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Abstract
Impressive outcomes have been achieved by chimeric antigen receptor (CAR)‐T cell
therapy using murine‐derived single‐chain variable fragment (scFv) FMC63 specific
for CD19 in patients with B cell malignancies. However, evidence suggests that
human anti‐mouse immune responses might be responsible for poor persistence and
dysfunction of CAR‐T cells, leading to poor outcomes or early tumor recurrence.
Substituting a fully human scFv for murine‐derived scFv may address this clinically
relevant concern. In this study, we discovered two human anti‐CD19 scFv candidates through an optimized protein/cell alternative panning strategy and evaluated
their function in CAR‐T cells and CD19/CD3 bispecific antibody formats. The two
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thermore, Clone 78‐BBz CAR‐T cells exhibited similar in vivo antitumor activity to
FMC63‐BBz CAR‐T cells. Our results indicate that Clone 78‐BBz CAR has excellent
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efficacy and safety profile and is a good candidate for clinical development.
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| INTRODUCTION

therapy products (Kymriah®, Yescarta®, and Tecartus®) already in
the market, further improvements are still required for better efficacy

In recent years, CD19‐specific chimeric antigen receptor (CAR)‐T cell

and safety (Kochenderfer et al., 2015).

therapy has demonstrated revolutionary efficacy in patients with re-

One of the causes of CAR‐T cell therapy failure is the short

lapsed or refractory hematologic malignancies, such as B cell acute

duration of CAR‐T cells. Turtle et al. (2016) reported that initial

lymphocytic leukemia (ALL), chronic lymphocytic leukemia (CLL), and

therapeutic failures were associated with limited CAR‐T cell expan-

non‐Hodgkin's lymphoma (NHL; Castella et al., 2019; Castella et al.,

sion and/or rapid depletion of functional CAR effector cells in vivo.

2020; Davila et al., 2014; Gill et al., 2017; Grupp et al., 2013; Hirayama

Cellular or humoral antitransgene immune responses resulted in the

et al., 2019; Jacobson, 2018; Kochenderfer et al., 2016; Maude et al.,

inefficacy of infused CAR‐T cells, which was highlighted in recent

2015; Neelapu et al., 2017; Ortíz‐Maldonado et al., 2020) and could be

clinical trials where several patients developed immune responses

a promising approach to treat autoimmune diseases (Kansal et al.,

specific for murine single‐chain variable fragment (scFv) following

2019; Maldini et al., 2018). However, despite the encouraging initial

CAR‐T cell therapy (Lamers et al., 2011). Researchers detected host

complete remission rates and having three CD19‐specific CAR‐T cell

CD8+ T cell‐mediated anti‐CAR immune responses specific to
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peptides from the FMC63 murine scFv in all five patients whose anti‐
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MA T ER I A L S A N D M ET H O D S

CD19 CAR‐T cells failed to persist and function after the second
10‐fold higher dose infusion (Turtle et al., 2016). Another study

2.1 | Cell lines

demonstrated human anti‐mouse antibody responses related to rapid elimination of repeat doses of CC49 CAR, indicating that a fully

CD19 antigen‐positive cell lines, Nalm‐6 (acute lymphoblastic leu-

human or a humanized scFv CAR may reduce the risk of antibody

kemia), Bv173 (acute lymphoblastic leukemia), Reh (ALL, non‐T, and

induction against the murine scFv‐based CAR and potentially help

non‐B), Raji (Burkitt's lymphoma), Jeko‐1 (mantle cell lymphoma),

the survival and full functioning of CAR‐T cells (Hege et al., 2017).

and Jvm‐2 (mantle cell lymphoma), and CD19 antigen‐negative cell

Several anti‐CD19 CARs with variable regions from fully

lines, Jurkat (acute T cell leukemia), K562 (chronic myelogenous

human or humanized antibodies have been previously described.

leukemia), Skm‐1 (acute myeloid leukemia), and Thp‐1 (acute

Sommermeyer et al. (2017) reported the development of fully human

monocytic leukemia), were cultured in RPMI 1640 medium supple-

anti‐CD19 scFvs by six rounds of cell panning from human Ab/DNA‐

mented with 10% fetal bovine serum (FBS; Gibco). All cell lines were

libraries; the resulting anti‐CD19 CAR‐T cells exhibited robust efficacy

obtained from the Laboratory of Hematology at Tongji Hospital and

against CD19+ tumor cells both in vitro and in vivo. Alabanza et al.

were verified before use. The lentivirus packaging cell line Lenti‐

(2017) compared CAR constructs containing CD28 costimulatory

X™293T (Takara Biomedical Technology) was cultured in high glu-

moieties with different hinges and transmembrane domains, and the

cose Dulbecco's modified Eagle's medium (Gibco) supplemented with

fully human anti‐CD19 CAR‐T cells were shown to have substantial

10% FBS. K562‐CD19 is a human CD19 molecule‐expressing stable

antitumor activity in a recent clinical trial (Brudno et al., 2020).

cell line. Raji‐CD19ko is a human CD19 knock‐out cell line generated

Mirzaei et al. (2019) constructed and generated anti‐CD19 scFv‐BBz

using CRISPR/Cas9. Jurkat cells integrated with the nuclear factor of

CAR‐T from the anti‐CD19 scFv sequence of others, but their studies

activated T cells (NFAT)‐firefly luciferase reporter gene (Jurkat‐

were limited to in vitro functional analysis of CAR‐T cells. Cao et al.

NFAT‐ffLuc), using lentivirus, were used as reporter cells.

(2018) developed a humanized scFv from the murine FMC63 antibody, and a clinical trial demonstrated that 92.9% of 13 patients with
refractory or relapsed (R/R) ALL who received hCART19s achieved

2.2 | Screening for fully human anti‐CD19 scFvs

CR, including patients who experienced recurrence after murine CAR
infusion. Heng et al. (2020) also performed an investigator‐initiated

A fully human scFv phage display antibody library (IMARS, IASO

trial using the humanized anti‐CD19 scFv CAR‐T to treat patients with

Biotherapeutics) was used to generate anti‐CD19 scFvs using opti-

CD19 positive R/R ALL. Ten patients with R/R ALL were enrolled in

mal protein/cell alternate panning. In brief, two rounds of bead

the study and all achieved CR; eight patients remained in a CR state

panning were performed using CD19‐hFc‐Bio as the target antigen,

and six were in CR for more than 18 months without further treat-

and BCMA‐hFc‐Bio as the counterpart, followed by two rounds of

ment (Heng et al., 2020). With the application of fully human or hu-

cell panning using Raji/Raji‐CD19ko. The phage clones were first

manized scFvs, the persistence of CAR‐T cells has been greatly

tested for their ability to bind to recombinant CD19 via enzyme‐

improved. In contrast, lower immunogenicity of fully human anti‐

linked immunosorbent assay (ELISA) using plates coated with CD19‐

CD19 antibodies may be beneficial for other drug formats, such as

hFc‐Bio (ACRObiosystems) and streptavidin (Pierce) or control an-

bispecific T‐cell engagers and monoclonal antibodies (Breton et al.,

tigen BCMA‐hFc‐Bio (ACRObiosystems) and streptavidin. FMC63

2014; Topp et al., 2015).

was cloned into a bacteriophage vector and packaged as a positive

Herein, we report the selection of novel anti‐CD19 human

control phage and KO7 (M13KO7 helper phage; Invitrogen) was

antibodies and the development of high potential CD19 CARs.

used as a negative control phage. The unique clones were further

Using a high‐quality phage display library developed in‐house

evaluated for specificity to Raji/Raji‐CD19ko using flow cytometry.

(containing 1 × 1011 scFvs), we performed an optimized protein/cell

To validate the binding specificity of each clone, their binding abil-

alternative panning strategy to enrich antibodies that bind to re-

ities to multiple CD19 positive and negative cell lines were further

combinant CD19 protein and cell surface CD19. After preliminary

confirmed using flow cytometry. The clones with good specificity to

screening and identification of 894 monoclonal clones, two candi-

both the recombinant CD19 protein and cell lines were constructed

date clones, Clone 62 and Clone 78, were finally acquired. The two

in CAR, BsAb, and rabbit Fc‐tagged IgG proteins for further analysis.

scFvs were cloned into immunoglobulin G (IgG) and bispecific antibody (BsAb) formats for functional analysis. Furthermore, these
scFvs were linked to a second‐generation CAR with a 4‐1BB cost-

2.3 | Competition binding flow cytometry analysis

imulatory domain, and their functions of degranulation, cytotoxicity, cytokine release, expansion, and persistence were confirmed in

Raji cells (3 × 105) were harvested and incubated for 1 h at 4°C with

vitro and in vivo. Clone 78‐derived CAR exhibited similar efficacy

a premixed solution of two different titers of phage clones (1 × 1010

and specificity profiles as the FMC63 benchmark. This lead candi-

pfu/ml and 5 × 109 pfu/ml) and the indicated concentration (from

date is currently being prepared for clinical studies for further

10 to 0.1 ng/ml with 10‐fold gradient dilution) of rabbit Fc‐tagged

evaluation and development.

FMC63 antibody for competition binding assay, respectively. After
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washing twice, the cells were incubated with mouse anti‐M13 anti-

Plus (GE Healthcare). CD3+ T cells from PBMCs were purified with

body (Abcam) for 1 h at 4°C and FITC‐conjugated horse anti‐mouse

CD3 microbeads (Miltenyi Biotec) according to the manufacturer's

IgG (H + L) antibody (Vector Laboratories) for the competition

instructions. The T cells were then cultured in X‐VIVO 15 Media

binding assay. Median fluorescence intensity (MFI) was measured

(Lonza) supplemented with 10% FBS (Gibco), 100 U/ml interleukin

using a MACS Quant Analyzer 10 (Miltenyi Biotec GmbH).

(IL)‐2 (Sigma‐Aldrich), and activated with Dynabeads™ Human
T‐Activator CD3/CD28 (Gibco). After 1 day of activation, primary
human T cells were transduced with lentivirus at a multiplicity of

2.4

| Luciferase reporter assay

infection of 2–5. Transduction efficiency was determined using flow
cytometry with an APC‐conjugated anti‐human EGFR antibody

For the BsAb luciferase reporter assay, CD19 BsAbs were con-

(clone: AY13; BioLegend).

structed in knobs‐into‐holes format with anti‐CD19 scFab and anti‐
CD3 (huOKT3) scFab. Blincyto (blinatumomab) and Ab03 BsAb were
used as benchmark and negative control. The BsAbs were expressed

2.6 | Flow cytometry

in Expi293 cells (Thermo) and purified with a protein A affinity
column (GE Healthcare). T cell activation was measured by the lu-

The cell lines were stained with PE‐conjugated anti‐CD19 antibody

ciferase assay system using Jurkat‐NFAT‐ffLuc cells as effector cells

(clone: HIB19; BioLegend) and isotype antibody (clone: MOPC‐21;

and cancer cells as target cells. In brief, the target and effector cells

BioLegend) to determine the CD19 antigen expression level.

4

(2 × 10 each) were seeded in 96‐well white culture plates with

For CAR detection, CAR‐T/T cells were stained with PE or

serially diluted concentrations of antibody for 24 h. The activation of

APC‐conjugated mouse anti‐human EGFR antibody (clone: AY13;

the effector cells was evaluated using the luciferase assay, which was

BioLegend). To analyze T‐cell phenotype before and after coculture

performed using the Steady‐Glo® Luciferase assay system (Promega)

with Raji cells, 2 × 105 CAR+ T cells were coincubated with an equal

according to the manufacturer's recommendations.

number of Raji cells and CAR‐T cells for 24 h, then the CAR+ T cells

For the CAR luciferase reporter assay, Jurkat‐NFAT‐ffLuc re-

were stained with FITC‐conjugated mouse anti‐human CD8 (clone:

porter cells were transiently transfected to express CAR molecules

SK1; BioLegend), PE‐conjugated mouse anti‐human EGFR (clone:

on the surface. Within 72 h, after staining with APC anti‐human

AY13; BioLegend), BV421‐conjugated anti‐CCR7 (clone: G043H7;

EGFR antibody (BioLegend), the expression of CAR molecules was

BioLegend), and APC‐conjugated mouse anti‐human CD45RA (clone:

detected via flow cytometry. The CAR+ reporter and target cells

HI100; BioLegend) antibodies. CD4+ cells were inferred from the

(3 × 104 each) were coincubated to activate the CAR molecule for

CD8− population. For immune checkpoint detection, T cells were

16–24 h. The activation of the CAR+ cells was evaluated using the

stained with FITC‐conjugated mouse anti‐human CD8 (clone: SK1;

luciferase assay as described above.

BioLegend), PE‐conjugated anti‐PD‐1 (clone: A17188B; BioLegend),
BV421‐conjugated anti‐TIM‐3 (clone: F38‐2E2; BioLegend), and
APC‐conjugated anti‐LAG‐3 (clone: 7H2C65; BioLegend) antibodies.

2.5

| Generation of CD19 CAR‐T cells

For T cell activation detection, 2 × 105 CAR+ T cells were coincubated with an equal number of tumor cells for 5 h, and then the

Fully human anti‐CD19 scFvs and the control FMC63 scFv were

activation marker CD69 was detected with FITC‐conjugated

grafted into a second‐generation CAR with CD8α hinge/transmem-

anti‐CD69 antibody (clone: FN50; BioLegend).

brane region, 4‐1BB or CD28 costimulatory domain, and intracellular

Data were acquired with the MACS Quant Analyzer 10 (Miltenyi

CD3ζ. The CD19 CAR gene was linked to a truncated epidermal

Biotec GmbH) and analyzed with the FlowJo software version 10

growth factor receptor (EGFRt) by T2A and then replaced with the

(Tree Star).

IRES‐Puro cassette in the pLVX‐EF1a‐IRES‐puro vector (Takara Bio)
for delivery into T cells.
Lentivirus was generated by transient transfection of Lenti‐

2.7 | Cytotoxicity

X™293T cells with psPAX2 and pMD2.G packaging plasmids using
Lipo3000 (Invitrogen). The viral supernatants were collected,

To determine the cytotoxicity of CD19/CD3 BsAbs and CD19 CAR‐T

filtered, and concentrated at 24 and 72 h after transfection, then

cells against CD19+/‐ cell lines, Nalm‐6, Reh, Jvm‐2, Jeko‐1, Bv173,

aliquoted and stored at −80°C.

K562‐CD19, K562, Thp‐1, and Skm‐1 cell lines were stably trans-

Human donor peripheral blood leukocytes harvested from

duced with ffLuc via lentivirus using the same protocol described

healthy donors for CAR‐T/T cell preparation were used for CAR‐T/

above, and the monoclonal stably infected cell lines were generated

T in vitro and in vivo functional validation. Appropriate informed

by a limiting dilution. For BsAb killing assays, the activated T cells

consent was obtained from all the donors before specimen collec-

(2 × 104) and the target cells (effector‐to‐target ratio of 1:1) were

tion, following the Declaration of Helsinki. Peripheral blood

seeded into each well of a 96‐well white culture plate and incubated

mononuclear cells (PBMCs) were isolated from the collected blood

with various BsAb concentrations for 24 h. Target cell killing was

leukocytes via density gradient centrifugation over Ficoll‐Paque

measured using the luciferase assay as described above.

4
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For CAR‐T cell killing assays, the target cells (1 × 104) were

Animal Care and Use Committee of GemPharmatech Co. before

plated in U‐bottom 96‐well plates in triplicate with CAR+ T/T cellsat

the experiments began (GPTAP20200410‐1). During the study, the

specified effector‐to‐target (E:T) ratios and incubated for 16–24 h.

animals were handled in accordance with the regulations of

The luciferase assay was performed as described in the CAR luci-

the Association for Assessment and Accreditation of Laboratory

ferase reporter assay.

Animal Care. Six‐week‐old female NCG mice were engrafted with
5 × 105 Nalm‐6‐ffLuc cells via tail vein injection on Day 0 and randomly divided into six groups. One day later, 4 × 106 CAR+ (FMC63‐

| Degranulation and cytokine‐releasing assays

2.8

BBz, Clone 62‐BBz, Clone 78‐BBz, and Clone 78‐28z) T, mock T cells,
or PBS were infused via tail injection (n = 5 for each group). On Days 3

For the degranulation assay, CAR‐T cells were coincubated with the

and 7, 100 µl of peripheral blood was collected from each mouse, and

target cells for 4 h in the presence of 1:50 PE/Cy7 mouse anti‐human

the serum will be isolated and preserved for the measurement of

CD107a antibody (clone: H4A3; BioLegend) and monensin (BioLegend),

cytokines. The leukemic burden was evaluated weekly using biolumi-

and CD107a was detected using flow cytometry.

nescence imaging, and body mass and survival were also monitored.

Cytokine‐releasing assays were performed by coincubating
4 × 104 CAR+ T/T cellswith 1 × 104 target cells at a 4:1 ratio. After
further culture for 24 h, the supernatants were collected for cytokine

2.11 |

Antibody affinity measurement

level measurement using Cytometric Bead Array (CBA) Human Th1/
Th2 Cytokine Kit II (BD Biosciences) according to the manufacturers'

The binding affinity of scFvs to CD19 was measured using the

instructions. The quantitative determination of cytokines in the

Octet96e system (ForteBio). In brief, anti‐CD19 scFv‐rFc antibodies

serum of phosphate‐buffered saline (PBS)‐ or CAR‐T/T‐treated mice

were diluted to 20 μg/ml with loading buffer and loaded at

was also measured using CBA.

approximately 0.8 nM onto the biosensors. After a 60 s equilibration
phase, the binding kinetics of the CD19 antigen were monitored at
multiple antigen concentrations, from 400 to 12.5 nM. Each

2.9 | Repeat antigen stimulation expansion and
cytotoxicity assays

concentration was performed for 160 s of association and 300 s of
disassociation. The binding kinetics were analyzed using the 1:1
binding site model (Biacore X‐100 evaluation software).

For the repeat antigen stimulation expansion assay, on Day 0, Raji
cells were plated in six‐well plates treated with mitomycin C at a final
concentration of 1 µg/ml. On Day 1, mitomycin C‐treated Raji cells
5

(1 × 10 ) were washed twice with PBS and then mixed with 1 × 10

5

2.12 | Membrane proteome array (MPA)
specificity validation

viable CAR+ T cells in 24‐well plates without IL‐2. On Day 4, new Raji
cells were treated as on Day 0, viable CAR‐T cells were counted, and

Specificity testing of Clone 78 using the MPA was accomplished by

1 × 105 CAR+ T cells from the 24‐well plates that expanded were re‐

Integral Molecular, Inc. The MPA comprises approximately 5000 dif-

5

mixed with 1 × 10 mitomycin C‐treated Raji cells as on Day 1. The

ferent membrane protein clones representing more than 90% of the

process was repeated for 4–6 repeat stimulations. Fold expansion

human membrane proteome, each overexpressed in HEK‐293T cells

after each stimulation was calculated as (viable CAR+ T cells on Day

from complementary DNA (cDNA)‐containing plasmids that were in-

4)/(1 × 105/CAR+ %), cumulative fold expansion is regulated by ([fold

dependently transfected in divided wells of 384‐well cell‐culture

expansionn]) × [fold expansionn + 1] …).

plates. The entire cDNA library of plasmids was arranged in duplicate

For the repeat antigen stimulation cytotoxicity assay, cultured in

in a matrix format and transfected into live cells, and 36 h of in-

the presence of IL‐2, 1 × 106 CAR+ T/T cells were stimulated with

cubation was allowed before detection of protein levels (Tucker et al.,

Raji cells treated with 1 × 106 mitomycin C at a final concentration of

2018). Before specificity testing on the MPA, the test concentration of

1 µg/ml on Days 7 and 11 after lentivirus transfection at an E:T ratio

Clone 78 for screening was determined on HEK‐293T cells expressing

of 1:1, and then the CAR‐T/T cells were cocultured with Nalm‐6, Reh,

positive (membrane‐tethered Protein A) and negative (vector‐

Skm‐1, or Thp‐1 cells on Day 15 for 24 h to evaluate the cytotoxicity

transfected) controls, and then detected via flow cytometry using an

after two stimulations with the luciferase‐based cytotoxicity assay as

Alexa Fluor 647‐labeled secondary antibody. Clone 78‐rFc antibody

previously described.

(20 µg/ml) was added to the MPA, and the binding activity across the
protein library was measured on an Intellicyt iQue using the aforementioned secondary antibody. To ensure plate‐by‐plate compatibility

2.10

| Mouse xenograft models

and reproducibility, each array plate included both positive
(Fc‐binding) and negative (empty vector) binding controls. Each target

Animal experiments were conducted at GemPharmatech. The protocol

identified with MPA screening was reaffirmed in a second flow cyto-

and any amendment(s) or procedures involving the care and use of

metry experiment after continuous dilutions of Clone 78‐rFc antibody,

animals in this study were reviewed and approved by the Institutional

and the target identity was confirmed through sequencing.
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| Graphs and statistical analysis

5

activation toward Reh cells, but not toward CD19 negative cells
(Figure 2a). To evaluate whether CD19 BsAbs can mediate the killing

Drawing of the graphs and the data analysis were performed using

of tumor cells, cytotoxic assays were performed on different CD19+

GraphPad Prism Software v.8.3.0. Unless otherwise noted, all the

tumor cells. The target‐specific cytotoxicity of CD19 BsAbs against

data are representative of at least three independent experiments.

Reh, Jvm‐2, and Jeko‐1 cells was dose‐dependent in the T‐cell

All data are presented as mean ± SD, except for mouse body weight

mediated killing assay (Figure 2b), suggesting that Clones 62 and 78

data shown as mean ± SEM. The significant differences were analyzed

possessed similar potent cytotoxic activities against CD19+ cancer

using two‐way analysis of variance, two‐tailed unpaired t test, or the

cells to Blincyto.

log‐rank test. The p values are represented as NS, not significant,
*p < .05, **p < .01, ***p < .001, and ****p < .0001.

3.3 | CAR luciferase reporter assay
3

| RESULTS

CD19‐specific scFvs were cloned into a second‐generation BBz CAR
construct (Figure 3a), and then transiently transfected with Jurkat

3.1 | Screening and selection of fully human
CD19‐specific scFvs

reporter cell line to test their ability to activate the NFAT signal
pathway upon exposure to CD19+ and CD19− cell lines. Specific
NFAT activation of the three scFvs was observed by coculture with

A diagrammatic screening and selection procedure is shown in

CD19+ cell lines but not when cocultured with CD19‐ or control cells

Figure 1a. The scFvs were screened from a phage display library

(only buffer and effector cells; Figure 3b). These results indicate that

(containing 1 × 1011 scFvs) comprising both naïve and semi‐synthetic

our candidates had similar T cell activation activity as FMC63.

human scFvs by protein/cell alternate panning (two rounds each). A
total of 894 monoclonal clones were selected for ELISA screening, of
which 176 clones specifically bound to CD19‐hFc‐Bio protein,
without binding to the control protein BCMA‐hFc‐Bio or streptavidin
(representative clones are shown in Figure 1b). After sequencing, 79

3.4 | Degranulation, activation, cytokine
secretion, phenotype, and exhaustion of anti‐CD19
CAR‐T cells

unique clones were identified, 13 of which were shown to selectively
bind Raji over Raji‐CD19ko via flow cytometry. The binding specifi-

Cell‐surface CAR expression was detected with PE‐ or APC‐conjugated

city of these 13 clones was further characterized through FACS

mouse anti‐human EGFR antibody 6–7 days after lentivirus transfec-

analysis of their binding with more CD19+/− cell lines. Clone 62 and

tion. Compared with mock T cells, CAR expression rates of anti‐CD19

Clone 78 were confirmed to bind to all human CD19+ cell lines, even

CAR‐T cells ranged from 60% to 90% (Figure 4a). Moreover, although

at a relatively low expression level (Figure 1c,d).

fully human anti‐CD19 Clone 78‐BBz and Clone 78‐28z had similar

To determine whether Clones 62 and 78 bind CD19 antigen at

expression rates on the surface of T cells, their MFI was quite different.

epitopes shared by FMC63, a competitive binding FACS was per-

The MFI of Clone 78‐BBz (MFI = 14.267 ± 0.451) was higher than that

formed (Figure 1e). The results showed that FMC63 can inhibit ap-

of Clone 78‐28z (MFI = 3.5 ± 0.13; p < .0001), indicating that the CAR

proximately 100% binding of Clones 62 and 78 phages to Raji cells at

expression density of Clone QJ;78‐BBz was higher than that of Clone

a high concentration (10 µg/ml). These results indicate that the

78‐28z (Figure 6a).

binding epitopes of these clones to CD19 were the same as or very
close to the epitope of FMC63.

CAR‐T cell function was measured by the expression of T cell
activation markers in CAR‐T cells after coculture with CD19+ or

To further measure their binding affinities to the CD19 antigen,

CD19− tumor cells. CAR‐T cells upregulated CD107a expression in a

these clones, along with FMC63, were expressed in the scFv‐rFc

CD19‐specific manner. For both CD8+ and CD4+CAR+ T cells, there

format and purified. The binding affinity was determined using the

was no significant difference in degranulation among FMC63‐BBz,

Octet96e system. Clone 62‐rFc (KD = 51.1 nM) and Clone 78‐rFc

Clone 62‐BBz, and Clone 78‐BBz CAR‐T cells (Figure 4b). Further-

(KD = 21.9 nM) had slightly lower but comparable binding affinities

more, no significant differences were observed between Clone

to CD19 than FMC63‐rFc (KD = 10.7 nM, Figure S1a).

78‐BBz and Clone 78‐28z in CD107a expression (p > .05; Figure 6b).
Clone 62‐BBz and Clone 78‐BBz CAR+CD4+ T cells expressed substantially higher levels of the early activation marker CD69 com-

3.2 | BsAbs activated T cells and mediated CD19
positive tumor cell killing

pared with levels in FMC63‐BBz CAR+CD4+ T cells cocultured with
Nalm‐6, Reh, and K562‐CD19 (p < .002); CD69 expression was also
significantly higher in Clone 78‐BBz CAR+CD8+ T cells than that

To verify the function of CD19 BsAbs in activated T cells, Blincyto,

in FMC63‐BBz CAR‐T cells after cocultured with Reh (p < .03;

Clone 62, Clone 78, and Ab03 were exposed to CD19 positive cells in

Figure 4c).

BsAb format with Jurkat‐NFAT‐ffLuc cells in the luciferase reporter

Human Th1/Th2 Cytokine Kit was adopted to determine

assay. Blincyto, Clone 62, and Clone 78 showed significant NFAT

the cytokine release from CAR‐T/T cells when cocultured with

6
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F I G U R E 1 Screening and selection of fully human CD19‐specific scFvs. (a), Schematic of CD19‐specific scFvs discovery process. (b), Binding
activities of representative phage clones, FMC63 (positive control phage), and KO7 (negative control phage). Binding to different antigens was
detected after staining with mouse anti‐M13 antibody and HRP goat anti‐mouse IgG antibody and reading the optical density at 450 nm.
(c), Clone 62, Clone 78, and FMC63 phage antibody bind to K562‐CD19, Nalm‐6, and Raji cells, which have different CD19 antigen expression,
but not to K562, Jurkat, and Raji‐CD19ko (CD19 negative) cells. (d), CD19 expression was detected on cell lines after staining with
PE‐conjugated anti‐CD19 antibody. Cell‐surface CD19 was expressed on K562‐CD19, Nalm‐6, and Raji cells, but not on Raji‐CD19ko,
K562, and Jurkat cells. (e), Competition binding FACS analysis of each scFv phage antibody by FMC63 antibody with different concentrations.
IgG, immunoglobulin G; scFvs, single‐chain variable fragment
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F I G U R E 2 CD19 bispecific antibody (BsAbs) showed potent T cell‐dependent cytotoxicity to CD19+ tumor cell targets. (a), Blincyto, Clone
62, Clone 78, and Ab03 (negative control) in BsAb format were cocultured at the indicated concentrations with Jurkat‐NFAT‐ffluc cells and
target cells for 24 h at an E:T ratio of 1:1. The activation of effector cells was evaluated using the luciferase assay. The data are presented as
mean ± SD of triplicates. (b), Blincyto, Clone 62, Clone 78, and Ab03 (negative control) in BsAb format were incubated at different
concentrations with T cells and CD19+ target cells for 24 h at an E:T ratio of 1:1. Cytotoxicity was measured using the luciferase assay. The data
are presented as mean ± SD of triplicates. BsAb, bispecific antibody; IgG, immunoglobulin G; scFvs, single‐chain variable fragment

CD19+/− tumor cells. Clone 78‐BBz CAR‐T cells showed comparable

However, in the xenograft mouse model, TNF‐α, IL‐4, IL‐6, and IL‐10

cytotoxicity to FMC63‐BBz and Clone 62‐BBz CAR‐T cells, when

were barely detectable in mouse serum collected on Days 3 and 7.

Clone 78‐BBz CAR‐T cells secreted lower levels of cytokines,

Serum levels of IFN‐γ in FMC63‐BBz CAR‐T cell‐treated mice col-

including interferon (IFN)‐γ and IL‐2, in response to CD19+ tumor

lected on Day 7 were significantly higher than those in the Clone 62‐

cells (Nalm‐6) with that of FMC63‐BBz and Clone 62‐BBz CAR‐T

BBz and Clone 78‐BBz CAR‐T cell‐treated groups (p < .001;

cells after a 24‐h in vitro killing assay (p < .002; Figure 7d). After

Figure 7e). And the serum levels of IL‐2 in Clone 78‐28z CAR‐T cell‐

stimulation by CD19+ target cells, Clone 78‐28z CAR‐T cells

treated mice collected on Days 3 and 7 were higher than those in the

secreted higher levels of cytokines (tumor necrosis factor‐α, IFN‐γ,

Clone 78‐BBz CAR‐T cell‐treated group (p < .05; Figure 7e).

and IL‐2) than Clone 78‐BBz CAR‐T cells (p < .0001; Figure 7d). The

Phenotypic analysis of CAR‐T cells was based on CD45RA and

levels of IL‐4 and IL‐10 were low in the supernatant of all groups.

CCR7 expression: effector memory (EM; CCR7‐ CD45RA−), effector

F I G U R E 3 Fully human and murine CD19‐specific CARs were constructed and triggered NFAT activation in Jurkat reporter assay.
(a), Schematic overview of the CD19‐CARs construct. Three anti‐CD19 CARs (Clone 62, Clone 78, and FMC63) containing the anti‐CD19 scFvs,
a CD8α hinge/transmembrane region, a 4‐1BB costimulatory domain, and a CD3ζ T cell activation domain linked to the truncation of EGFR
by T2A. (b), Anti‐CD19 CARs were validated for their ability to promote nuclear factor of activated T cells (NFAT) activation in Jurkat reporter
cells after exposure to CD19‐expressing cells. The data are presented as mean ± SD of triplicates. BsAb, bispecific antibody; CAR, chimeric
antigen receptor; IgG, immunoglobulin G; NFAT, nuclear factor of activated T cells; scFvs, single‐chain variable fragment
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F I G U R E 4 Degranulation, phenotype, and exhaustion of anti‐CD19 CAR‐T cells. (a), T cells from the same donor were transduced with
anti‐CD19 CARs (Clone 62, Clone 78, and FMC63). The three CARs had similar expression levels on the surface of T cells as measured via
APC‐conjugated anti‐EGFR antibody staining 6–7days posttransduction. (b), The degranulation assay of the three CARs. T cells expressing
Clone 62‐BBz, Clone 78‐BBz, and FMC63‐BBz CARs were stimulated with the target cells. The CD19 antigen‐specific increase in CD107a
was assessed as a measure of degranulation. Plots are gated on CD4+/CD8+ EGFR+ cells. The data represents mean ± SD for three donors.
(c), Expression of the leukocyte activation receptor CD69 on anti‐CD19 CARs T cells (Clone 62, Clone 78, and FMC63) following a 4‐h
coincubation with Nalm‐6, Reh, K562‐CD19, or K562 cells. Gated on CD4+/CD8+ EGFR+ cells. CD4+ cells were inferred from the
CD8− population. The data represent mean ± SD from three independent experiments. (d), The frequency of effector memory
(EM; CCR7− CD45RA−), effector (E; CCR7− CD45RA+), naïve (CCR7+ CD45RA+), and central memory (CM; CCR7+ CD45RA−), T cells within
CD4+/CD8+ EGFR+ cells. The data represent mean ± SD from three independent experiments and one typical donor. (e), Transduced T/T
cells were stained with antibodies against CD8, PD‐1, LAG‐3, and TIM‐3 10 days after activation with anti‐CD3/anti‐CD28 dynabeads. The data
represent mean ± SD from one representative donor. CAR, chimeric antigen receptor

(E; CCR7− CD45RA+), naïve (CCR7+ CD45RA+), and central mem-

different CAR‐T/T groups (Figure 4e). These observations indicate

ory (CM; CCR7+ CD45RA−). Central memory T cells are known to

that Clone 78‐BBz CAR‐T cells may have improved persistence in

lead to high expansion potential and functionality after T‐cell therapy

vivo with a more CM‐like phenotype after stimulation of CD19+

(Xu et al., 2014). Clone 78‐BBz CAR+CD4+ T cells had a similar

tumor cells and lower expression of exhausted markers.

proportion of CM T cells to that of FMC63‐BBz CAR+CD4+ T cells

Compared with mock T cells, FMC63‐BBz, Clone 62‐BBz, and

(p > .05), which was higher than that of Clone 62‐BBz CAR+CD4+ T

Clone 78‐BBz CAR‐T cells specifically lysed CD19+ cell lines (Nalm‐6,

cells before coculture with Raji, whereas FMC63‐BBz CAR+CD4+ T

Reh, Jvm‐2, Bv173, and K562‐CD19) but not K562, Thp‐1, and Skm‐1

cells were found to possess the lowest CM T cell proportion after

cells at an E:T ratio of 4:1. These three CAR‐T cells have similar killing

coincubation (p < .005). A similar tendency was observed in CAR

capacity towards Nalm‐6, Reh, Jeko‐1, Bv173, and K562‐CD19 cells

+CD8+ T cells (p < .0001; Figure 4d). Immune checkpoint molecules

(p > .05), except when they were coincubated with Jvm‐2 and Jeko‐1

promote premature T cell dysfunction and/or exhaustion. The levels

cells. When cocultured with Jvm‐2 cells at a 4:1 ratio, Clone 78‐BBz

of immune checkpoint molecules were measured, including PD‐1,

CAR‐T cells showed stronger cytotoxicity compared with that of

LAG‐3, and TIM‐3 expressed on the surface of T cells. Expression of

FMC63‐BBz and Clone 62‐BBz CAR‐T cells (p < .05). In addition,

LAG‐3 and TIM‐3 was lower in Clone 62‐BBz CD8+ T cells and Clone

FMC63‐BBz and Clone 78‐BBz CAR‐T cells were found to possess a

78‐BBz CD8+ T cells than that in FMC63‐BBz CD8+ T cells

similar cytotoxicity to Jeko‐1 cells, which was stronger than that of

(p < .0001), whereas PD‐1 expression was undifferentiated in

Clone 62‐BBz CAR‐T cells (p < .05; Figure 5a).
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F I G U R E 5 Antitumor cytotoxicity and repeated stimulation of proliferation of CD19 targeted CAR‐T cells in vitro. (a), Clones 62 and 78
CAR‐T cells selectively kill CD19+ tumor cells and are comparable to FMC63 CAR‐T cells. The ability of CAR‐T/T cells to kill CD19+ cell lines
was determined using the luciferase‐based cytotoxicity assay after 24 h incubation with the target cells at an E:T ratio of 4:1. The data indicate
mean ± SD from three cocultures. (b), Repeated antigen stimulation expansion assay: anti‐CD19 CAR‐T cells were cocultured with mitomycin
C‐treated Raji cells. Every 4 days, CAR‐T cells were counted, and then the same number of CAR+ T cells were remixed with mitomycin
C‐treated Raji cells again. The data represent mean ± SD from three independent donors. (c), CAR‐T cells were coincubated with tumor cells at
different effector‐to‐target (E:T) ratios ranging from 0.25:1 to 4:1 for 24 h. The data are presented as mean ± SD of triplicates. (d), The CAR‐T/T
cells (from the same donor as c) were stimulated with Raji cells treated with mitomycin C at a final concentration of 1 µg/ml on Days 7 and 11 at
an E:T ratio of 1:1, and then these CAR‐T/T cells were cocultured with Nalm‐6, Reh, Skm‐1, or Thp‐1 cells on Day 15 for 24 h to evaluate
the cytotoxicity after being stimulated twice with the luciferase‐based cytotoxicity assay. The data represent mean ± SD from three
independent experiments. CAR, chimeric antigen receptor

Taken together, these data demonstrate that Clone 62‐BBz and

no significant difference among the three CAR‐T groups (p > .05;

Clone 78‐BBz CAR‐T cells displayed efficient activation and potent

Figure 5b). In addition, the comparison of antigen‐stimulated

antitumor activity against various CD19+ cell lines.

expansion indicated that Clone 78‐BBz CAR‐T cells had a slightly
higher, but not significant (p > .05), proliferative ability than that of
Clone 78‐28z CAR‐T cells (Figure 6c).

3.5 | Expansion and cytotoxicity of CAR‐T cells
after repeat antigen stimulation

In addition to the proliferative ability of T cells upon antigenic
stimulus, maintaining the tumor cell‐killing ability is also an important
component of the durable clinical efficacy of CAR‐T treatment. FMC63‐

An in vitro proliferation assay over multiple cycles of CD19+ tumor

BBz, Clone 62‐BBz, and Clone 78‐BBz CAR‐T cells showed comparable

cell stimulation to CAR‐T cells was performed to mimic the in vivo

cytotoxicity against Nalm‐6 and Reh cells in a dose‐dependent manner

condition of patients that were continuously exposed to the target

as before stimulation. Interestingly, Clone 78‐BBz CAR‐T cells exhibited

antigen to assess the expansion potential of CAR‐T cells. Clone

a marked tumor cell‐killing ability after being stimulated twice with Raji

62‐BBz CAR‐T cells had a slightly higher proliferation activity com-

cells. After two rounds of stimulus, Clone 78‐BBz CAR‐T cells were

pared with that of FMC63‐BBz and Clone 78‐BBz CAR‐T cells after

more cytotoxic than FMC63‐BBz or Clone 62‐BBz CAR‐T cells toward

four rounds of antigen stimulation, but statistical analyses revealed

Nalm‐6 at an E:T ratio of 1:1 (p < .0001) and toward Reh at an E:T ratio
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F I G U R E 6 Fully human anti‐CD19 Clone 78‐BBz and Clone 78‐28z were compared functionally. (a), T cells from the same donor were
transduced with anti‐CD19 Clone 78‐BBz and Clone 78‐28z CARs, and the CAR expression levels on the surface of the T cells were
measured using PE‐anti‐EGFR antibody staining 6–7days posttransduction. (b), T cells expressing Clone 78‐BBz CAR or Clone 78‐28z
CAR were stimulated with CD19+ Reh cells, and CD107a was assessed as the indicator of degranulation. The plots are gated on CD4+/
CD8+EGFR+ lymphocytes. The data represents mean ± SD for three donors. (c), Repeated antigen stimulation expansion assay of Clone
78‐BBz or Clone 78‐28z CAR‐T cells, operated as described in Section 2. The data represent mean ± SD for three donors. (d), Clone
78‐BBz or Clone 78‐28z CAR‐T cells were cocultured with Reh cells at different effector: target (E:T) ratios ranging from 0.25:1 to 4:1 for
24 h. The data are presented as mean ± SD of triplicates. (e), Clone 78‐BBz or Clone 78‐28z CAR‐T cells (from the same donor as d) were
stimulated twice with Raji cells treated with mitomycin C as aforesaid and were remixed with Reh cells at different effector‐to‐target
(E:T) ratios ranging from 0.25:1 to 4:1 on Day 15 for 24 h to evaluate the cytotoxicity after being stimulated twice with the luciferase‐
based cytotoxicity assay. The data represent mean ± SD from three independent experiments. BsAb, bispecific antibody; CAR, chimeric
antigen receptor

of 0.25:1 and 1:1 (p < .001), but remained noncytotoxic toward

which may be due to the moderate cell dose of the CAR‐T cells, all

CD19‐ Skm‐1 and Thp‐1 cells (Figure 5c,d). Furthermore, before and

four CAR‐treated groups had a substantial advantage in survival

after repeated antigen stimulation, Clone 78‐BBz CAR‐T cells showed

compared with that of mock T and PBS groups (p < .001; Figure 7b).

higher cytotoxicity against Reh cells than Clone 78‐28z CAR‐T cells at

Therefore, FMC63‐BBz, Clone 78‐BBz, and Clone 78‐28z CAR‐T

different E:T ratios (Figure 6d,e).

cells exhibited stronger tumor‐killing activity compared with that of
Clone 62‐BBz CAR‐T cells in the ALL tumor model.

3.6 | In vivo activity of anti‐CD19 CAR‐T cell
therapy

3.7 | Membrane proteome array specificity
validation

To further compare the antitumor potential of FMC63‐BBz, Clone
62‐BBz, Clone 78‐BBz, and Clone 78‐28z CAR‐T cells, the efficacy of

During the initial screening stage, Clone 78‐rFc antibody showed not

CAR‐T was tested in an ALL xenograft mouse model. Nalm‐6‐ffLuc

bind to the majority of 5000 membrane proteins except SDC1,

cells were used to establish this leukemia model, which allowed for

Frizzled4, and HTR5A (Figure 8a). To verify whether the binding in

tumor burden monitoring with bioluminescence imaging. Treatment

the primary screening test is defined and reproducible, Clone 78‐rFc

was started the day after tumor cell injection. A significant decrease

antibody was diluted to different concentrations to repeat the ex-

in tumor burden was distinct in FMC63‐BBz, Clone 78‐BBz,

periment, and the results showed that Clone 78‐rFc antibody can

and Clone 78‐28z CAR‐T cell treatment groups on Days 10 and

bind to HEK‐293T cells with high expression of CD19 or a positive

17 (p < .04; Figure 7a). On Day 17, the results of multiple compar-

control (Protein A), and that the mean fluorescence intensity of

isons tests using the Holm–Sidak method were significant (p < .05)

its binding intensity is dose‐dependent (Figure 8b). Besides, Clone

for all four CAR‐T cells versus mock T cells or PBS and mock T cells

78‐rFc antibody did not bind to 293T cells with high expression of

versus PBS, but not for the different four groups of CAR‐T cells

SDC1, Frizzled4, HTR5A at any concentration in the verification

(Figure 7a). Although only modest antitumor effects were observed,

experiments (Figure 8b).
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F I G U R E 8 Membrane proteome array specificity validation. (a), Preliminary screening experiment suggests that Clone 78‐rFc antibody did
not bind to the majority of 5000 membrane proteins except SDC1, Frizzled4, and HTR5A, as determined using flow cytometry. (b), In the
verification experiment, Clone 78‐rFc antibody did not bind to HEK‐293T cells that highly express SDC1, Frizzled4, or HTR5A at any
concentration.

4

| DI SCUSSION

To make full use of the potential of anti‐CD19 CAR‐T cell
therapy and reduce the concerns of antitransgene immune responses

CAR‐T cell therapy, which harnesses and redirects the immune sys-

observed in clinical trials with murine‐derived FMC63 scFv, we fo-

tem of patients, has emerged as an inspiring personalized treatment,

cused on developing original fully human CD19 scFvs. A highly di-

demonstrating impressive clinical responses in patients with hema-

verse human scFv phage display antibody library was used to

tologic, and especially B‐cell, malignancies (Ortíz‐Maldonado et al.,

generate anti‐CD19 scFvs by optimizing protein/cell alternate pan-

2020; Raje et al., 2019; Rosenberg & Restifo, 2015; Zhang et al.,

ning to obtain specific clones binding to both recombinant CD19

2020). Targeting CD19, CAR‐T cells constructed from murine scFvs

protein and cell‐surface CD19 antigen. Phage Clones 62 and 78

have resulted in dramatic antitumor responses in patients with re-

proved to have the ability to bind to different types of tumor‐derived

lapsed or refractory ALL (Dai et al., 2015; Davila et al., 2014; Maude

cell lines, which have different CD19 antigen expression. A compe-

et al., 2015; Turtle et al., 2016), CLL (Gill et al., 2017), and NHL

tition binding assay demonstrated that binding of the two human

(Jacobson, 2018). While anti‐CD19 CAR‐T cell therapy has im-

scFvs to the CD19 antigen overlapped with the epitope where

pressive antimalignancy activity and great commercial potential,

FMC63 binds, and the measurement of affinity revealed that Clone

immunogenic responses to murine‐derived scFvs lead to poor per-

62 and Clone 78 have slightly lower binding affinity than FMC63.

sistence of CAR‐T cells and limited long‐term therapeutic effects

Ghorashian et al. (2019) reported that they generated a CD19 CAR

(Turtle et al., 2016). Several mechanisms have been proposed to

with a lower affinity, which showed increased in vitro and in vivo

make a difference in the persistence of CAR‐T cells, such as costi-

antitumor activity compared with the FMC63 CAR‐T cells. However,

mulatory domains designed in CAR constructs, the inherent prop-

in our case, Clone 62‐BBz CAR‐T cells had the lowest affinity of all

erties of T cells (phenotype and immune checkpoint expression),

three scFvs and grew slightly faster than the other clones after

tumor‐antigen expression, and the capability to avoid clearance by

CD19+ cells were stimulated in vitro (no statistical difference);

the immune system (Finney et al., 2019; Lamers et al., 2011).

however, their function in vivo was notably weaker than that of the

F I G U R E 7 The antitumor activity of CD19‐targeted CAR‐T cells in vivo. (a), Growth and staging of the tumor monitored by bioluminescence
imaging (BLI). NCG mice were intravenously injected with 5 × 105 Nalm‐6‐ffLuc cells and randomly grouped (n = 5 per group). Then, the mice
were treated by infusion with 4 × 106 CAR+ T cells via tail injection. Tumor growth was measured using BLI weekly. (b), Overall Kaplan–Meier
survival curve. Survival curves were compared using the log‐rank test. Mice treated with FMC63‐BBz, Clone 78‐BBz, and Clone 78‐28z CAR‐T
cells showed significantly increased survival (p < .05) compared with those of Clone 62‐BBz CAR‐T cells, mock T, and PBS‐treated groups.
(c), Body weight curve. (d), Quantification of cytokines (TNF‐α, IFN‐γ, c‐2, IL‐4, IL‐6, and IL‐10) from the supernatant after the four anti‐CD19
CAR‐T cells were cocultured with Nalm‐6 and Skm‐1 at an E:T ratio of 4:1 for 24 h. The results are displayed as mean ± SD and are from three
independent experiments. (e), Quantification of cytokines (TNF‐α, IFN‐γ, IL‐2, IL‐4, IL‐6, and IL‐10) in the serum of CAR‐T cells or mock T cells or
PBS‐treated mice collected on Days 3 and 7. The results are displayed as mean ± SD. CAR, chimeric antigen receptor; IFN, interferon;
IL,interleukin; PBS, phosphate‐buffered saline; TNF, tumor necrosis factor
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other CAR‐T groups; therefore, the universality of this conclusion

four groups of CAR‐T cells generated only modest effects, and in-

needs to be considered.

creasing the infusion dose of CAR‐T cells may achieve a prolonged

For further study, FMC63, Clone 62, and Clone 78 were grafted

complete remission.

onto a second‐generation CAR construct including a 4‐1BB costi-

In conclusion, we have generated a fully human anti‐CD19

mulatory domain that has been reported to possess the ability to

scFv Clone 78 that has a similar affinity and in vitro and in vivo

promote CAR‐T cell survival (Long et al., 2015; Philipson et al.,

functions to the murine FMC63 scFv, is suitable for application in

2020), and a EGFRt prepared for clinical translation. Clones 62 and

anti‐CD19 CAR‐T cell therapy, and also possesses the potential to

78 were efficiently expressed on the surface of Jurkat‐NFAT‐ffLuc

generate an original dual CAR system. Using this novel fully human

cells or T cells and conferred parallel recognition, activation, and

scFv may reduce concerns about developing anti‐murine immune

cytotoxicity of CD19+ tumor cell lines compared with FMC63.

responses that resulted in limited persistence of CAR‐T cells and a

Clone 78‐BBz CAR‐T cells were characterized by a more CM‐like

high risk of relapse in prior clinical trials. Furthermore, this fully

phenotype after stimulation of CD19+ cells and expressed lower

human‐derived CAR may not only allow repeat infusions to en-

levels of exhausted surface markers (LAG‐3 and TIM‐3). Notably,

hance therapeutic effects and improve the outcome of im-

Clone 78‐BBz CAR‐T cells exhibited superior CD19+ tumor cell‐

munotherapy but can also reduce the severity of related toxicity,

killing ability after being stimulated twice with Raji cells compared

such as cytokine release syndrome. Previously, several anti‐CD19

with that of the other two CAR‐T cells. In addition, Clone 78‐BBz

scFvs have been reported to be used in anti‐CD19 CAR‐T thera-

CAR‐T cells secrete relatively low levels of cytokines after stimu-

pies and have demonstrated good safety and efficacy profiles in

lation with CD19+ tumor cells both in vitro and in vivo, suggesting

clinical trials, such as FMC63, A3B1, CAT, and Hu19. With similar

the possible superiority of Clone 78‐BBz CAR‐T cell therapy in risk

preclinical performance to these existing anti‐CD19 CAR‐T con-

mitigation for cytokine release syndrome.

structs, the next step is to apply anti‐CD19 Clone 78‐derived CAR‐

Several groups have reported their study of fully human anti‐

T therapy to the clinical setting. Castella et al. (2019) described

CD19 CAR‐T cell therapy. Sommermeyer et al. (2017) screened and

the implementation of a CAR T‐cell production system based on

isolated the generation and isolation of human anti‐CD19 scFvs

their own CD19 antibody A3B1 that can be adopted within a

through a relatively sophisticated system. In their study, the VH‐

medium‐sized academic institution and Ortíz‐Maldonado et al.

library was enriched by three rounds of cell panning, and then

(2020) applied this system to achieve safety and efficacy results

converted to an scFv‐library in VH‐(G4S)3‐VL format, followed by

comparable to other academic or commercial products in the

two rounds of negative cell selection and one round of positive cell

treatment of CD19+ malignancies. Establishing the infrastructure

selection. In our study, using a highly diverse phage display scFv‐

and procedures to bring anti‐CD19 CARs from bench to bedside

library (containing 1 × 1011 scFvs) with sequential two rounds of

will serve to improve the accessibility and commercialization of

protein panning and two rounds of cell panning, phage clones that

anti‐CD19 CAR‐T therapies. And the application of our own fully

specifically bind to CD19 antigen protein and CD19+ cells were

human anti‐CD19 scFv may further reduce the cost of anti‐CD19

preferentially enriched. After functional analysis of anti‐CD19 scFv

CAR‐T therapy, thus enabling more academic institutions and

candidates, our leading scFv Clone 78 was engineered into a full‐

hospitals to offer efficient, less relevantly toxic, and affordable

length antibody with rabbit IgG1 Fc region, and then the Clone

anti‐CD19 CAR‐T therapy to patients.

78‐rFc antibody was verified with MPA to further ensure specificity
and safety. With sufficient research and analysis, Clone 78 will be
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