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1 | INTRODUCTION 2 | MATERIALS & METHODS
Recently, cancer immunotherapy has resulted in long- 2.1 | Plasmid construction

lasting remission and proved to be an effective therapy
in animal studies and clinical trials."”® Chimeric anti-
gen receptor T (CAR-T) cells have shown remarkable
efficacy in treating hematologic malignancies, such as
B-cell malignancies.*® CARs are engineered receptors
comprising an immunoglobulin single-chain variable
fragment (scFv) that identifies and binds to the target
antigen, a transmembrane domain, and an intracellular
T-cell signaling domain.® CAR construct design incor-
porates CD28 and/or 4-1BB co-stimulation to enhance
therapeutic effects in vivo.”'' Furthermore, fourth-
generation CAR-T cells engineered to express IL-7 and
CCL19 showed greatly improved antitumor efficacy.'?
Similarly, we generated CD19-targeted CAR-T cells
that secrete CCL19 to enhance CCR7* immune cell
infiltration.

A previous study reported that soluble cross-linking
antibodies can initiate events similar to proximal TCR
signaling in T cells."*”'* A recent study has shown that
soluble multimeric ligands can spontaneously bind up
to two or more CARs to trigger CAR signaling.6 CD19
is a B lineage-specific transmembrane glycoprotein of
approximately 95 kDa and is expressed in more than
95% of B-cell malignancies. Stringent lineage restric-
tion has promoted CD19 as an ideal target for CAR-T
therapy.'® Streptavidin (SA) is a homo-tetrameric pro-
tein derived from Streptomyces avidinii, which can bind
four biotin molecules with an extremely high affinity
at a Kd value of 107> M, which is 10°-10°fold higher
than the classical antigen-antibody interaction.'’*
Owing to its ability to form homotetramers, SA also
serves as a multimerization platform to increase the
avidity of single-chain antibodies.?>™**

In this study, we generated a novel fusion protein,
sCD19-SA, which consists of the extracellular domain of
human CD19 and the core region of SA, for the functional
detection and activation of CD19-targeted CAR-T cells.
Furthermore, we demonstrated that this protein could
form multimers to activate CAR-T cells to induce their
selective expansion. Importantly, sCD19-SA-stimulated
CD19-targeted CAR-T cells could improve antitumor ef-
fects in vivo.

Human peripheral blood mononuclear cellswere collected,
and total RNA was extracted using TRIzol (Invitrogen).
cDNA that encodes CD19ecto (amino acids 1-291) was
obtained by RT-PCR with the following primer pair:
5'-GAATTCGCCACCATGCCACTC CTCGCCTCC-3’
(30 nt), which contained an EcoRI site, and 5-CCACCAG
AGCCTCCTCCACCCTTCCAGCCACCAGTCCTCAGCA
G-3’ (44 nt). Regions encoding mature SA were amplified
by PCR from the genomic DNA of S. avidinii (ATCC), with
the primer pair 5'-GGTGGAGGAGGCTCTGGTGGAGGC
GGTAGCGGAGGCGGAGGGTCGGCCGAGGCCGGCA
TC-3’ (60 nt) and 5'-GCGGCCGCTTAGTGATGGTGATG
GTGATGCTGC TGAACGGCGTCG-3’ (45 nt), which had
a Notl site. These two PCR products were used to perform
overlapping PCR, and the resultant PCR product was cut
using EcoRI and Notl. Finally, the digested product was
cloned into the corresponding sites of the pMH3 vector
(Novagen). The structure of the sCD19-SA fusion protein
was based on the CD19 natural signal sequence at its N-
terminus, a single 6-His tag at its C-terminal, and a flex-
ible glycine/serine-rich linker: GGT GGA GGC TCT GGT
GGA GGC GGT AGC GGA GGC GGA GGG TCG. The
resultant pMH3-sCD19-SA plasmid contained an sCD19-
SA insert with an actin promoter, a polyA tail, GC-rich
elements, and a neomycin-resistant marker.

2.2 | Celllines

Jurkat clone E6-1 (TIB-152), HEK293T (CRL-11268) and
CHO-S cells were purchased from ATCC. CHO-S cells
were cultured in Dulbecco's modified Eagle's medium
(DMEM)/F12 (Gibco) media supplemented with 10%
fetal bovine serum (FBS, Gibco), 20 U/ml penicillin, and
20 mg/ml streptomycin at 37°C and 5% CO,. HEK293T
cellswere cultured in DMEM (Gibco) with 10% HI-FBS, 1%
glutamine, 1% HEPES, and 1% sodium pyruvate. Fourth-
generation CD19-targeted CAR-Jurkat cells were gener-
ated by lentiviral transduction, and transduction efficiency
was detected by flow cytometry. Lentiviral particles were
produced in HEK293T cells. Human T cells were derived
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from PBMCs from healthy adults. CD3/CD28 Dynabeads
(Thermo Fisher Scientific) were added to stimulate T cells
at aratio of 1:1 (bead: cell) for 2 days. Then, lentiviruses at
a ratio of 40:1 of the multiplicity of infection were trans-
duced into the T cells. The resultant T cells were grown in
complete X-VIVO (04-744Q, Lonza), supplemented with
5% heat-inactivated human serum (Sigma), 3% glutamine,
1% HEPES, 1% sodium pyruvate, 1 ng/ml IL-2, and 5 ng/
ml IL-15 (Peprotech). Dynabeads were removed from the
culture medium after 7 days. The transduction efficiency
was determined using flow cytometry.

2.3 | Generation of stable transfectants
secreting sCD19-SA

When CHO-S cells were 60% confluent in the six-well
plates, transfection was performed in a serum-free me-
dium with 9 pl Lipofectamine 2000 reagent (Invitrogen Life
Technologies) mixed with 2 pg of plasmid DNA (pMH3-
sCD19-SA). After incubation overnight at 37°C, the cells
were washed with phosphate-buffered saline (PBS) and
grown in DMEM/F12 medium. Next, the cells were trans-
ferred to a 6-cm cell culture dish after 48 h, and then, G418
(Invitrogen Life Technologies) was added at 1 mg/ml. The
selection process for drug-resistant cells was continued for
15 days, until single-cell colonies were formed.

2.4 | Dot blotting

To identify positive cell clones secreting SCD19-SA pro-
tein, cell culture supernatants were collected for dot blot-
ting. When the cells were confluent in 96-well plates, 5 pl
of culture supernatant was collected from each well and
dotted on the nitrocellulose filter membrane. After dry-
ing, the membrane was placed in the prepared 5% milk
blocking solution at 37°C for 1 h and subsequently in-
cubated with anti-mouse CD19 antibody (Santa Cruz
Biotechnology; 1: 2500 dilution in blocking buffer) and
horseradish peroxidase-conjugated anti-mouse IgG (1:
5000) for 1 h at 37°C. Finally, a 3,3’-diaminobenzidine
(DAB) reaction was performed using a DAB display liquid
kit (Boshide Corporation) after extensive washing.

2.5 | Production and purification of the
sCD19-SA protein

The stable transfectants secreting sCD19-SA were cul-
tured in DMEM/F12 medium for 72 h, and the superna-
tant was collected by centrifugation. The sCD19-SA fusion

protein was captured by passing the CHO-S supernatant
through an Ni-NTA column (Qiagen) according to the
manufacturer's instructions. The column was equilibrated
with 200 ml of buffer containing 5 mM imidazole, and the
sCD19-SA fusion protein was eluted with 100 mM imida-
zole. The collected eluate was concentrated and washed
with PBS by ultrafiltration (Amicon Ultra-15 centrifugal
units, 50 kDa).

2.6 | Western blotting

To detect sCD19-SA, reduced or unreduced samples
were loaded and electrophoresed on an 8% sodium
dodecyl sulfate-polyacrylamide gel and subsequently
electrotransferred onto a polyvinylidene difluoride
membrane (Bio-Rad). The blotted membrane was
blocked with 5% skim milk in Tris-buffered saline
with 0.5% Tween-20 (TBST) at 37°C for 1 h and sub-
sequently incubated with anti-mouse CD19 antibody
(Santa Cruz Biotechnology) at 1: 2500 dilution in
blocking buffer at 37°C for 1 h. The membrane was
washed three times with TBST and then incubated in
anti-mouse IgG-conjugated horseradish peroxidase at
1:5000 for another hour at 37°C. After extensive wash-
ing, the DAB reaction was visualized using a DAB dis-
play liquid kit (Boshide). Primary antibodies for CD3(
(BD Biosciences) and anti-rabbit HRP-conjugated 1gG
(Santa Cruz Biotechnology) were used to detect anti-
CD19 CAR.

2.7 | FITC labeling

The protein to be cross-linked (concentration >1 mg/ml)
was dialyzed against sodium carbonate cross-linking reac-
tion solution three times at 4°C to pH 9.0, and FITC was
dissolved in DMSO at a concentration of 1 mg/ml. FITC
was slowly added to the antibody solution at a protein:
FITC (P:F) ratio of 1 mg:50 pg and reacted in the dark at
4°C for 8 h. After adding 5 mol/L NH,Cl to a final concen-
tration of 50 mmol/L, the reaction was terminated at 4°C
for 2 h. Free FITC was removed using a G50 column, and
the labeled product was identified using a UV spectropho-
tometer (DU730, HITACHI).

2.8 | Lentiviral vectors for gene
transfection into T cells

Anti-CD19 scFv was derived from a murine antibody
(FMC63) and fused with the transmembrane domain of
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CD8, cytoplasmic regions of 4-1BB (CD137), and CD3(
endodomains to construct a second-generation CAR.
To express human CCL19 concomitantly with CAR,
the foot-and-mouth-disease virus 2A peptide sequence
was intercalated among genes to construct a fourth-
generation CAR. These CARs were cloned into the
pLenti-vector to obtain recombinant plasmids. HEK-
293 T cells were transfected with pLenti-CAR and the
lentiviral packing plasmids pLP1, pLP2, and pMD2.G by
polyethylenimine transfection to obtain lentiviral parti-
cles. All sequences were synthesized by Thermo Fisher
Scientific.

2.9 | Flow cytometry and
antibody staining

Flow cytometry was performed using a FACSAria II
cell counter (BD Biosciences). T cells were assessed for
the surface presentation of epitopes with fluorescently
labeled monoclonal antibodies for CD69 (BioLegend).
In parallel, anti-CD19 CAR expression was measured
using Flow cytometry. First, anti-CD19 CAR expres-
sion was measured with commercial bio-sCD19-Fc
(ACROBiosystems), followed by staining with sec-
ondary APC-conjugated SA antibody (BioLegend).
Anti-CD19 CAR expression was measured with sCD19-
SA, followed by a secondary PE-conjugated anti-SA
antibody (BioLegend), and anti-CD19 CAR expression
was directly measured with FITC-sCD19-SA. To assess
cytokines produced by CAR-T cells, cells were incu-
bated in 96-well U-bottom plates at 10° cells/100 pl
media/well for 24 h in the presence of 60 pg/ml
sCD19-SA with 5 pg/ml Brefeldin A (BioLegend), and
the hGM-CSF-SA fusion protein (prepared in our labo-
ratory) was added to the medium alone as a negative
control. Before permeabilization with ice-cold meth-
anol, the cells were fixed in 1.5% formaldehyde and
then incubated with antibodies against FITC-TNF-a,
PE-IFN-y, and APC-IL-2 (all from BioLegend) for flow
cytometric analysis. A total of 10* cells were counted
by flow cytometry for each experiment.

210 | Measurement of cytokine
secretion using enzyme-linked
immunosorbent assay

For detection of cytokine release, CAR-T cells were in-
cubated in 96-well U-bottom plates at 10° cells/100 pl
media/well for 24 h in the presence of 60 pg/ml sCD19-
SA, and secretion of cytokines such as IL-2, TNF-a,
and IFN-y in the supernatant was analyzed using an

.. 2981
Cancer Medicine “WI LEYJ—

Open Access.

ELISA kit (LIANKE), according to the manufacturer's
instructions.

211 | Invitro migration assay

Cell chemotaxis was measured by migration assay using
a 3-pm pore size polycarbonate filter in a 24-well ul-
trafiltration chamber (Corning). Supernatants (600 pl)
of second-generation anti-CD19 CAR-T cells, fourth-
generation anti-CD19-CCL19 CAR-T cells, and untrans-
duced T cells were added to the lower chamber as a
control. All the above cells were co-cultured with 60 pg/
ml sCD19-SA for 24 h. CFSE-labeled responder T cells
(2 x 10°) were placed in the upper chamber and incu-
bated at 37°C for 3 h. The number of CFSE-labeled re-
sponder T cells migrating from the upper chamber to the
lower chamber was assessed using a fluorescence micro-
scope (Olympus).

212 | T-cell expansion assay

T cells (10°/100 pl media/well) were cultured with or with-
out 60 pg/ml sCD19-SA, and the media was replaced every
2-3 days. T-cell suspensions were mixed with 0.4% trypan
blue, and 20 pl was taken to perform a viable cell count.
Viable cell density was estimated using a Count Star (Inno-
Alliance Biotech).

2.13 | sCD19-SA-induced T-cell expansion
Anti-CD19-CCL19-GFP CAR-T cells (10°/100 pl media/
well) were stimulated in the presence or absence of 60 pg/
ml sCD19-SA for 7 days. To monitor the specific expan-
sion of fourth-generation CD19-targeted CAR-T cells, cells
were collected for flow cytometric analysis on day 3 or 7.

2.14 | Invivo analysis of CAR-T activity
response to sCD19-SA

NSG mice (5-6 weeks of age) were purchased from
GemPharmatech Company and injected intravenously with
4 x 10° Raji cells stably expressing luciferase-GFP (Raji-luc-
GFP). Then, 4 x 10° CAR-T cells cultured with or without
sCD19-SA and mock-T cells as a control were injected in-
travenously on day 7. Tumor burden was measured using
the IVIS Spectrum BL through intraperitoneal injection of
150 mg/kg D-luciferin. Imaging was performed on days 3, 10,
17, and 24 to monitor tumor progression. All reagents and in-
struments were obtained from PerkinElmer.
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2.15 | Statistical analysis

The experiments were independently conducted three
or more times. Student's t-test was used to compare con-
tinuous variables between the two groups and analyzed
using GraphPad Software 6.0. To compare repeated
measures of means with respect to a single variable,
one-way repeated-measures analysis of variance was
used. Results were presented as the mean =+ standard
error of the mean, and mean values were expressed
with horizontal bars. Statistical significance was set at
p < 0.05.

3 | RESULTS
3.1 | Expression and purification of the
sCD19-SA fusion protein

To obtain sSCD19-SA, the cDNA encoding the extracellular
region of CD19 was fused with that of the core SA with a
24 amino acid extension at the C-terminus to form a mul-
timer, which may improve its hydrophilicity (Figure 1A).
The fusion protein of sCD19-SA was encoded by 459

(B)

pMH3-sCD19-SA

&) '
*/S- Streptavidi®
'S | linker

Map of sCD19-SA

(©) (D)

sCD19-SA

amino acid residues, including 19 residues of the CD19
signal peptide, 272 residues of the CD19 extracellular re-
gion, 147 residues of SA, and a 15-residue linker between
the extracellular region of CD19 and core SA with a 24
amino acid extension at the C-terminus containing a sin-
gle 6-His tag. Thus, the mature secretory sCD19-SA mono-
mer has 440 amino acid residues, with a molecular weight
of 49440.87 Da.

To express sCD19-SA, the pMH3 plasmid was trans-
fected into CHO-S cells, and the stable clones were selected
by G418. Efficient transfectants expressing a high level of
the sCD19-SA fusion protein were screened by dot blotting
and intracellular specific staining (Figure 1B,C). The prod-
uct size was determined by western blotting, and specific
protein bands of approximately 250 and 72 kDa were de-
tected by the purification of CHO supernatant under non-
reducing and reducing conditions, respectively, confirming
that the sSCD19-SA fusion protein was expressed as a mul-
timer (Figure 1D). Compared to the molecular weight of
49 kDa inferred from the amino acid sequence in the re-
duced form, the apparent molecular weight of 72 kDa may
result from post-translational modifications such as gly-
cosylation. As expected, the sCD19-SA fusion protein was
found to be multimerized in a non-reducing form.

FIGURE 1 Generation of the
sCD19-SA fusion protein. (A) Map of the
constructed plasmid pMH3-sCD19-SA.
(B) Expression and identification of the
sCD19-SA fusion protein. The vector
encoding sCD19-SA was transfected into
CHO cells. The supernatant was analyzed

] N R

SSC - A

PE-Cy7-CD19

using a Dot Blot. The supernatant

of negative CHO cells was used as a
negative control (—) and commercial
biotin-sCD19-FC as the positive control
(4+). (C) Intracellular staining of cells
transfected with a vector encoding sCD19-
SA CHO cells treated with a transport
inhibitor using anti-PE-Cy7 CD19 for
flow cytometric analysis. (D) CHO
supernatants were detected by western
blot in non-reduced (lane 1) or reduced
(lane 2) conditions, using anti-human
CD19 antibody. Size markers (in kDa) are
shown on the left

— 250 kDa

— 72kDa
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3.2 | Generation of CD19-targeted CAR-T
cells secreting CCL19

Recently, second-generation CAR-T cells with an intracellu-
lar signaling domain composed of CD3( and CD28 or 4-1BB
costimulatory molecules have been used in many clinical
trials, and fourth-generation CAR-T technology is currently
under development and has been involved in the integrated
expression of immune regulators." CCL19 is a chemokine
for CCR7" T cells and DCs.***! Fourth-generation CD19-
targeted CAR-T cells were engineered to express CCL19 to
improve chemotactic activity (Figure 2A). Flow cytometry
and western blotting illustrated the successful construc-
tion of the fourth-generation anti-CD19 CAR (Figure 2B,C).
When the MOI was 40, the expression of CAR reached 80%
in human T cells. Transwell migration analysis showed
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that there were more responder T cells incubated with the
fourth-generation CD19-targeted CAR-T cells than those in-
cubated with the second-generation anti-CD19 CAR-T cells,
which is consistent with the findings of previous reports'*
(Figure 2D), and that sSCD19-SA fusion protein did not af-
fect CCL19 function of the fourth-generation CD19-targeted
CAR-T cells.

3.3 | Functional detection of anti-CD19
CAR by sCD19-SA

To confirm whether the SCD19-SA fusion protein exhibited
native binding activity to the anti-CD19 scFv derivative in
the CD19-targeted CAR-T cells, flow cytometry was pet-
formed and the results showed that the functional detection

(A)
cD8a

SLTR - EF1a Hinge

CD8TM |4-1BB | CD3(

CCL19 — WPRE [ 3'LTR

(B) (C)
: - @B | CAR(SS kDa)
< E
3 | ' @ D3 (15kDa)
A E E
™Y T T T VY T T T CAR'T
APC-Streptavidin
(D) Mock-T Anti-CD19 CAR-T Anti-CD19-CCL19 CAR-T -

150 =

Cell number

B

Mock-T Anti-CD19 CAR-T  Anti-CD19-CCL19 CAR-T

FIGURE 2 Generation of the fourth-generation CD19-targeted CAR-T cells. (A) The fourth-generation anti-CD19 CAR comprised an
extracellular CD19-binding scFv linked to the CD8 hinge and transmembrane 4-1BB and CD3( endodomains. CCL19 was separated from
P2A cells. P2A, ‘self-cleaving’ peptide; TM, transmembrane domain; VH, heavy-chain variable domain; VL, light chain variable domain.
(B) Expression rate of CARs at MOI = 40. Anti-CD19 CAR was detected by flow cytometry using commercial biotin-sCD19-FC, followed
by staining with a secondary APC-conjugated streptavidin antibody. (C) CAR expression in T lymphocytes was validated by western blot
analysis after transduction. Lysates of untransduced T cells (lane 1), anti-CD19-CCL19 CAR transduced (lane 2). (D) Transwell assays were
conducted to detect the migration capacity of T cells transfected with anti-CD19 CAR, anti-CD19-CCL19 CAR, with untransduced T cells
(Mock-T) used as a control, and the cells were cultured with 60 pg/ml sCD19-SA for 24 h. The number of CFSE-labeled responder T cells
migrating from the upper chamber to the lower chamber in different supernatants was analyzed using a fluorescence microscope. Data
points from n = 3 biologically independent cell cultures are presented as mean + 1 deviation, ***p < 0.001
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of CAR-expressing Jurkat T cells with sCD19-SA was equiva-
lent to that with a commercial product bio-sCD19-Fc, which
occurs in the presence of a secondary conjugated antibody
(Figure 3A,B). To simplify the detection of CAR expres-
sion, we labeled sCD19-SA with FITC and purified FITC-
sCD19-SA using a G25 column, which was found to have an
absorption peak at 280 nm, with a FITC absorption peak at
495 nm (Figure 3C). FITC-sCD19-SA was demonstrated to
directly detect the expression of anti-CD19 CAR without a
secondary conjugated antibody, which was similar to the re-
sult of the indirect detection described above (Figure 3D). In
conclusion, sCD19-SA specifically detected the functional
expression of anti-CD19 CAR.

3.4 | Activation of CD19-targeted CAR-T
cells by sCD19-SA

Since the multimeric antigen sCD19-SA fusion protein could
specifically bind to CD19-targeted CAR-T cells to detect
CAR expression, we further explored whether this protein
could induce CAR activation. CD69 is a human transmem-
brane C-type lectin protein expressed as an early activation

(A)

CAR
56.7

hidhid

T T Y L}

SSC - A

APC-Streptavidin biotin-sCD19-FC

© 280nm
@® CD19-SA
l @ FITC-sCD19-SA

5

&1 495nm

=)

3

S 0.5 l/

]

=

0.0

400 500
wave length(nm)

T
300 600 700

(B)

SSC - A

SSC - A

marker on the surface of hematopoietic stem cells, T cells,
and many other immune cells.**** To determine whether
the sCD19-SA fusion could selectively activate the anti-
CD19 CAR-expressing Jurkat cells used as an antigen, the
fusion protein was tested at three different concentrations
(40, 60, and 80 pg/ml). The concentration of sSCD19-SA up to
60 pg/ml was shown to trigger CD69 upregulation in Jurkat
T cells expressing anti-CD19 CAR (Figure 4A). Similarly,
CD19-targeted CAR-T cells upregulated the expression of
CD69 in response to SCD19-SA (Figure 4B). Furthermore,
the sCD19-SA fusion protein could stimulate CD19-targeted
CAR-T cells to secrete immunostimulatory cytokines, such
as IFN-y, IL-2, and TNF-a (Figure 4C,D).

3.5 | Selective expansion of CD19-
targeted CAR-T cells by sCD19-SA

Considering the proliferative capacity of CAR-T cells is
critical for cancer immunotherapy, we examined whether
the sCD19-SA fusion protein promoted the expansion
of CD19-targeted CAR-T cells. In our study, the sCD19-
SA fusion protein significantly enhanced the activation

CAR
L 56.0

Lo o AR | Ty g

sCD19-SA

PE-anti-streptavidin

FITC-CAR
571

FITC-CAR 3
3 0.33 E

FITC-sCDI19-SA

FITC

FIGURE 3 Detection of anti-CD19 CAR by sCD19-SA. (A) Anti-CD19 CAR expression was detected using flow cytometry with
commercial biotin-sCD19-FC. Fourth-generation CD19-targeted CAR-Jurkat (Anti-CD19-CCL19 CAR-Jurkat) cells were stained with
commercial biotin-sCD19-FC, followed by staining with a secondary APC-conjugated streptavidin antibody. (B) Fourth-generation CD19-
targeted CAR-Jurkat cells were stained with sCD19-SA, followed by a secondary PE-conjugated anti-streptavidin antibody. (C) The sCD19-
SA protein was labeled with FITC. (D) Fourth-generation CD19-targeted CAR-Jurkat cells were stained with FITC-sCD19-SA without

secondary antibodies
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FIGURE 4 Activation of fourth-generation CD19-targeted CAR-T cells by sCD19-SA. (A) Fourth-generation CD19-targeted CAR-Jurkat
and Jurkat cells were incubated for 24 h with different concentrations of sCD19-SA (40-80 pg/ml). The percentage of CD69-expressing cells
was detected using flow cytometry with PE-Cy7-conjugated anti-CD69 antibody. (B) Primary human T cells (Mock-T) and anti-CD19-CCL19
CAR-T cells were incubated for 24 h with 60 pg/ml sCD19-SA (+), and the hGM-CSF-SA fusion protein was added to the media alone as a
negative control (—). (C) TNF-«, IL-2, and IFN-y were assessed by intracellular cytokine staining of T cells or anti-CD19-CCL19 CAR-T cells
stimulated by sCD19-SA at 60 pg/ml total protein (+). (D) ELISA quantified anti-CD19-CCL19 CAR-T cells secretion of cytokine in response
to sCD19-SA for 24 h. In (A-D), data points from n = 3 biologically independent cell cultures are presented as means + 1 SD, **p < 0.01,
k1) < 0,001, #¥p < 0.0001

FIGURE 5 Activation-induced specific expansion of fourth-generation CD19-targeted CAR-T cells by sCD19-SA. (A) Expansion folds of
anti-CD19-CCL19 CAR-T cells (Left) and primary human T cells (Right) in the presence (+) or absence of sSCD19-SA, the hGM-CSF-SA fusion
protein was added in the media alone as negative control (—). (B) The cell density of anti-CD19-CCL19 CAR-T cells responds to media alone,
hGM-CSF-SA, sCD19-SA and anti-CD3/28 beads (200x). (C) The fourth-generation anti-CD19 CAR contains a GFP tag was separated with IRES.
(D) Four days after lentiviral transduction at different rates (MOI = 1 and MOI = 5), GFP and anti-CD19 CAR expression on anti-CD19-CCL19-
GFP CAR-T cells were detected using flow cytometry. Anti-CD19 CAR was measured by flow cytometry with commercial biotin-sCD19-FC fusion
protein. Cells were stained with biotin-sCD19-FC, and stained with a secondary APC-conjugated streptavidin antibody. The measurement of CAR
expression by GFP was shown to be repeatable. (E) Anti-CD19-CCL19-GFP CAR-T cells with the initial GFP expression of 11.1% were stimulated
with (+) or without (—) sCD19-SA for 7 days. GFP expression after stimulation was measured by flow cytometry on days 3 and 7. (F) NSG mice
were injected intravenously with 4 x 10° Raji-Luc-GFP cells on day 0 and received 4 x 10° CAR-T cells cultured with sCD19-SA, CAR-T cells, and
Mock-T cells as a control on day 7. Imaging analysis to monitor tumor progression was performed on days 3, 10, 17, and 24
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and proliferation of fourth-generation CD19-targeted
CAR-T cells (Figure 5A,B). To further verify whether
sCD19-SA could stimulate the specific clonal expansion
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of CD19-targeted CAR-T cells in a mixture of anti-CD19
CAR-transduced and -untransduced cells, we constructed
an anti-CD19 CAR with a GFP tag to demonstrate the
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expression of CAR by flow cytometry (Figure 5C). CAR
expression could be reliably measured through GFP in-
tensity, regardless of variance in lentiviral transduction
efficiency (Figure 5D). Indeed, sCD19-SA increased the
proportion of anti-CD19-CCL19-GFP CAR-T cells from
11.1% to 30.1% on day 7 by selectively promoting the pro-
liferation of CD19-targeted CAR-T cells (Figure 5E). To
determine the anti-tumor activity of sSCD19-SA-stimulated
CD19-targeted CAR-T cells in vivo, NSG mice were in-
oculated with Raji-Luc-GFP cells as a xenograft model of
Hodgkin's lymphoma. Then, 4 x 10° CAR-T cells cultured
with sCD19-SA, CAR-T cells, and mock-T cells were in-
jected intravenously on day 7. We found that mice treated
with sCD19-SA-stimulated CD19-targeted CAR-T cells ex-
hibited better tumor regression than CAR-T cells without
stimulated by sCD19-SA (Figure 5F).

4 | DISCUSSION

We generated a soluble multimeric sCD19-SA fusion pro-
tein. SCD19-SA is a novel multimer resulting from SA,
with an ability to form a homotetramer. The novel mul-
timeric fusion protein sCD19-SA, as a prototype of the
antigen-SA platform, can be used for the functional de-
tection of anti-CD19 CAR and further selective activation
and expansion of CD19-targeted CAR-T cells to improve
their antitumor effects in vivo.

Previous studies have provided no evidence to indicate
that CAR signaling can be triggered by the soluble form
of target antigens, such as CD30, mesothelin, carcinoem-
bryonic antigen, and Lewis Y antigen.34"38 However, re-
cent studies have shown that soluble ligands in dimers or
multimers can simultaneously bind two or more CARs
to trigger CAR signaling. The CAR structure is very im-
portant because the binding affinity for its ligand should
be strong enough to trigger CAR signaling and the CAR
with its soluble ligand must have sufficient mechanical
rigidity to transfer the tension to the intracellular signal-
ing domain.® As shown above, the multimeric sCD19-SA
fusion protein exhibited a strong capacity to activate an-
ti-CD19 CAR. In addition, our study indicated that the
appropriate combination of CAR with some immune
regulators such as CCL19 could endow CAR-T cells with
novel functions such as chemotactic activity for CCR* T
cells and DCs.

It is essential to detect CAR expression for CAR-T
therapy, and there are several assays to detect different
structural regions of CAR, with those targeting CAR
antigen-binding sites such as anti-CD19 scFyv, anti-Fab, or
anti-hinge regions. The detection of antigen-binding sites
for CAR expression is the best method to achieve this.
Accordingly, the sCD19-SA fusion protein, a multimeric
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antigen, was found to successfully detect the expression
of CAR in CD19-targeted CAR-T cells by flow cytometry.
Furthermore, without a secondary antibody, the expres-
sion of CAR could be detected more quickly and easily
using the SA-antigen fusion protein labeled with FITC.
After proving that the sCD19-SA fusion protein could
specifically bind to anti-CD19CAR, we further investi-
gated whether the fusion protein could induce CAR ac-
tivation. Our data showed that sCD19-SA could activate
CD19-targeted CAR-T cells as a multimer and promote
cytokine secretion. The mechanism behind the activa-
tion was found to be multimeric binding-induced CAR
conformational changes, resulting in a sufficiently strong
mechanical force transfer to the intracellular signaling do-
main of CAR to cause CAR activation.® We also observed
that activated T cells could be reactivated to proliferate by
the related antigen.* Similarly, our study confirmed that
the multimeric fusion protein sCD19-SA could induce se-
lective expansion of CD19-targeted CAR-T cells in vitro.
It is well-known that obtaining sufficient CAR-T cells is
critical for successful immunotherapy, but CAR-T cells
are stimulated to achieve moderate expansion with an-
ti-CD3/anti-CD28 antibodies.>® Here, we demonstrated
that CD19-targeted CAR-T cells could be activated by
sCD19-SA, consistent with the findings of previous re-
ports,*®***! and were thus induced to selectively expand
in vitro. Importantly, sCD19-SA-stimulated CD19-targeted
CAR-T cells could improve the antitumor effect in vivo.
Taken together, our work highlights the potential of
utilizing antigen-SA fusion proteins such as sCD19-SA
in CAR-T therapy as a method for functional detection of
CAR expression and selective expansion of CAR-T cells.
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