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Abstract

Purpose: Although adoptive cell therapy with chimeric antigen receptor (CAR)-engineered T 

cells has shown durable clinical efficacy in patients with CD19+ B-cell malignancies, the 

application of this approach to solid tumors is challenging. The goal of this proof-of-concept study 

was to investigate whether loading of CD19-CAR T cells (CART19) with anti-HER2 or anti-

EGFR bispecific antibodies (BiAb) will target HER2+/EGFR+ CD19- targets and signal the 

intracellular domain of CAR without engaging antigen-specific CD19 ScFv of CAR T cells.

Methods: We used CART19 armed with anti-CD3 (OKT3) × anti-HER2 BiAb (HER2Bi) or anti-

CD3 (OKT3) × anti-EGFR BiAb (EGFRBi) to evaluate the cytotoxicity directed at HER2 or 

EGFR expressing cancer cell lines compared with unarmed CART19 measured by short-term 51Cr 

release assay and long-term real-time cell analysis using xCelligence. We also determined the 

differences in exhaustion or effector phenotypes and cytokine profiles during the short- and long-

term cytotoxicity assays.

Results: Specific cytotoxicity was exhibited by CART19 armed with HER2Bi or EGFRBi 

against multiple tumor cell lines. Armed CART19 and armed activated T cells (ATC) showed 

comparable specific cytotoxicity that ranged between 10 and 90% against breast, pancreatic, 

ovarian, prostate, and lung cancer cell lines at 10:1 E/T ratio. Serial killing (repeated killing) by 

HER2Bi-armed CART19 ranged between 80 and 100% at 10:1 E/T ratio against MCF-7 cells up 

*Correspondence: Lawrence G Lum, MD, University of Virginia Cancer Center, Department of Medicine, Division of Hematology/
Oncology, 1335 Lee Street, West Complex 7191, Charlottesville, VA 22908; Archana Thakur, Ph.D., Phone: (434) 243-1397, Fax: 
(434) 297-4101, at2fx@virginia.edu.
Authors’ contributions
LGL and CHJ conceived the idea. AT, LGL, CHJ and JS designed the study, performed statistical analysis, and wrote the manuscript. 
AT, JS and DLS performed the experiments and participated in the data analysis. All authors read and approved the final manuscript.

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of an unedited peer-reviewed manuscript that has been 
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept 
up to date and so may therefore differ from this version.

Originality Disclosure: The data presented in this manuscript are original and have not been published elsewhere except in the form 
of abstracts and poster presentations at symposia and meetings.

Conflict of Interest: LGL is co-founder of Transtarget Inc. and serves on the SAB for Rapa Therapeutics, CHJ is a co-founder of 
Tmunity Therapeutics, Inc. and AT is co-founder of Nova Immune Platform LLC, JS and ETB have no conflict of interest.

Competing interests
The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
J Cancer Res Clin Oncol. Author manuscript; available in PMC 2021 August 01.

Published in final edited form as:
J Cancer Res Clin Oncol. 2020 August ; 146(8): 2007–2016. doi:10.1007/s00432-020-03260-4.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to 19 days (up to 4th round of repeated killing) measured by a real-time cell analysis without 

CART19 becoming exhausted.

Conclusions: HER2Bi- or EGFRBi-armed CART19 exhibited specific cytotoxicity against 

multiple HER2+/EGFR+/CD19− tumor targets in overnight and long-term serial killing assays. 

CART19 showed improved survival and were resistant to exhaustion after prolonged repeated 

exposure to tumor cells.
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Introduction

Adoptive transfer of chimeric antigen receptor (CAR)-engineered T cells has demonstrated 

robust and unprecedented clinical efficacy in patients with CD19+ B-cell malignancies (1–

4). Recent FDA approval of CAR T cell therapies for the treatment of CD19+ malignancies 

establishes that the use of CAR T cell-based therapy can be a clinical option for the 

treatment of other diseases. Substantial efforts are being invested in improving design and 

manufacturing of engineered CAR T cells to be effective against solid tumors. Similar to 

infusions of bispecific antibody (BiAb) armed activated T cells (ATC) in solid tumors (5–7), 

genetically engineered T cells that express CAR may target the tumor cells, release Th1 

cytokines, and induce specific endogenous immune responses while avoiding the restriction 

of major histocompatibility complex (MHC). In this proof-of-concept study, we asked a 

question whether loading CD19-CAR T cells (CART19) with OKT3 × anti-HER2 bispecific 

antibody (HER2Bi) or OKT3 × anti-EGFR bispecific antibody (EGFRBi) can redirect the 

antigen-specific cytotoxicity against HER2 and EGFR expressing solid tumor targets while 

retaining intracellular signaling of CAR domain. An advantage of bispecific antibody 

(BiAb) loading approach is that commercial antibodies (Herceptin, cetuximab, etc.) can be 

easily derivatized into BiAbs with anti-CD3 monoclonal antibody (OKT3) as the TCR-

binding partner and the anti-tumor-associated antigen monoclonal antibody as the tumor-

binding partner. The BiAb retargeting strategy utilizes the high-affinity humanized 

monoclonal antibody against target antigen to produce BiAb with OKT3 to redirect the non-

MHC restricted, perforin/granzyme-mediated cytotoxicity of target cells.

This study shows that BiAb-armed CART19 cells exhibit robust target-specific killing of 

multiple cells lines, showed enhanced killing when two antigens were sequentially targeted, 

proliferated and were serially able to kill target cells up to 3 weeks without engaging the 

CD19 CAR, secreted Th1 cytokines and chemokines, and did not display exhaustion 

receptors. Retargeting of CART cells with BiAb provides a new alternative approach for 

leveraging the “horsepower” of the CART and pre-manufacturing BiAb to improve the T 

cell killing machine in solid tumors.
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Materials and methods

Chimeric antigen receptor T cells (CART) and culture of CART19 cells.

Lentiviral vector (LV) directing expression of anti-CD19 scFv derived from FMC63 murine 

monoclonal antibody, human CD8α hinge and transmembrane domains, and human 4–1BB 

and CD3ζ signaling domains (CD19BBz) as described previously (1). CART19 were 

produced by the laboratory of Dr. Carl H. June (University of Pennsylvania, PA) by 

transducing T cells with CD19BBz. T cells were stimulated with anti-CD3/CD28 magnetic 

beads and transduced by LV at a multiplicity of infection (MOI) of 5 and expanded by 

adding human IL-2 every other day to a final concentration of 50 IU/ml to generate 

CART19. Schematic representation of the CART19 and arming of transduced cells with 

BiAbs are shown in Fig. 1A, 1B. The CART19 cells were thawed and expanded in low-dose 

IL-2 until needed for the various assays.

Activated T cells (ATC) culture.

ATC were produced by soluble OKT3 (20 ng/ml) stimulation of peripheral blood 

mononuclear cells in RPMI 1640 medium containing 5% human serum and expanded in 

low-dose IL-2 (100 IU/106 T cells) for 14 days (8, 9) prior to arming for the specific 

cytotoxicity.

Production of bispecific antibodies.

For the production of the BiAbs, anti-CD3 was linked with anti-TAA monoclonal antibody 

(i.e. anti-HER2, anti-EGFR or anti-CD20) at the Fc region of the monoclonal IgG. All three 

BiAbs, anti-CD3 × anti-CD20 (Rituxan, a humanized anti-CD20 IgG1, Genentech Inc., 

South San Francisco, CA), anti-CD3 × anti-HER2 (Herceptin, a humanized anti-HER2 

IgG1, Genentech Inc., South San Francisco, CA) anti-CD3 × anti-EGFR (Erbitux, a 

humanized anti-epidermal growth factor receptor (EGFR), were prepared by chemical 

heteroconjugation as previously described (10, 11). Briefly, anti-CD3 (OKT3; Centrocor 

Ortho-Biotech, Raritan, NJ) was cross-linked with Traut’s reagent (2-iminothiolane HCl; 

Pierce, Rockford, IL) and anti-TAA was cross-linked with sulphosuccinimidyl 4-(N-

maleimidomethyl) cyclohexane-1-carboxylate (Sulpho-SMCC). Cross-linked mAb were 

desalted on PD-10 columns (Pharmacia, Uppsala, Sweden) to remove unbound cross-linker. 

The cross-linked OKT3 and anti-TAA were heteroconjugated overnight. The 

heteroconjugated product was analyzed by non-reducing SDS–PAGE (4–20% gradient; 

Lonza Inc., Walkersville, MA) and quantified by densitometry using Quantity One software 

(Bio-Rad Lab., Hercules, CA).

Arming of CART19 and ATC cells.

Activated T cells were armed with previously optimized (8) concentration (50 ng/106 ATC) 

of anti-OKT3 × anti-CD20 BiAb (CD20Bi), anti-OKT3 × anti-HER2 BiAb (HER2Bi) or 

anti-OKT3 × anti-EGFR BiAb (EGFRBi).
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Cytotoxicity by 51Cr release assay.

Cancer cell lines from breast (MD-MB-231[MB231], MCF-7, BT-20, SKBR3), pancreas 

(L3.6. MiaPaCa-2, HCT-8) prostate (PC3), ovarian (SCOV), lung (H292, A549), melanoma 

(A375), osteosarcoma (HOS) and glioblastoma (U118, U251) were plated in 96-well flat-

bottom microtiter plates at 4 × 104 cells/well and allowed to adhere overnight. The cells 

were labeled with 51Cr at 20 µCi/mL in the labeling media (50% FBS in complete 

RPMI-1640) for 5 h at 37°C, and washed with complete RPMI-1640 to remove 

unincorporated isotope (10, 12). Effectors (unarmed CART19 or ATC and armed CART19 

or ATC) were then added at 10:1 effector:target (E:T) ratio. Co-cultures were incubated for 

18 h and the supernatant was collected for liquid scintillation counting to quantitate the 

amount of released 51Cr. Percent cytotoxicity was calculated as follows: (experimental cpm 

– spontaneous cpm) / (maximum cpm – spontaneous cpm) × 100. Means and standard errors 

were calculated from four to six replicates per sample.

Real-time monitoring of cytotoxicity by xCELLigence system.

In the Real-Time Cell Analysis (RTCA) system, cytotoxicity is measured by cellular 

impedance readout as Cell Index (CI) to monitor real-time changes in cell number. This is 

derived from the relative impedance changes corresponding to cellular coverage of the 

electrode sensors, normalized to baseline impedance values with medium only. Cell 

attachment was monitored using the RTCA software until the plateau phase was reached, 

which was usually after approximately 22–24 h before adding effector cells. We used breast 

(MCF-7) and pancreatic (MiaPaCa-2) cancer cell lines for xCELLigence RTCA as targets 

and armed or unarmed CART19 or ATC as effector cells. The target cells (10,000– 20,000 

cells/well as optimized for each cell line) were plated in 96-well E-Plates followed by 

adding effectors at 10:1, 2:1 or 1:1 E/T. The target cell impedance signal was monitored for 

24–120 h and data were extrapolated as % cytolysis. Untreated targets or effectors without 

targets served as controls.

Flow cytometry for the exhaustion and activation markers of CART19 cells co-cultured 
with tumor targets.

We compared exhausted CART19 (with low cytotoxic activity) with armed and unarmed 

CART19 cells co-cultured with tumor cells for short-term (24 h) and long-term (2 weeks) 

incubation. Antibodies used for staining include: anti-CD45, -CD3, -CD4, -CD8 -41BB, -

ICOS and -OX40 (BD Biosciences San Jose, CA). CART19 cells were collected and washed 

before staining for 30 min on ice with mixtures of fluorescently conjugated mAbs or 

isotype-matched controls, washed twice with FACS buffer, and analyzed. Cells were 

analyzed on a FACScalibur (BD Biosciences), and data were analyzed using FlowJo 

software (BD Biosciences). The T cell co-stimulation was analyzed on T cells for receptor 

expression by gating on 41BB/ICOS/OX40 on CD45+/CD3+/CD4+ or CD45+/CD3+/CD8+ T 

cells and co-inhibitory receptor expression by gating on CD279/PD-1 on CD45+/CD3+/

CD4+ or CD45+/CD3+/CD8+ T cells.
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Results

Arming of CART19 with HER2Bi or EGFRBi.

First, we confirmed the HER2Bi or EGFRBi bispecific antibody binding on CART19 by 

flow cytometry analyses using goat anti-mouse IgG2a-PE (anti-OKT3 antibody). CART19 

showed BiAb-positive cells >99% with mean fluorescent intensity (MFI) >1500 (Fig. 1C). 

Next, we performed the in vitro cytotoxicity studies that showed a robust redirected killing 

of HER2+ (CD19-) and EGFR+ (CD19-) tumor cells by armed CART19. CART19 either 

left unarmed or armed with anti-HER2, anti-EGFR or anti-CD20 BiAbs were compared with 

unarmed and anti-HER2, anti-EGFR or anti-CD20 BiAbs antibodies armed non-CAR T 

cells (ATC). Specific cytotoxicity of armed or unarmed (without BiAb) CART19 and non-

CAR T cells are shown in Fig. 2. Both CART19 and non-CART cells (ATC) demonstrated 

specific cytotoxicity against the target cells expressing HER2 or EGFR. Specific cytotoxicity 

by CART19 armed with HER2Bi directed at breast cancer cell lines ranged between 23 and 

60% (n = 3) in spite of either low expression of HER2 (MCF-7) or no expression of HER2 

(Triple negative [HER2/ER/PR negative cell lines] MB231 and BT-20) in three out of four 

breast cancer cell lines. CART19 armed with EGFRBi showed mean specific cytotoxicity of 

16–90% (n = 3) against breast cancer cell lines tested (MB231, MCF-7, BT-20 and SKBR3). 

Both, CART19 armed with HER2Bi or EGFRBi showed cytotoxicity against pancreatic 

(L3.6, MiaPaCa-2 and HTC-8; 20–36%), ovarian (SCOV; 39–42%), prostate (PC3; 42–

46%), lung (H292 and A549; 20–25%), melanoma (A375; 26–29%), osteosarcoma (HOS; 

42–51%) and glioblastoma (U118 and U251; 25–54%) cancer cell lines (Fig. 2).

Enhanced cytotoxicity after sequential targeting of HER2 and EGFR by armed CART19.

Next, we asked whether sequential targeting by HER2Bi-armed CART19 followed by (f/b) 

EGFRBi-armed CART19 or vice versa may maintain long-term specific cytotoxicity 

compared to single targeting by EGFRBi- or HER2Bi-armed CART19 against low EGFR 

and low HER2-expressing cell lines using the xCELLigence RTCA system. For sequential 

targeting, HER2Bi-CART19 or HER2-Bispecific antibody-Armed T cells (BATs) were 

added at 1:1 effector to target (E/T) for 24 h then effector cells were removed, wells were 

washed f/b adding EGFRBi-CART19 or EGFR-BATs, respectively. Cytotoxicity was 

monitored by RTCA for 72 h. Sequential targeting of two tumor antigens by CART19 

showed significantly enhanced cytotoxicity (87.8%) compared to BATs (76.2%). The single 

targeting of HER2 by HER2Bi-armed CART19 showed significantly higher cytotoxicity 

(71.2%) towards MCF7 cells (low HER2-expressing cells) compared to the killing by 

HER2-BATs (60.0%) at 5:1 E/T (n=3) in the presence of 100 IU/ml IL-2 (Fig. 3, Top 
panel).

Armed CART19 proliferate during serial killing of targets.

Serial killing was set-up for a repeated exposure of armed CART19 to newly plated tumor 

targets. Basically, after each round of killing, effectors were collected and added to a newly 

plated tumor targets for the next round of killing. Cytotoxicity was measured over the course 

of repeated exposures of the unarmed and armed CART19 to SKBR3 at days 1, 4, 10, 18, 

and 25 (without IL-2). Both, HER2Bi-CART19 and EGFRBi-CART19 showed >70% and 

>60% cytotoxicity, respectively, at round 5 (day 25) of killing assay (Fig. 3, Middle panel). 
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The Bottom panel (Fig. 3) shows fold change in proliferation of HER2Bi-armed CART19 

during repeated killing with continuous exposure to fresh SK-BR-3 targets after each round 

of killing at days 1, 4, 10, 18, and 25 (without IL-2). These data suggest that intracellular 

domain containing 4-1BB and CD3z (4–1BBz) of the CAR was capable of ligand-

independent signaling that enables CART19 cells for enhanced cytotoxicity and proliferation 

even after prolonged tumor cell exposure.

Real-time cell analysis during repeat-killing assay.

We first reported serial killing by HER2 BATs (12). We now ask the question of how long 

will the HER2Bi- or EGFRBi-armed CART19 be able to kill tumor targets in a long-term 

serial killing assay. The serial killing assay was performed using the same effector-armed 

CART19 cells that were transferred from one culture to the subsequent culture with no 

additions except for media and IL-2. We compared the repeat-killing (long-term killing of 

tumor cells) of MCF-7 by HER2Bi-armed and unarmed CART19 with armed (BAT) and 

unarmed ATC in a real-time cell analysis (RTCA) using xCelligence. Specific cytotoxicity 

against MCF-7 at an E/T of 10:1 showed 80–100% killing of target cells withing 24 h the 

after adding the effector cells up to 3rd killing while the killing by BATs was similar but 

response was delayed. At 4th round, 80% killing reached at 72–96 h for CART19 but BATs 

showed only transient killing (40%), thereafter, cytotoxicity mediated by HER2 or EGFR-

BATs declined (Fig. 4). Interestingly, at 4th round of killing unarmed ATC and unarmed 

CART19 showed higher killing of target cells which appears to be due to antigen-specific 

clonal expansion. This is likely since the CART19 and ATC were repeately primed in vitro 
with tumor antigens released during long-term repeated co-cultures for 25 days.

Armed CART19 induce cytokines and chemokines.

The levels of Th1 cytokines (IFN-γ, IL-2, IL-2R and GM-CSF) and chemokines (MIP-1α, 

MIP-1β, IP-10 and MIG) were significantly higher in supernatants of co-cultures of 

HER2Bi-CART19 with tumor cells (SKBR3) and compared to the control HER2Bi-

CART19 without tumor cells (Fig. 5, Top Panels).

Antigenic exposure of unarmed and armed CART19 cells remains activated.

We used three conditions to evaluate the phenotypic changes in HER2Bi-CART19 using a) 

short 24 h exposure to tumor cells, b) unarmed and armed CART19 were grown with tumor 

cells for 2 weeks in the presence of IL-2 (continuous antigenic exposure) and, c) exhausted 

armed and unarmed CART19 (unable to kill tumor cells). Both short and continuous 

antigenic exposures of HER2Bi-CART19 show increased expression of the co-stimulatory 

molecule 4–1BB, ICOS, OX40 on CD4+ and CD8+ T cells (Fig. 5, Lower Panel). These 

phenotyping data indicate that express of co-stimulatory molecules even after long antigenic 

exposure suggests that the CART19 cells did not undergo T cell exhaustion.

Discussion

Cell-based immunotherapy has recently emerged as a promising approach for achieving 

robust and long-lasting anti-tumor activity in advanced disease (1–4). A number of CAR- 

and TCR-based therapies are being evaluated for treatment of solid malignancies (13–16). In 

Thakur et al. Page 6

J Cancer Res Clin Oncol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this proof-of-concept study, we asked whether arming CART19 cells with target antigen-

specific BiAb using the native endogenous TCR will redirect the CART19 to kill multiple 

cancer types in a non-MHC restricted manner without the need of designing specific 

transgene construct to generate antigen-specific CAR T cells. Armed CART19 showed a 

robust redirected killing of EGFR+, CD19- or HER2+, CD19 tumor cell lines. More 

importantly, armed CART19 not only were able to show enhanced serial killing of target 

cells but also showed increased proliferation and Th1 cytokine secretion compared to 

unarmed CART19 during multiple rounds of repeat-killing assay. It is likely that binding of 

BiAb to CD3ε (via OKT3) on CART19 cells may co-signal the intracellular portion of CAR 

transgene in a ligand-independent fashion; however, the mechanism of ligand-independent 

intracellular signaling is the subject of future studies.

The application of CAR T cells to treat solid malignancies has been limited due to a number 

of reasons. One major reason is the lack of exclusiveness of tumor antigens that cause on-

target off-tumor toxicity through their recognition of healthy cells that express the target 

antigen (10–13). The occurrence of cytokine release syndrome or “cytokine storm” has 

limited the absolute dose of CAR-T and does not allow for repeated infusions. A number of 

approaches to decrease the toxicity profiles of CAR-T infusions are being developed. 

“Suicide” genes or an inducible “caspase 9” transgene has been introduced into the CAR-T 

to avoid the development of CRS from infusions r of CAR T cells (17). Further efforts lead 

to use an alternative approach of transient expression of CAR mRNA that required repeated 

infusions of CAR T cells (18). However, the repeated infusions of the CAR-T cells in one 

patient resulted in anaphylaxis and cardiac arrest within minutes of completing the 3rd 

infusion, authors suggest that this is most likely through IgE antibodies specific to the 

murine CAR (15). These results indicate that the potential immunogenicity of CARs derived 

from murine antibodies may be a safety issue for mRNA CARs. On the other hand, BiAb-

loaded CART cells are self-limiting as with each cell division the amount of BiAb becomes 

half and approximately after 6–7 cell divisions BiAb will be lost from the CART cells. In 

other words, the amount of BiAb decreases in subsequent daughter generations eventually 

extinguishing the binding.

In our clinical studies, adoptively transferred BiAb-loaded T cells have not shown any 

persistent grade 3 or 4 toxicities or dose limiting toxicities in multiple clinical trials (5–7). 

We showed that arming with HER2Bi was able to target HER2-expressing tumor cell lines 

to redirect the non-MHC restricted, perforin/granzyme-mediated cytotoxicity of ATC (12) to 

both high and low HER2-expressing targets in vitro and as well as HER2 0–2+ and HER2–

3+ patients in phase I clinical trial (5, 7). Our data show that BATs infusions were safe and 

induced endogenous immune responses that persisted up to 4 months (5). Our working 

hypothesis is that BiAb-armed CART cells infusions will provide tumor killing due to their 

ability to proliferate, remain activated and modify tumor microenvironment (TME) by 

releasing Th1 cytokines and chemokines. Armed CART19 mediated tumor lysis and release 

of Th1 cytokines/chemokines may create “conducive” environment for in situ immunization 
through the recruitment and activation of endogenous immune cells that may result in 

antigen/epitope spreading seen in our vaccinate and boost protocol using multiple infusions 

of HER2 BATs to “vaccinate” the patient and a boost of immune ATC grown from a second 

Thakur et al. Page 7

J Cancer Res Clin Oncol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



apheresis that was given after high dose chemotherapy and stem cell transplantation (7). In 

vaccinate and boost protocol, there was clear evidence that HER2 peptide antigen-specific 

TCR clones would respond by producing cytoplasmic IFN-γ with a specific reactive TCR 

(7). These changes may induce the development of long-term tumor specific memory T cells 

as well as a shift in tumor microenvironment.

The ability to target multiple antigens with a single, standardized immune receptor using 

exogenous BiAbs targeting approach represents a flexible platform for tumor eradication 

without the necessity to re-engineer or develop unique CAR for each target. Universal 

immune receptors are the part of this evolution, arming CAR T cells with 2–3 BiAbs each 

with unique antigen offers the potential to circumvent the limitations that accompany CAR T 

cell therapy.

In addition, this approach is self-limiting as the amount of BiAb on the BiAb-armed 

CART19 will become half with every cell division, and BiAb will be lost after multiple 

division during rounds of repeated killing and, therefore, the cytotoxicity activity will be 

turned off avoiding CRS and off-target toxicity. This strategy allows for multiple infusions 

of twice weekly or once per week for 4–8 weeks. In summary, BiAb-loaded CART19 show 

enhanced specific killing of multiple cells lines targeting single tumor-associated antigen, 

produced Th1 cytokines/chemokines and showed far superior cytotoxicity when two 

antigens were sequentially targeted. In a serial killing assay, armed CART19 proliferated, 

remain activated and repeatedly killed target cells up to 3 weeks in a long-term killing assay. 

Further investigation is warranted to understand the mechanism of ligand-independent 

signaling in scFv deleted CAR T cells.
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Figure 1. 
A) A basic structure for a CART19 scFv and intracellular signaling domain. The chimeric 

intracellular signaling molecule includes a human CD8α hinge/ transmembrane domain, and 

intracellular 4–1BB and CD3z domains. B) Cartoon showing production of the BiAb by 

chemical heteroconjugation of whole IgG molecules using complementary linkers at the Fc 

region of the IgG. CART19 cells armed with BiAb can exhibit non-MHC restricted 

cytotoxicity against target cells and produce cytokines/chemokines. C) Flow cytometry 

analysis showing binding of BiAb when CART19 cells were armed with either HER2Bi or 

EGFRBi by detecting OKT3 on CART19 cells.

Thakur et al. Page 10

J Cancer Res Clin Oncol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Comparison of specific cytotoxicity by armed and unarmed CART19 cells or armed and 

unarmed ATC. Effector cells consisted of CART19 or ATC armed with HER2Bi or EGFRBi 

and unarmed CART19 or ATC and target cells include breast, pancreatic (Top panel), 
ovarian, prostate, Lung (Middle panel), melanoma, osteosarcoma and glioblastoma cell 

lines (Bottom left panel). Armed or unarmed CART19 and ATC were plated in triplicate 

onto HER2 and EGFR expressing cell lines from various cancer types at effector/target 

(E/T) ratio of 10:1 for 18 h for 51Cr release cytotoxicity show comparable cytotoxicity by 

CART19 and ATC.
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Figure 3. 
Top panel shows representative data targeting MCF-7 (low EGFR and low HER2 

expression) with either HER2Bi-armed CART19 cells first followed by (f/b) adding 

EGFRBi-armed CART19 or EGFRBi-armed CART19 cells first followed by (f/b) adding 

HER2Bi-armed CART19. Cytotoxicity was monitored by the real-time cell analysis 

(RTCA), data are presented at 24, 48, 72 h at an E/T of 5:1. The dashed lines represent 

HER2Bi-armed CART19 or EGFRBi-armed CART19 alone and corresponding color solid 

lines show the sequential killing of target cells. Middle panel shows five rounds of serial 

killing data up to 25 days. Cytotoxicity by HER2Bi- or EGFRBi-armed CART19 ranged 

between 40 and 60% for EGFRBi-armed CART19 and 65 and 80% for HER2Bi-armed 

CART19. Bottom panel shows the fold expansion of HER2Bi-armed CART19 at days 1, 4, 

10, 18 and 25.
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Figure 4. 
Specific cytotoxicity by unarmed, HER2Bi-armed CART19, HER2Bi-armed ATC (BAT) 

and unarmed ATC measured by RTCA using xCelligence over the course of repeated 

exposures to MCF-7 cells at day 1, 3, 6, and 9 that was monitored up to 10 days (250 h 

without IL-2) RTCA. Representative data show enhanced cytotoxicity by HER2Bi-armed 

CART19 compared to HER2Bi-armed ATC (BATs) against MCF-7 cell line in long-term 

killing assay.
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Figure 5. 
Top panel shows the cytokine/chemokine profiles of culture supernatant of HER2Bi-, 

EGFRBi-, GD2Bi-, CD20Bi-armed CART19 cells cultured with or without their 

corresponding tumor targets. Data suggest dominant Th1 cytokine (Upper left panel) and 

chemokine profile (Upper right panel). Lower panels shows activating co-receptors 

expression on CD4 (Left) and CD8 T cell population (Right) of exhausted (lack of 

cytotoxicity), short- (24h) or long-term (2 weeks) antigen-exposed unarmed or armed 

CART19. Data are presented as percentage positive cells within each subset.
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