAFF-R(t) and CD19-BAFF-R(l) dual CARs conferred both 

CD4+ and CD8+ CAR T cells the capability to induce cytotoxicity against target cells. 

Although they exhibited similar effector function in vitro (Figure 3D), CD19-BAFF-R(l) 

dual CAR T cells exhibited better antitumor activity in vivo (Figure 3E–F). It is possible 

that in our model CD19-BAFF-R(l) dual CAR T cells may meet the higher requirement for 

antigen-induced activation that is influenced by antigen and receptor density and affinity of 

interaction(41–44).

We compared the anti-ALL activity of dual and monospecific CAR T cells (Figures 4–5). 

As expected, we observed superior antitumor activity of CD19-BAFF-R(l) dual CAR T cells 

over monospecific CD19 and BAFF-R CAR T cells, which led to significantly improved 

mouse survival. These data suggest that CD19-BAFF-R(l) dual CAR T cells eradicate both 

CD19+ and BAFFR+ tumors, while monospecific CD19 and BAFF-R CAR T cells can 
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only target their respective antigens. Monospecific CD19 CAR T cells were not able to 

control CD19-negative tumors, indicating that CD19 CAR T cells would not be capable of 

controlling CD19-negative relapsed ALL. Therefore, we hypothesize that dual targeting may 

prevent relapse of ALL by superior clearance of heterogeneous tumors.

Tissue harvests confirmed that dual CAR T cells completely eradicated CD19−/− and 

BAFF-R−/− ALL cells while monospecific CD19 and BAFF-R CAR T cells only controlled 

respective CD19+ or BAFF-R+ tumors (Figure 5). Dual CAR T cells exhibited better 

persistence in vivo than monospecific CD19 CAR T cells, possibly due to difference in 

co-stimulatory domains, which may contribute to durable response after infusion. If CD19 is 

lost, any persisting dual CAR T cells retain tumor targeting capabilities and may potentially 

prevent antigen escape-driven relapse. While this data is encouraging, the conclusions we 

can draw are limited by our immunodeficient mouse model and, therefore, will need to be 

validated in an immunocompetent model.

Our unique CD19-BAFF-R dual-targeting CAR T cells will be the first to target this 

combination of tumor associated antigens. Our study demonstrated the reliability of 

bispecific CD19-BAFF-R CAR T cell therapy in inducing remission in ALL consisting 

of CD19−/− and BAFF-R−/− cell lines and primary ALL cells (Figure 6). Moreover, we 

anticipate that our CD19-BAFF-R dual-targeting strategy will be applicable to other B 

cell malignancies. We hypothesize that simultaneous targeting of heterogeneous cancer cell 

populations may diminish the likelihood of antigen escape and may have significant impact 

on cancer treatment by improving the therapeutic benefits of CAR T cell therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Development of prototype BAFF-R/CD19 dual-targeting CAR T cells.
A. Schematics depict the arrangement of BAFF-R and CD19 targeting scFvs designed 

for each dual-targeting CAR construct. B. Human CD8 naïve cells from healthy human 

donors were enriched, activated and transduced with lentiviral vector encoding 4–1BB 

costimulatory molecules and GFP for single CAR or EGFR for dual CAR. After 7 days 

in vitro expansion, GFP+ or EGFR+ CAR T cells were enriched and expanded for another 

7 days before functional assay. FACS analysis plots show CAR positive T cells following 

enrichment. CAR reporter genes were gated on T cells: GFP-positive single-targeting CAR 

T cells (top panel); EGFR positive dual CARs (lower panel). C. FACS histogram show 

BAFF-R or CD19 expression in Nalm-6 ALL tumor lines, including wild-type, CD19−/

−, and BAFF-R−/− variants. Cells were stained by BAFF-R-APC, CD19-APC or isotype 

control antibodies. D. Calculated specific lysis are plotted from a cytotoxicity assay against 

Nalm-6 ALL tumor lines, including wild-type (WT), CD19−/−, and BAFF-R−/− at 10:1 

of E:T ratios. Effector CAR T cells were CD19-BAFF-R(t) and CD19-BAFF-R(l) dual-

targeting CARs and BAFF-R and CD19 single-targeting CARs. Mock T cells were used 

as negative control. Experiments were conducted in triplicate and analyzed by a Student’s 

t-test. ***P<0.001, ****P<0.0001, NS: not statistically significant.
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Figure 2. Functional evaluation of CD19/BAFF-R dual-targeting CAR T cells.
Human CD4 and CD8 naïve cells were enriched, activated and transduced with lentiviral 

vectors encoding CD19-BAFF-R(t) and CD19-BAFF-R(l) CARs separately. After 7 days 

in vitro expansion, EGFR+ CAR T cells were enriched and expanded for another 7 days 

before functional analysis. A. FACS analysis plots show CD4 and CD8 CAR positive T cells 

following the EGFR enrichment. Purity of CAR T cells is depicted. B. Calculated specific 

lysis are plotted from a cytotoxicity assay against Nalm-6 CD19−/−and Nalm-6 BAFF-R−/− 

variants at 10:1 E:T ratio. Effector CARs are CD19-BAFF-R(t) and CD19-BAFF-R(l) dual-

CARs for both CD4 and CD8 CAR T cells. Mock T cells were used as negative control. 

Experiments were conducted in triplicate and analyzed with a Student’s t-test. **P<0.01, 

***P<0.001. C. Bioluminescent imaging of NSG Mice (n=5/group in one experiment) 

inoculated with mixed tumor (0.1 ×106 Nalm-6-CD19−/− plus 0.25 ×106 Nalm-6-BAFF-R−/

−). Mice were administered with a single infusion of 2.5 ×106 CD4 T cells + 1 ×106of 

CD8 T cells, either CD19-BAFF-R(t) or CD19-BAFF-R(l) dual-targeting CAR T cells on 

day 10. Mock T cells from the same donor were used as control. D. Flux (photons/sec) 

was determined by measuring bioluminescence every 10–20 days E. Kaplan-Meier survival 

curve show the results after monitoring mice for up to 90 days. Log-rank test: **p<0.01.
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Figure 3. Antitumor activity of CD19-BAFF-R(l) dual-targeting CAR T cells manufactured in a 
clinically relevant platform.
A. Naïve and central memory T cells (Tn/mem) were enriched, activated and transduced, 

and expanded for 14 days. Growth curve plots the expansion of CD19-BAFF-R(l) dual CAR 

T cells. Non-transduced T cells (Non-CAR) were isolated from the same donor and cultured 

in parallel. B. FACS analysis of CAR transduction efficiency of CD19-BAFF-R(l) dual-CAR 

T cells at MOI=2. Samples were analyzed at the end of CAR production on day 14 and 

analyzed with anti-EGFR-APC antibody. C. Bar Graph shows ELISA measurements of 
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IFN-γ released by CD19-BAFF-R(l) dual CAR T cells. Dual CAR T cells were co-cultured 

for 24 hours with either BAFF-R−/− or CD19−/− Nalm-6 B-ALL cell lines at 10:1 E:T 

ratio. IFN-γ was measured from sampled supernatant by ELISA. Mock T cells from 

the same donor and irrelevant HL-60 cell line were used as controls. Experiments were 

conducted in triplicate and analyzed by a Student’s t-test; ***P<0.001, ****P<0.0001, 

NS: not statistically significant. D. FACS plots of CD19-BAFF-R(l) dual CAR T-cell 

functional potency as measured by a CD107a degranulation assay. 19-BAFFF-R(l) dual 

CAR T cells were co-incubated with either BAFF-R−/− or CD19−/− Nalm-6 B-ALL cell 

lines. Non-transduced T cells from the same donor (Non-CAR) and irrelevant HL-60 cell 

line were used as controls. Percentages of CD107a from gated CD4 and CD8 CAR are 

presented. E. Specific lysis induced by CAR T cells against Z138 MCL tumor lines, 

including wild-type (WT) and CD19−/− at 10:1 of E:T ratios. Effector CAR T cells were 

CD19-BAFF-R(l) dual-targeting and CD19 single-targeting CARs. Mock T cells were used 

as negative control. Experiments were conducted in triplicate and analyzed by a Student’s 

t-test. ****P<0.0001, ***P<0.001, **P<0.01. F. Bioluminescent imaging of NSG Mice 

(n=5/group in one experiment) challenged with mixed tumor (0.1 × 106 Nalm-6-CD19−/− 

plus 0.1 × 106 Nalm-6-BAFF-R−/−). Mice were administered with a single infusion (1 × 106 

CAR T cells) of CD19-BAFF-R (l) dual-targeting CAR T cells on day 9. Mock T cells at 

the respective total dose levels (Mock, 2.5 × 106 T cells) from the same donor were used as 

control. G. Flux (photons/sec) was determined by measuring bioluminescence every 10–20 

days. H. Kaplan-Meier survival curve show the results after monitoring mice for up to 100 

days. Log-rank test: **p<0.01, between CD19-BAFF-R (l) CAR and Mock T cells.
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Figure 4. Comparison of CD19-BAFF-R(l) dual-targeting CAR with CD19 and BAFF-R single 
CAR in a mixed tumor model.
A. Naïve and central memory T cells (Tn/mem) cells were enriched, activated, transduced, 

and expanded for 13 days. FACS analysis plots CD107a positive CD4 or CD8 CAR 

T cells (CAR gated) comparing CD19-BAFF-R(l) dual CAR, BAFF-R single CAR, and 

CD19 single CAR degranulation against Nalm-6 CD19−/−BAFF-R+/+ and Nalm-6 CD19+/

+BAFF-R−/− B-ALL lines. Mock T cells from the same donor were used as a control. B. 
Graph shows ELISA measurements of IFN-γ released by CD19-BAFF-R(l) dual CAR T 
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cells compared to BAFF-R and CD19 single CAR T cells. CAR T cells were co-incubated 

with either BAFF-R−/− or CD19−/− Nalm-6 B-ALL lines. IFN-γ was measured from 

sampled supernatant. Experiments were conducted in triplicate and analyzed by a Student’s 

t-test; **P<0.01, ***P<0.001, ****P<0.0001, NS: not statistically significant. C. Specific 

lysis induced by CAR T cells against Nalm-6 WT, BAFF-R−/− or CD19−/− Nalm-6 B-ALL 

cell lines. Effector CAR T cells were CD19-BAFF-R(l) dual-targeting CARs and BAFF-R 

and CD19 single-targeting CARs at 10:1, 2:1, and 0.5:1 E:T ratios. Mock T cells were used 

as negative control. Experiments were conducted in triplicate and analyzed by a Student’s t-

test. ****P<0.0001, ****P<0.0001, ***P<0.001, **P<0.01, NS: not statistically significant. 

D. Bioluminescent imaging of NSG Mice (n=5/group in one experiment) challenged with 

mixed tumor (0.1 ×106 Nalm-6-CD19−/− plus 0.1 ×106 Nalm-6-BAFF-R−/−). Mice were 

administered a single infusion of (1 × 106 CAR T cells), BAFF-R, CD19 single-targeting 

CAR T cells or CD19-BAFF-R(l) dual-targeting CAR T cells on day 9. Mock T cells from 

the same donor were used as control. E. Flux (photons/sec) was determined by measuring 

bioluminescence every two weeks. F. Kaplan-Meier survival curve show the results after 

monitoring mice for up to 100 days. Log-rank test: **p<0.01, between dual CAR and CD19, 

BAFF-R single CAR.
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Figure 5. Analysis of residual tumor and CAR T cells in mouse peripheral blood.
Blood was collected 46–50 days post tumor challenge and analyzed with multicolor flow 

cytometry. A. FACS plots depict the gating strategy used to identify CAR-T and tumor cells 

in mouse peripheral blood. Viable singlets were gated for CD3+ EGFR+ CAR-T cells and 

CD10+ tumor cells. B. FACS plots of CD3+ T cell or CD10+ tumor cells in PBS, Mock, 

CD19 Single CAR, BAFF-R Single CAR and CD19-BAFF-R (l) Dual CAR treated mouse 

blood. One mouse is displayed as representative of each cohort. C. The dot graph shows 

the cumulative data of CD3+ T cell or CD10+ tumor cells from five mice in each cohort. 

Data were analyzed by a Student’s t-test; ****P<0.0001, NS, not significant. D. Lineage 

analysis of tumor cells for CD19 and BAFF-R expression based off CD10 gating in PBS, 

Mock, BAFF-R single CAR, CD-19 single CAR, and CD19-BAFF-R(l) Dual CAR groups. 

E. Cumulative data of CD19 and BAFF-R expression from five mice in each cohort are 

presented. Data were analyzed by a Student’s t-test; ****P<0.0001, NS, not significant. F. 
Percentages of CAR (EGFR) T cells from CD3 gate are depicted from one representative 

mouse. FACS analysis plots from one representative mouse are displayed for each cohort. E. 
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Cumulative data of CAR T cells from 5 mice per cohort are presented. Data were analyzed 

by a Student’s t-test; *P<0.05, NS: not statistically significant.
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Figure 6. Dual CAR T cells exhibited efficient cytotoxicity against primary ALL cells
A. Seven blood samples from patients with ALL were collected and CD19 and BAFF-

R expression were analyzed with flow cytometry. N=3 for CD19+BAFF-R+; N=1 for 

CD19+BAFF-R-; N=2 CD19-BAFF-R+; N=1 for CD19+BAFF-R+. B-C. T cell-depleted 

patient samples were co-cultured with BAFF-R and CD19 monospecific or CD19-BAFF-

R(l) dual CAR T cells at 1:2 ratio for 6 hours. CD107a expression was analyzed with flow 

cytometry. Representative data of CD107a expression under EGFR (CAR) gated population 

and accumulative data are presented. Experiments were conducted in triplicate for each 

patient specimen. D. Specific lysis of CAR T cells against primary ALL cells. Effector 

CAR T cells were CD19-BAFF-R(l) dual or BAFF-R and CD19 monospecific CAR T cells 

at 10:1 E:T. Mock T cells were used as negative control. Experiments were conducted in 

triplicate and analyzed by a Student’s t-test. ****P<0.0001, ****P<0.0001, ***P<0.001, 

**P<0.01, *P<0.05, NS: not statistically significant.
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