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Abstract

Background Cellularimmunotherapy, represented by the chimeric antigen receptor T cell (CAR-T), has exhibited
high response rates, durable remission, and safety in vitro and in clinical trials. Unfortunately, anti-CD19 CAR-T (CART-
19) treatment alone is prone to relapse and has a particularly poor prognosis in relapsed/refractory (r/r) B-ALL patients.
To date, addressing or reducing relapse remains one of the research priorities to achieve broad clinical application.

Methods We manufactured second generation CART-19 cells and validated their efficacy and safety in vitro and in
vivo. Through co-culture of Nalm-6 cells with short-term cultured CART-19 cells, CD19-negative Nalm-6 cells were
detected by flow cytometry, and further investigation of the relapsed cells and their resistance mechanisms was
evaluated in vitro.

Results In this study, we demonstrated that CART-19 cells had enhanced and specific antileukemic activities, and
the survival of B-ALL mouse models after CART-19 treatment was significantly prolonged. We then shortened the
culture time and applied the serum-free culture to expand CAR-T cells, followed by co-culturing CART-19 cells with
Nalm-6 cells. Surprisingly, we observed the proliferation of CD19-negative Nalm-6 cells around 28 days. Identification
of potential resistance mechanisms showed that the relapsed cells express truncated CD19 proteins with decreased
levels and, more importantly, CAR expression was detected on the relapsed cell surface, which may ultimately keep
them antigen-negative. Furthermore, it was validated that CART-22 and tandem CART-22/19 cells could effectively kill
the relapsed cells, but neither could completely eradicate them.

Conclusions We successfully generated CART-19 cells and obtained a CD19-negative refractory relapsed B-ALL cell
line, providing new insights into the underlying mechanisms of resistance and a new in vitro model for the treatment
of r/r B-ALL patients with low antigen density.
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Background

Acute lymphoblastic leukemia (ALL) is the most com-
mon hematological malignancy in children, including B
lineage (B-ALL) and T lineage (T-ALL) according to dif-
ferent immunophenotypes [1, 2]. With the improvement
of diagnostic classification technology and the continu-
ous optimization and application of combined chemo-
therapy, the 5-year overall survival (OS) rate has reached
more than 90% in children [3]. However, relapsed/refrac-
tory B-ALL (r/r B-ALL) remains an important reason
for the failure of treatment in pediatric leukemia [4].
Although allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT) can improve OS and disease-free
survival, and reduce relapse in the treatment of leuke-
mia patients, most patients who have undergone che-
motherapy are still facing the challenge of allo-HSCT
treatment due to the side effects such as severe organ
damage, severe graft-versus-host disease (GVHD), as
well as relapse etc. Post-transplantation-related compli-
cations are significant factors that affect the survival and
the quality of life of patients.

Tumor immunotherapy, represented by chimeric anti-
gen receptor T cell (CAR-T), is a novel approach for
treating hematological malignancies. CAR-T cell therapy
has exhibited high response rates, durable remission and
safety in both in vitro and clinical trials, showing its huge
potential for application and development. Particularly,
anti-CD19 CAR-T (CART-19) cell therapy has achieved
encouraging clinical effects in the treatment of r/r B-ALL
cases [5—7]. Nevertheless, clinical evidence indicates that
a large proportion of patients with B-ALL are prone to
relapse after CART-19 cell therapy alone, and it has rel-
atively large side effects in r/r B-ALL patients [8—10].
Tumor cells, CAR-T cells, and the tumor microenviron-
ment play crucial roles in the relapse of malignancies,
leading to poor outcomes. Optimization and break-
throughs are needed to improve antigen recognition,
boost CAR-T cell function, and create combination treat-
ment approaches.

In order to explore strategies to improve CAR-T cell
efficacy, it is important to understand how tumor cells
resist CAR-T cells and subsequently relapse. To date, the
most characteristic mechanism of resistance is the loss of
the target antigen (Ag). Several mechanisms have been
reported for Ag-negative relapses, including pre-existing
Ag-negative tumor cells, gene mutations or alternative
splicing, alterations that affect the maturation of target
Ag expression, epitope masking, and lineage switch [11,
12]. In order to prevent relapse after CAR-T cell therapy,
several potential strategies, including research on new
CAR targets, sequential therapy, dual/multi-target CARs,

combining multiple chemotherapy and immunotherapy,
as well as a variety of improved methods such as allo-
HSCT, could lead to better disease remission and greater
survival benefits in r/r B-ALL patients [11, 13]. Despite
these issues, CAR-T cell therapy is a novel approach, and
there is a need for further investigation into the emerg-
ing challenge of negative relapse and the mechanisms
of antigen escape. Most of the current findings on the
mechanism of negative relapse are derived from patients
in clinical trials. Due to the heterogeneity of clinical sam-
ples and the inability to culture them in vitro for a long
time, tumor cell lines can provide a more controlled and
consistent environment for research and are considered
suitable models for studying intracellular regulation and
mechanisms of drug action.

In this study, we confirmed the function and efficacy
of CART-19 cells cultured by regular methods in both
in vitro and in vivo studies. However, we observed the
emergence of CD19-negative Nalm-6 clones after anti-
gen-specific killing of Nalm-6 with low effector: target
(E: T) ratios by CART-19 cells expanded under serum-
free culture conditions. The relapsed clones maintained
the CD19-negative phenotype in long-term culture, gen-
erating a CD19-negative relapsed B-ALL cell line. We
further observed that relapses express few and smaller
CD19 proteins, and we subsequently ruled out other pos-
sible factors contributing to Ag-negativity, including pre-
existing CD19™ Nalm-6 cells, structural changes in the B
cell receptor complex, CD19 splicing variants, and pro-
moter DNA hypermethylation. Unexpectedly, we found
that these relapsed cells were transduced with the lenti-
viral vector during the co-culture process for the cyto-
toxicity assay. Additionally, we evaluated the improved
anti-relapsed B-ALL activity of CD22-targeted and dual-
target CD19/CD22 CAR-T cells, but were unable to erad-
icate relapses. Overall, our work suggests that utilizing
this CD19-negative relapsed B-ALL cell line as a cellular
model to explore new treatment strategies offers unique
advantages and great practical significance.

Materials and methods

Construction of lentiviral vectors

As reported previously [14—17], we constructed CD19-
BB(-CAR, CD22-BB(-CAR and dual-target CD22/19-
BB{-CAR comprising the anti-CD19 FMC63 single chain
variable fragment (scFv) or/and anti-CD22 m971 scFv,
followed by human CD8 hinge and transmembrane
domains, 4-1BB co-stimulation and CD3( activation
domains. We inserted CAR fragments into a shuttle vec-
tor consisting of a pLenti6.3 lentiviral vector backbone
in which the CMV promoter had been replaced by the
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EF-1a promoter. Lentiviruses were generated by trans-
fecting 80% confluent human embryonic kidney cell line
(HEK293T or simply 293T) cells with the lentiviral vec-
tor using Lipofectamine 3000 (Invitrogen, USA), together
with the packaging constructs including gag/pol, rev and
vesicular stomatitis virus G (VSV-G). 6 h later, Opti-
MEM was replaced with DMEM supplemented with 2%
fetal bovine serum (FBS). After 48 to 72 h post-transfec-
tion, viruses were harvested from conditioned medium
and filtered through 0.45 um filters (Millipore, USA) to
remove cellular debris, then concentrated and purified
with polyethylene glycol (PEG)-8000 by centrifugation.

Cell culture

The human B-ALL Nalm-6 cell line and 293T cell line
were acquired from the American Type Culture Col-
lection (ATCC, USA). Cells were cultured at 37 °C in a
humidified environment with 5% CO, and identified
bimonthly. B-cell surface markers of Nalm-6 cells were
routinely examined. High glucose DMEM (Gibco, USA)
with 10% FBS (Gibco, USA) was the standard culture
medium for 293T cells. Nalm-6 cells were cultured in
RPMI-1640 (Gibco, USA) supplemented with 10% FBS.
Typically, T cells were cultivated in X-vivo 15 Medium
(Lonza, USA) supplemented with 5% FBS and IL-2 (50U/
ml, PeproTech, USA). Serum-free medium cultured T
cells were cultivated in TexMACS™ Medium (Miltenyi
Biotec, Germany) with addition of IL-2 (50IU/ml, Milt-
enyi Biotec, Germany).

Expansion and transduction of human T cells

Venous blood samples were collected from healthy adult
volunteer donors. Untouched and highly purified T cells
were isolated directly from whole blood using the Roset-
teSep™ Human T Cell Enrichment Cocktail (Stemcell,
Canada) and Ficoll-Paque PREMIUM (GE Healthcare,
USA) following the manufacturer’s instructions. Purified
T cells were activated using T Cell TransAct (Miltenyi
Biotec, Germany) on day 0. After 24—36 h of activation,
lentivirus was added at a multiplicity of infection (M.O.1.)
of 5 to transfer T cells and removed by centrifugation
on day 3. Subsequently, cells were split and the culture
medium was exchanged with fresh medium and IL-2
every 2—3 days. Daily samples were taken and counted,
and cell density was calculated based on absolute counts.
If the short-term culture was performed, T cells were
purified from whole blood and activated as described
above, and expanded in TexMACS Medium (Miltenyi
Biotec, Germany) supplemented with IL-2 (50 IU/ml,
Miltenyi Biotec, Germany) with or without FBS (5%).
Lentivirus was added at a M.O.L. = 5 after 24 h of T cell
activation. 72 h after transduction, CAR-T cells were col-
lected by centrifugation and washed with PBS, followed
by anti-tumor activity assays.
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The anti-tumor activity of short-term cultured CART-19
cells

The short-term, serum-free cultured CART-19 cells were
co-cultured with Nalm-6 cells in TexMACS Medium
supplemented with IL-2. The CART-19 cells that under-
went short-term preparation in the serum-containing
medium were co-cultured with Nalm-6 cells in RPMI-
1640 supplemented with IL-2 and 5% FBS. CART-19 and
untransduced T effector cells were co-cultured with tar-
get cells at E: T ratios of 1:5, 1:1, and 5:1 in a total volume
of 1 ml (1x10° cells) in the 24-well plates. Every two days,
the culture supernatants were pipetted, and fresh culture
medium was added. Co-cultured cells were analyzed
using flow cytometry, and cell images were captured with
Olympus CKX53 microscopy (Olympus, Japan).

Cytotoxicity LDH assay

Lactate dehydrogenase (LDH) release assays were per-
formed according to manufacturer’s instructions using a
Cytotoxicity LDH Assay Kit (Dojindo, Japan). Briefly, the
indicated CAR-T and untransduced T cells were co-cul-
tured with target cells at E: T ratios of 0.2:1, 1:1, and 5:1
in a total volume of 100 uL (3x10° cells) in the wells of
96-well plates at 37°C for 6 h, 18 h and 24 h. Supernatants
were collected, and LDH was measured using a colori-
metric reaction (absorbance at 490 nm). As part of the
measurements, we measured spontaneous and maximum
release of effector and target cells, and the percentage of
specific cell lysis was calculated using a standard formula:
Cytotoxicity (%) = (experimental release - spontaneous
release) / (maximal release - spontaneous release) x 100.

Flow cytometry (FCM) analyses
To evaluate CAR expression after 7-10 days of culture,
CART-19 cells were washed once and incubated with
goat anti-human biotin conjugated anti-Fab antibody
(Jackson ImmunoResearch, USA) for 30 min at room
temperature. The cells were then washed twice and
stained with phycoerythrin (PE) streptavidin (BD biosci-
ence, USA) for 15 min. CART-22 cells and CART-22/19
cells were washed once and incubated with CD22 Fc
Alexa Fluor® 647 Protein (R&D Systems, USA) for 15 min.
To detect in vitro cytotoxicity of CART-19 cells, trans-
duced and untransduced T cells were co-cultured with
Nalm-6 cells (total 1x10° cells) at E: T ratios (0.2:1, 0.5:1,
1:1, 5:1) for 6, 24 and 72 h. Cells were pipetted to incu-
bate with antibodies for 30 min at room temperature in
the dark and washed twice with PBS. Then cell pellet was
resuspended in cell staining buffer (BioLegend, USA)
and incubated with 7-amino-actinomycin D (7-AAD)
for 5 min in the dark. The flow cytometric analysis of
the cells was performed immediately after the incuba-
tion with 7-AAD (BioLegend, USA). Cytotoxicity (%) was
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calculated as the proportion of CD19*7-AAD™ cells to all
cells.

The following antibodies (clones) were used for phe-
notypical analysis of cells: CD45 (HI30), CD45RA (L48),
CD45R0 (UCHL1), CD62L (DREG-56), CD3 (SK7), CD4
(RPA-T4), CD8 (RPA-T8), CD10 (HI10a), CD19 (SJ25C1/
HIB19), CD20 (2H7), CD22 (HIB22), CD81 (JS-81),
CD58 (1C3), and all were from BD Bioscience. Cells were
pipetted to incubate with antibodies for 30 min at room
temperature in the dark and then washed twice with
PBS. For staining of cytoplastic CD19 (cyCD19), the cells
were permeabilized using permeabilizing solution 2 (BD,
USA) prior to intracellular immunofluorescence staining
with the CD19 antibody (clone: D4V4B, Cell Signaling
Technology, USA) and secondary antibody FITC conju-
gated goat anti-rabbit IgG H&L (Abcam, USA). In animal
experiments, 50 pL of peripheral blood or 10° individual
tissue cells were incubated with antibodies for 30 min at
room temperature in the dark, followed by incubation in
red blood cell lysis buffer and PBS washing.

Data from these experiments were collected using a BD
FACSCanto II flow cytometer and BD FACS Diva soft-
ware, and analyzed using FlowJo version 10 (Treestar,
USA).

LiquiChip

Cytokines and chemokines in the culture supernatant
were quantified utilizing a Bio-Plex pro human cytokine
48-plex screening panel kit (Millipore, USA) in accor-
dance with the manufacturer’s guidelines and detected by
the Bio-Plex 200 System (Bio-Rad, USA). Advanced heat-
map plots were generated using the OmicStudio tools
available at https://www.omicstudio.cn.

Mouse models and CART-19 treatment

The hemostatic effects of the CART-19 cells were evalu-
ated in vivo using animal models. The 6- to 8-week old
NOD.Cg—Pr/(dc'SCidIl2rglm1Wﬂ/SZ] (NSG) mice were pur-
chased from Jiangsu Jicui Yaokang Biotechnology Co.,
Ltd (Jiangsu, China; Animal Certificate No: SCXK (SU)
2023-0009), housed and treated under specific patho-
gen-free conditions at the Experimental Animal Facility
of Hangzhou Medical College. All animal experiments
were carried out according to the applicable guidelines
and regulations approved by the Hangzhou Medical
College. B-ALL mouse models were established by the
tail vein injection of 3x10° Nalm-6 cells, and then ran-
domly divided into 3 groups (#=8). On the following
day, they were randomized to receive one of the follow-
ing tail vein injections: (1) PBS, (2) 6x10° untransduced
mock T cells in PBS, or (3) 6x10° CART-19 cells in PBS.
One more group added to receive PBS (n=4). Every two
to three days, mice were checked for changes in body
weight. Orbital blood collection was performed weekly
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after administration. Every week, the dynamics of tumor
cells and T cells from peripheral blood were detected
by FCM. Death, loss of more than 20% of body weight
from baseline, or the presence of specific signs (e.g.,
hindlimb weakness or paralysis) were defined as survival
endpoints.

H&E staining

Fresh thigh bones of mice were sampled and put into pre-
prepared 10% formalin for fixation, followed by decalci-
fication in ethylene diamine tetra-acetic acid (EDTA) for
one month. After that, the tissues were dehydrated with a
gradient of alcohol from low to high concentrations and
then placed in xylene for transparency. Subsequently,
the tissues were embedded by dipping them into melted
paraffin wax and waiting for the paraffin wax to be com-
pletely immersed in the tissues. The embedded tissues
were cut into thin slices, typically 5-8 um thick, and then
attached to slides. Finally, the paraffin was removed from
the sections with xylene, and after hematoxylin-eosin
(H&E) staining and dehydration, the sections were sealed
for observation. All slices were scanned and analyzed by
a Pannoramic MIDI scanner (3DHISTECH, Hungary).

Cloning CD19 CDS and sequencing

RNeasy kit (QIAGEN, Germany) was utilized to extract
total RNA from wild-type (WT) and relapsed Nalm-6
cells. Then the PrimeScript RT reagent kit was used to
do reverse transcription with 1pug of RNA, following the
manufacturer’s instructions (Takara, Japan). The coding
sequence (CDS) of CDI19 gene was amplified from cDNA
using the following primer pair, 16F (5-GAGAGTCTG
ACCACCATGCC-3’) and 1894R (5~ GGAATACAAAG
GGGACTGGAAG-3). PCR reaction system was as fol-
lows: 5x GXL buffer 10 puL, ANTP Mixture (2.5 mM) 4
uL, forward primer (10 umol/L) 1 pL, reverse primer (10
pumol/L) 1 uL, cDNA 2 pL, PrimeSTAR GXL DNA Poly-
merase 1 pL, ddH,O was supplemented to 50 uL. PCR
was performed 30 cycles of 98 °C for 10 s, 60 °C for 15 s,
68 °C for 2 min, and a final 72 °C for 5 min. Then, amplifi-
cation products were detected by 1% agarose gel electro-
phoresis and purified by the QIAquick gel extraction kit
(QIAGEN, Germany). Interested fragments were ligated
into the pMD20-T vector using the mighty TA cloning kit
(Takara, Japan) and then transformed into DH5a compe-
tent cells. Subsequently, 10-100 pL from each transfor-
mation were plated on LB agar plates (containing X-Gal,
IPTG and Ampicillin). White colonies were chosen and
cultured for plasmid isolation, and positive recombi-
nants were analyzed by restriction analysis and Sanger
sequencing.
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RNA sequencing and differential expression genes (DEGs)
analysis

According to the manufacturer’s instructions, total RNA
was isolated and purified using TRIzol reagent (Thermo
Fisher, USA). The amount and purity of the total RNA
were assessed by NanoDrop ND-1000 (NanoDrop,
USA). The integrity of the RNA was then examined by
Bioanalyzer 2100 (Agilent, USA) and verified by aga-
rose electrophoresis. Qualified RNA samples (>1 pg,
concentration>50 ng/puL, RNA integrity number>7.0)
were used for sequencing library construction. Poly (A)
RNA was specifically captured using Dynabeads Oligo
(Thermo Fisher, USA) and fragmented at 94 °C. The
fragmented RNA was synthesized into cDNA by reverse
transcription. cDNA was then converted into U-labeled
second-stranded DNAs using E. coli DNA polymerase
I, RNase H (NEB, USA) and dUTP Solution (Thermo
Fisher, USA), and screened and purified for fragment
size using magnetic beads. DNAs was digested with
UDG enzyme (NEB, USA) and PCR was performed to
form a sequencing library with average fragment size of
300+50 bp. Finally, the illumina Novaseq™ 6000 (LC Bio
Technology CO., Ltd., China) was used for the 2x150 bp
paired-end sequencing (PE150) according to standard
operating procedures provided by the manufacturer.
Following quality control and filtering, clean reads were
mapped to the genome (Homo sapiens, GRCh38) using
HISAT?2 package. Gene abundance was then estimated
using StringTie and ballgown, with FPKM (fragment per
kilobase of transcript per million mapped reads) val-
ues calculated. DEGs analysis was conducted using the
DESeq2 software to compare the normal group with
the experimental group. Genes meeting the criteria of
a false discovery rate (FDR) below 0.05 and an absolute
fold change of at least 2 were identified as differentially
expressed genes.

Real-time quantitative PCR (qRT-PCR)

c¢DNAs were prepared the same way as preparing T-A
clone samples as described above. Genomic DNA was
isolated from 2x10° cells from WT and relapsed Nalm-6
cells using the TITANamp genomic DNA kit (TTANGEN,
China) following the manufacturer’s protocol. Primers
used for different regions of the CD19 mature mRNA
as previously described [18], and PCR primers spe-
cific to the FMC63, CD3(, 4-1BB [15] and VSV-G [19]
fusion gene in Nalm-6 cells are listed in Additional file
1 (Table 1). qRT-PCR was performed using TB Green
Premix Ex Taq or Probe qPCR Mix (TaKaRa, Japan)
according to the operating protocol provided by the man-
ufacturer. The levels of gene expression were normalized
to ACTB. The reactions were carried out on the StepOne-
Plus real-time PCR system from Applied Biosystems
(Thermo Fisher, USA).
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Western blot

Cells were washed with PBS, collected by centrifuga-
tion, and fully lysed by adding cell lysis buffer (contain-
ing 1 mM PMSF) until no obvious cell precipitation was
observed. Protein concentration was determined using
the BCA Protein Quantification Kit (Yeasen, China).
10 ug of protein sample was taken and added to load-
ing buffer, then denatured in boiling water for 10 min,
followed by SDS-PAGE electrophoresis to separate the
proteins. The proteins in the SDS-PAGE gel were trans-
ferred to a PVDF membrane, and the transfer time was
adjusted based on the size of the proteins. The membrane
was washed with TBS and then blocked in 5% skimmed
milk for 1 h. Subsequently, membranes were incubated
with primary CD19 antibodies (clone D4V4B, Cell Sig-
naling Technology, USA; clone OTI5F3, Origene, USA) at
a dilution of 1:1000 at 4 °C overnight and then washed
3 times and incubated with HRP-conjugated secondary
antibodies (GAR007 or GAMO007, MultiSciences, China)
at a dilution of 1:5000 for 2 h at room temperature. Pro-
teins were detected using an ECL Detection Reagent
(Thermo Fisher, USA) with the Amersham Imager 600
spectrum (GE HealthCare, USA).

Immunofluorescence analysis

For CD19 staining, the cells were washed with PBS
through centrifugation. The cells were fixed with 4%
paraformaldehyde for 15 min and permeabilized with
saponin (Solarbio, China) for 10 min at room tempera-
ture. Subsequently, the cells were subjected to a 1-hour
blocking step using 5% BSA and then labeled with CD19
(Intracellular Domain) (D4V4B) XP° Rabbit mAb (Cell
Signaling Technology, USA) at 4 ‘C overnight. After
washed with PBS for three times, cells were incubated
with secondary antibody CY3 conjugated anti-rabbit IgG
(Abcam, USA) for 1 h and then stained with Alexa Fluor
488 Mouse Anti-Human CD19 (BD bioscience, USA) for
30 min. Finally, mounting medium with DAPI (Abcam,
USA) was added for nuclei staining. The images were col-
lected by Leica DMi8 microscopy (Leica, Germany).

To identify the presence of anti-CD19 CAR on the
surface of Nalm-6 cells, the cells were treated with 4%
paraformaldehyde for 20 min for fixation, followed by a
1-hour incubation in 5% bovine serum albumin (BSA) for
blocking. Then, the cells were incubated and stained with
Alexa Flour 647-conjugated Goat Anti-Mouse IgG anti-
body (Jackson ImmunoResearch, USA) for 1 h followed
by Alexa Fluor 488 Mouse Anti-Human CD19 for 30 min.
Finally, the cells were counterstained with DAPI and used
for confocal images on a Leica TCS SP8 Laser Scanning
confocal microscope (Leica Microsystems, Germany).
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Lentiviral integration site analysis

Genomic DNA samples were extracted the same way
as preparing PCR samples as described above and sub-
jected to quality control before use. The frequency and
location of CAR19 integration into genomic loci were
assessed and analyzed using established methodologies
[20, 21]. Briefly, genomic DNA was fragmented by ultra-
sonic interruption, followed by end repair, A-addition
and linker ligation using the VAHTS universal DNA
Library Prep Kit (Vazyme, China). Primers were designed
according to lentiviral LTR sequences and asymmetric
junction sequences, and lentiviral integration sites were
enriched by the nested linker-mediated PCR (LM-PCR)
and ligated with illumina adapter sequences. Sequenc-
ing of the pooled library was performed on the Illumina
MiSeq platform. After preprocessing and quality control,
clean reads were aligned to the human reference genome
using Bowtie2. Based on the gene databases and ChIP-
seeker package, the gene information, gene function
regions, distance to transcription start sites (TSS) and
CpG islands, and regions of the proto-oncogene/onco-
gene were annotated and counted at the integration site.

Statistics

Statistical calculations were performed using GraphPad
Prism 9.4. Data are presented as the meanzstandard
deviation (s.d.) or standard error of the mean (s.e.m.).
Differences between groups were analyzed by two-tailed
Student’s t tests. Kaplan-Meier curves were constructed
for survival analysis. *p<0.05, **p<0.01, and ***p<0.001
were considered to be statistically significant.

Results

Efficient generation and primary functional analysis of
CART-19 cells

Successful gene therapies with CAR-expressing T cells
rely on the efficiency of CAR transduction and the quality
of CAR-T cells. We have optimized methods for cultur-
ing and transducing T cells to produce potent CART-19
cells from the blood of healthy adults. The aggregation of
activated cells into clumps could be observed, and 53%
of CD257CD69* T cells were obtained after incubation
with TransAct CD3/28 beads for 40 h (Fig. 1B). By using
lentiviral vectors and transducing at a multiplicity of
infection (M.O.L) of 5, we achieved a high level (~68%)
of CD19-BB({ CAR expression in primary human T cells,
and the mean fluorescence intensity (MFI) of CAR stain-
ing in the transduced T cells was much higher than in
untransduced T cells (Fig. 1C). In order to demonstrate
the proliferative potential and anti-tumor activity of
less differentiated CAR-T cells generated, we detected
the phenotypes of CART-19 cells after 10~12 days of
culture. It was found that the ratio of CD4/CD8 cells
was approximately 0.88, and the proportion of central
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memory T cells (Tem, CD62L*CD45RO™) in CAR-T cells
was about 25.4%, while the proportion of naive T cells
(Tn, CD45RA*CD62L") was about 42.8% (Fig. 1D). Using
our established low-serum T cell culture system, CAR-T
cells could be expanded more than 50-fold in about 12
days in vitro (Fig. 1E). Then, CART-19 cells were co-cul-
tured with Nalm-6 cells at E: T ratios ranging from 1:5 to
5:1 to assess the cytotoxicity of CART-19. For observing
cell killing activity at a 1:1 E: T ratio, the data suggested
that the cytolytic function of the CART-19 cells exhibited
robust and rapid activity (Fig. 1F). Notably, after co-cul-
turing at an E: T ratio of 1:5 for 24 h, the CART-19 cells
demonstrated significantly greater efficacy in eliminating
tumor cells compared to the NT (or T, non-transduced
T) cells, which were co-cultured with Nalm-6 cells at an
E: T ratio of 1:1 (Fig. 1G). Finally, we analyzed the con-
centrations of cytokines and chemokines in the super-
natants of CART-19 cells co-cultured with Nalm-6 cells.
With tumor cell stimulation, the CART-19 cells exhibited
heightened functional cytokine and chemokine secretion,
especially the production of GM-CSEF, IEN-y, IL-2, IL-4,
IL-8, IL-12, IL-13, MIP-1a/f, and TNF-«/p (Fig. 1H).

Evaluating the antitumor activity of CART-19 cells in vivo
Based on the above in vitro findings and an established
Nalm-6 cell-based B-ALL model, we utilized T cells as
a reference to evaluate the efficacy and anti-leukemic
responses of CART-19 cells in NSG mice in vivo. Tail vein
injection of Nalm-6 cells (Nalm6+PBS group) resulted in
the progressive development of leukemia in mice, with
significant infiltration into the bone marrow and blood,
eventually leading to the rapid death of the mice (Fig. 2C-
E). The T cell-treated group exhibited a similar trend to
the control group in terms of weight loss, survival time,
and tumor growth rate, indicating that non-transduced T
cells have little or no impact on the development of leu-
kemia (Fig. 2B-E). The Nalm6+CART-19 group showed
significant antileukemic activity when 6x10° CAR-T cells
were injected 1 day after inoculation of 3x10° Nalm-6
cells in mice (Fig. 2A-C). Because CART-19 cells were
rapidly activated and proliferated in vivo under CD19
antigen-specific stimulation, the percentage of CD19*
cells in peripheral blood of the Nalm6+T cell group
(mean=11.97, s.d.: 9.88) was substantially higher than
that of the Nalm6+CART-19 group (mean=0.64, s.d.:
0.28) at day 17 after injection (Fig. 2D), but the difference
was no statistical significance (P=0.062).

Loss of tumor surface antigen following CART-19 therapy

The aforementioned results indicate that we have devel-
oped an effective expansion protocol for CAR-T cells in
vitro, and further verified anti-tumor activity of CART-
19 cells both in vivo and in vitro. Despite encouraging
results, relapse risk is associated with the ability of CAR-T
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Fig. 1 Proliferation and specific cytotoxic effects of CART-19 cells. A The design of the CAR-T cell construction experiments. B Morphological images of
activated T cells clustered after 24 h and 72 h of incubation with TransAct CD3/28 beads. C Flow cytometric analysis of CAR expression on the surface of
mock T, and CART-19 cells with biotin-conjugated anti-Fab antibody followed by PE-conjugated streptavidin. Gating was based on the same cells stained
with isotype-matched antibody. The median fluorescence intensity (MFI) was calculated for CAR-T population in the PE fluorescence channel (right
column). This result is the representative of three separate experiments using cells from healthy volunteer donors. D The phenotypic characterization of
CART-19 cells by flow cytometry. The ratio of CD4* / CD8* T cells (left) and the proportion of Ty, (right) are shown. E Growth curves of CAR-T cells. Data
represent the mean +s.d. of three separate experiments. F Cytolytic activities of CART-19 cells in cell assays. Nalm-6 cells were labeled with CFSE labeling
reagent (Sigma-Aldrich, USA) and co-cultured with CART-19 cells at the E: T ratio of 1:1 for 30 h. The presence of CFSE-labeled cells was observed by mi-
croscopy. Bar, 100 um. G Cytotoxic activity of mock NT and CART cells against Nalm-6 cells. The effector cells were co-cultured with target cells at E: T ratios
of 1:5, 1:2, 1:1 and 5:1 with a total cell number of 1x10°%. H Dynamic changes of cytokine secretion profile of CART-19 cells during 24 h after co-culture
with Nalm-6 cells at E: T ratios of 1:5 to 5:1. Data were visualized by heatmap. Concentrations (pg/ml) of cytokines and chemokines in the supernatant
were detected by multiplex immunoassay and the values were log2 transformed

cells to proliferate and their long-term persistence, while = expanded by the serum-free TexMACS Medium-Trans-
the conditions and duration of cell culture have a signifi- ~ Act-IL-2 culture system with Nalm-6 cells. Unexpectedly,
cant impact on CAR-T cell potency. Then, we shortened ~ we observed the presence of CD107CD19~ cells around
cell culture time and tested different culture systems to 28 days, which might be CD19-negative Nalm-6 cells
expand T cells, followed by co-culturing CART-19 cells  due to antigen loss (Fig. 3A and B). However, no relapse
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The final magnification of all images was 40x

of CD19-negative cells was detected after killing Nalm-6
by CART-19 cells expanded in a 5% serum TexMACS
Medium-TransAct-IL2 culture system (Additional File
2: Fig. 1). Subsequently, the phenotypes of CD45, CD19,
CD10, and CD22 were detected consecutively, and the
results showed that the phenotype of the relapsed cells
was stable and remained CD45-CD19-CD10*CD22*
(Fig. 3B). Comparative assays of WT Nalm-6 cells and
relapsed Nalm-6 cells revealed consistent growth charac-
teristics, including doubling time, cell cycle, and karyo-
type (Fig. 3C; Additional file 3: Fig. 2). qRT-PCR assays
showed that CD19 expression in CD19~ Nalm-6 cells
decreased by half compared to WT cells, and there were
statistical differences (P=0.002~0.019, Q=0.012~0.022)
(Fig. 3D). Meanwhile, the expression of PAX5 decreased
by 50.9% (P=0.037) (Fig. 3D). After continuous sub-
culture for 317 days, the relapsed cells maintained the
CD19-negative phenotype. Other phenotypic mark-
ers, including CD45, CD34, CD10, CD20, CD22, CD38,
HLA-DR, CD58, and CD81, were remained the same as
WT Nalm-6 cells (Fig. 3E).

Observation of CD19 gene transcription and expression in

relapsed CD19™ Nalm-6 cells

To further characterize the CD19 gene expression of
the relapsed cells, we performed TA cloning, single-
cell purification, and transcriptome analysis. RT-PCR
and T-vector-based TA cloning were used for cloning
the ¢cDNA of the CD19 gene and for sequencing. We
observed six alternatively spliced CD19 mRNA isoforms
in Nalm-6 cells and post-CART-19 relapses, including
full-length (FL), exon 2 deletion (Aex2), partial deletions
(partAex2 and partAex3), and the retention of intron
2 (in2) (Fig. 4A). This is consistent with the CD19 iso-
forms observed in children with B-ALL in clinical set-
tings (Additional file 1: Table 2). The identified alterations
in exons allowed expression of N-terminally truncated
CD19 variants and there was no evidence to indicate
the de novo mutations in the relapsed Nalm-6 cells that
primarily affect exon 2, as reported in other studies [18,
22, 23]. Furthermore, all splicing mutation types were
subclones and collectively accounted for no more than
50% of CD19 alleles, implying the existence of additional
mechanisms of gene inactivation in the relapsed cells. To
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confirm the continued expression of the CD19 gene in the
relapsed cells, we conducted single-cell purification by
the limiting dilution method to generate subclonal pop-
ulations, achieving C3, E3, and F7 subclones of Nalm-6
cells and D2, G7, and E10 subclones of the relapsed cells
(Fig. 4B). Although the surface marker CD19 was not
detectable, intracellular domains of CD19 were identified
in the relapsed subclones, and a limited quantity of the
extracellular epitope of the CD19 molecule was recog-
nized around the nucleus through immunofluorescence
detection (Fig. 4C, D). However, the relapsed subclones
expressed lower levels of CD19 protein, which were
also smaller in size compared to the wildtypes. This was
particularly evident in the N-terminal region of the full-
length CD19 protein targeted by the OTI5F3 antibody
(Fig. 4E). We next investigated the overall changes in
the transcriptome of relapsed cells using RNA-seq. The
results confirmed that CDI19 transcripts were pre-
served in the relapsed subclones and that there was no

new transcript type (Fig. 4F). Differentially expressed
gene (DEG) analysis comparing relapsed subclones to
WT clones identified 3453 DEGs with [log2Fc| > 1 and
p value<0.05, and the heatmap for the top 75 DEGs was
shown (Fig. 4G, H). Unexpectedly, the RNA-seq data also
suggested that CD247 and CD8A genes were significantly
upregulated in relapsed subclones. Considering the CAR
used in this study incorporated the hinge and transmem-
brane regions of the CD8a molecule and the cytoplasmic
portion of the CD3{ molecule, we therefore hypothesized
that the Nalm-6 cells were transduced by lentiviruses
during the co-culturing process with CART-19 cells.

Characterization of CAR-Nalm-6 cells and anti-CD22 CAR-T
cell therapy as a salvage treatment

To further validate this hypothesis, we performed addi-
tional analysis on the relapsed cells and explored sal-
vage therapies. We designed CAR sequence-specific
primers (spanning 41BB-CD3{), along with probes, and
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carried out qRT-PCR, FCM, and confocal microscopy
to demonstrate the expression of CAR in the relapsed
CD19" Nalm-6 cells. qRT-PCR analysis of FMC63,
CD247 (CD3(), and 4-1BB genes and flow cytometry
for CAR in relapsed cells showed higher expression lev-
els of CAR structural components compared to those in
Nalm-6 cells (Fig. 5A, B). Confocal microscopy also dem-
onstrated the colocalization of CAR on the cell surface
of the relapsed leukemia (Fig. 5C). Lentiviral integration
site analysis of CD19™ Nalm-6 cells revealed 64 highly

credible integration events. None of the integration sites
were found in the exon region, while two integration sites
were located in the intron region of the proto-oncogenes/
tumor suppressor genes (GNB1, PGBD5). Additionally,
10 sites were located within 10 Kb upstream of the tran-
scription start sites (TSS), and 11 integration sites were
located within 10 Kb near CpG islands (Fig. 5D). Then,
we used a small amount of CD19 CAR lentivirus (M.O.L
=0.2) to transduce Nalm-6 cells in order to simulate the
preparation of CAR19-Nalm-6 cells. Nalm-6 cells showed
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Declarations

a dramatic decrease in CD19 expression as observed via
flow cytometry after 3 days, and only a small propor-
tion of CD19* Nalm-6 cells were detectable after 13 days
(Fig. 5E). This result demonstrated that the transduction
and expression of CD19 CAR in some Nalm-6 cells led
to the loss of CD19 detection throughout the cell popu-
lation. For potential replication-competent lentivirus
(RCL), three relapsed CD19~ Nalm-6 lots were tested by
qPCR specific for envelope sequences (residual VSV-G
transfer to cells), and the results were negative (Fig. 5G).
Then, we co-cultured the relapsed cells with Nalm-6 cells
at different ratios (1:5 and 1:20). Although the percentage
of CD19™ cells initially increased, there was no observed
loss of CD19 antigen in Nalm-6 cells after 14 days of co-
culture (Fig. 5F).

As patients with CD19-negative relapsed leukemia
have a very poor prognosis, there is an urgent need to
find safe and effective alternative treatments. Anti-CD22
CAR-T cells have been proven to effectively mediate anti-
leukemic effects. We therefore constructed CART-22 and
tandem CART-22x19 cells to analyze their therapeutic
effects on relapsed CD19~ Nalm-6 cells (Fig. 5H; Addi-
tional file 4: Fig. 3). The cytotoxic activity of the CART-
19 cells against Nalm-6 cells was higher than that of
the relapsed cells at 18 h. At 24 h, CART-22 cells dem-
onstrated equally strong anti-tumor effects on Nalm-6
cells and the relapsed cells. Their cytotoxicity against
the relapsed cells was higher than that of CART-19 and
CART-19/22 cells at the E: T ratio of 5:1. Meanwhile, the
killing activity of tandem CART-22x19 cells against the
relapsed cells at an E: T ratio of 5:1 was consistent with
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the effect of CART-22, both achieving more than 80%
efficacy. Thus, CART-22 and tandem CAR-T cell therapy
could be used as rescue or combination therapy for leu-
kemia cells that have lost the CD19 epitope induced by
CAR transduction.

Discussion

To date, both preclinical and clinical trials of anti-CD19
CAR-T cells have produced promising results. There are
currently two approved CAR-T products for patients
with r/r B-ALL: tisagenlecleucel (CTL109, Kymriah®)
has been validated for use in children and young adults
up to the age of 25, while brexucabtagene autoleucel
(Tecartus®) is approved for adult patients. In the tisagen-
lecleucel phase II and IIb clinical trials (the ELIANA trial,
NCT02435849), the complete response (CR) rate was
83%, with the relapse and CD19-negative relapse rates
of 30% and 67%, respectively [24, 25]. Since 2017, real-
world data gathered from patients receiving commercial
Kymriah treatment has indicated CR rates ranging from
64 to 96%, with relapse rates ranging from 22 to 48%.
Of these, CD19 negative relapse rates range from 33%
~ 50% [25-28]. Other CAR T cells with FMC63-derived
CD19-specific scFv have been evaluated in r/r B-ALL
patients in several clinical trials. Among these trials, the
relapse rates after anti-CD19 CAR-T cell therapy range
from 22 to 53%, while the relapse rates of CD19-nega-
tive cases range from 30 to 75% [29-32]. Overall, most
B-ALL patients (62% to 96%) achieved CR after anti-
CD19 CAR-T therapy, although relapses were observed
in a consistent percentage of patients (ranging from 22 to
53%) who initially achieved remission. So, relapse is the
main reason for the failure of this otherwise highly suc-
cessful therapy, wherein CD19-negative relapses carry
a worse prognosis compared to CD19-positive relapses
and create a significant challenge for potential follow-up
treatments [28].

CD19 is a key molecule in the maturation and differ-
entiation of B lymphocytes and has an important role in
B-cell receptor signaling [33, 34]. Its loss is a dominant
form of B-ALL relapse after CART-19 cell therapy, as
mentioned above. Studies have suggested various bio-
logical and molecular mechanisms that contribute to
the emergence of CD19-negative leukemic blasts after
CAR-T therapy, including genetic mutations, alternative
splicing, lineage switching, epitope masking, decreased
CD19 antigen density, and trogocytosis [10]. However,
the incidence rate of these mechanisms is not com-
pletely clear in clinical practice. Our results from the in
vitro cell model system showed that Ag-negative blasts
were obtained after a cytotoxicity assay without applying
CRISPR technology, which may involve multiple resis-
tance mechanisms.
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Current strategies used to prevent CD19-negative
relapse include the application of CAR-T cell therapy
with two or more antigen-specific CAR-T cells, usually
CD19 and CD22, as well as fourth-generation CAR-T
cells. Dual-targeted CD19/CD22 CAR-T cells do not
completely prevent CD19-negative relapse, as evidenced
by reported cases in published studies. As for fourth-gen-
eration CAR-T cells, there is insufficient clinical data to
draw conclusions. Similarly, the available data on specific
strategies for the mechanism of CD19-negative relapse
is very limited. In this sense, finding a model suitable
for studying CD19-negative r/r B-ALL in vitro is critical
to address the most important problem in this patient
population.

Given the availability of the anti-CD19 scFv, FMC63,
and recent clinical advances in CART-19 therapy, we
sought to first explore the efficacy and optimal con-
figuration of GMP-grade CART-19 cells against B-ALL.
We selected the CD19-BB({ CAR for further testing and
T cells were efficiently transduced with lentiviruses
encoding CD19-BB({. We demonstrated that genetically
engineered T cells expressing CD19-BB{ CAR could be
successfully expanded with low-serum medium, and
half of these cells have the phenotype of less differenti-
ated T cell subsets. Our results suggested that CART-19
cells possess rapid tumor recognition ability and display
enhanced antileukemic activities, such as cytolytic capac-
ity and cytokine production, at low E: T ratios compared
to mock T cells in vitro. Then, we used NSG mice to
evaluate the therapeutic effectiveness of CART-19 cells in
vivo. The persistence and proliferation of infused CAR-T
cells in the circulation have been shown to be critical for
tumor eradication following adoptive CAR-T cell infu-
sion. Our results indicated that CART-19 cells exhibit
durable enhanced anti-tumor activity without obvious
toxicities in animal model.

In the in vitro cytotoxicity assay described above, co-
cultured cells showed no viable Nalm-6 cells after pro-
longed incubation. Furthermore, CD19-positive blasts
were detected in the bone marrow of a dying mouse by
flow cytometry on day 42 of the in vivo study. As such,
we did not observe CD19-negative relapses. Then, we
shortened the preparation time of CAR-T cells and cul-
tured them under serum-free culture conditions, fol-
lowing cytotoxicity analysis of the CAR-T cells two days
after transduction. Surprisingly, we did see differences
in cytolytic activity at low E: T ratios of 1:5 and 1:1. On
day 7, we identified the presence of CD107CD19™ cells
in the co-cultured cells, and these clones were cultured
and proliferated for an extended period while still main-
taining the CD19-negative phenotype. CD19-negative
relapses revealed consistent growth characteristics with
Nalm-6 cells, including doubling time, cell cycle, and
karyotype. However, the expression of CDI19 and PAX5
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in relapses decreased by half compared to Nalm-6 cells.
A single relapse cell was selected and cultured via limit-
ing dilution assays, and we confirmed the relapsed sub-
clones expressed less and smaller CD19 protein whose
intracellular domains could be identified. Moreover, the
expression level of CD81 on the cell surface was normal,
while a small amount of the CD19 extracellular domain
was detected in the cytoplasm around the nucleus. In
addition, we excluded other possible mechanisms of Ag-
negativity, including pre-existing CD19-negative Nalm-6
cells (Additional file 5: Fig. 4), CD19 splicing variants,
structural alterations of the B cell receptor complex, and
promoter DNA hypermethylation. Theoretically, a down-
regulation that reduces the number of CD19 molecules
on the membrane surface is reversible in the absence of
CART-19 cells and genetic mechanisms leading to a total
loss of the CD19 antigen, indicating additional escape
mechanisms for CD19-negative relapse in this study.

Through RNA-seq results, we found that the CD247
and CD8A genes were significantly upregulated in the
relapsed cells and subsequently confirmed that the
relapsed Nalm-6 cells have been transduced with the
FMC63-4-1BB-CD3( lentiviral vector. We suspected that
the CAR-positive relapses were generated through lenti-
viral transduction, which occurred either via RCL or dur-
ing the co-culture process of the cytotoxicity assay. We
successfully repeated this Ag-negative phenomenon in
Nalm-6 cells transduced with microamounts of CAR19
lentivirus, but these cells deteriorated after 10 genera-
tions in culture. We then ruled out RCL as a cause by
TagMan qPCR and co-culturing the relapsed cells with
the original Nalm-6 cells without finding CD19 antigen
loss. We therefore hypothesized that lentiviral particles
adhering to the surface of CART-19 cells prepared in a
short period of 3 days infected Nalm-6 cells during co-
culture, and then persistent CAR expression as well as
the down-regulation and truncation of CD19 expression
induced Ag-negative relapses. Moreover, CART-22 cells
can effectively kill these relapsed cells but cannot eradi-
cate them either. Besides general strategies of multitar-
geting or target independent lysis, specific approaches
should be developed to address the mechanisms of CD19
antigen loss after CART-19 therapy. The target negative
cell line in this study is ideal for research purposes and
has the potential to be used to create animal models of
r/r B-ALL.

Several drawbacks should be taken into account when
interpreting the findings of this study. First, we used
immunofluorescence and western blotting techniques
to identify the presence and localization of CD19 in
relapsed cells, without conducting direct sequencing of
CD19 molecules or detecting post-translational modi-
fications. Additional research is required to analyze
and engineer the CD19-negative Nalm-6 cells. Second,
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as CAR transduction into a single tumor cell has been
reported [35], current advancements in manufacturing
technologies have applied a closed automated manufac-
turing system and used microbeads for magnetic enrich-
ment to separate T cells without the issue of residual
tumor blasts contamination. Consequently, the occur-
rence of CAR transduction into tumors has been elimi-
nated in clinical applications. Moreover, novel strategies
need to be developed to tackle resistance mechanisms
following CART-19 therapy.

In conclusion, we have successfully generated CAR-T
cells that specifically target CD19 and obtained a CD19-
negative refractory relapsed B-ALL cell line, providing
a new in vitro model for exploring the treatment of r/r
B-ALL patients with low antigen density.
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