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CANCER

A chimeric antigen receptor with antigen-independent
0OX40 signaling mediates potent antitumor activity

Huihui Zhang"?3*, Fanlin Li"">3*, Jiang Cao**, Xin Wang®, Hai Cheng”, Kunming Qi*, Gang Wang®,
Kailin Xu®, Junnian Zheng®, Yang-Xin Fu’, Xuanming Yang'*3'

Although chimeric antigen receptor (CAR)-modified T cells have shown great success in the treatment of B cell
malignancies, this approach has limited efficacy in patients with solid tumors. Various modifications in CAR struc-
ture have been explored to improve this efficacy, including the incorporation of two costimulatory domains.
Because costimulatory signals are transduced together with T cell receptor signals during T cell activation, we
engineered a type of CAR-T cells with a costimulatory signal that was activated independently from the tumor
antigen to recapitulate physiological stimulation. We screened 12 costimulatory receptors to identify OX40 as the
most effective CAR-T function enhancer. Our data indicated that these new CAR-T cells showed superior proliferation
capability compared to current second-generation CAR-T cells. 0X40 signaling reduced CAR-T cell apoptosis through
up-regulation of genes encoding Bcl-2 family members and enhanced proliferation through increased activation
of the NF-kB (nuclear factor kB), MAPK (mitogen-activated protein kinase), and PI3K-AKT (phosphoinositide 3-kinase
to the kinase AKT) pathways. OX40 signaling not only enhanced the cytotoxicity of CAR-T cells but also reduced
exhaustion markers, thereby maintaining their function in immunosuppressive tumor microenvironments. In
mouse tumor models and in patients with metastatic ymphoma, these CAR-T cells exhibited robust amplification
and antitumor activity. Our findings provide an alternative option for CAR-T optimization with the potential to
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overcome the challenge of treating solid tumors.

INTRODUCTION

T lymphocytes are critical immune cells for antitumor immunity.
In solid tumors, the tumor microenvironment is often immuno-
suppressive, blocking the activity of antitumor T cells. Various
strategies have been developed to reactivate endogenous antitumor
T cells, but the generation of large numbers of antigen-specific T cells
to effectively control tumor growth remains challenging (I, 2).
Alternative ways to engineer tumor-specific T cells ex vivo have been
developed, and adoptive transfer of large numbers of tumor-reactive
T cells into patients has shown promising outcomes in clinical set-
tings (3). Chimeric antigen receptor (CAR)-engineered T cells were
developed as a main cellular therapy through the generation of a
large number of tumor-targeting T cells (4). A CAR consists of an
extracellular antigen-binding domain, a hinge, a transmembrane
domain, and intracellular domains with a costimulatory domain
from a costimulatory receptor, such as 4-1BB, and an activation
domain from the T cell receptor (TCR) complex protein CD3( (5).
Despite the antitumor efficacy of CAR-T cells in treating B cell-
derived leukemia, the efficacy of these cells for the treatment of
lymphoma or solid tumors is limited (6, 7). Numerous technical and
biological obstacles have limited the success of using CAR-T cells
for the treatment of solid tumors, such as poor T cell persistence,
development of T cell exhaustion, insufficient homing of infused
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T cells to tumor sites, and impaired function within the immuno-
suppressive tumor microenvironment (6-8).

The molecular design of CARs is likely to strongly influence the
expansion and persistence of this population of T cells, as well as
control CAR-T cell function in vivo. The enhancement of antitumor
activity of CAR-T cells is a focus of intensive research efforts (3, 7).
Strategies to improve antigen recognition, trafficking into tumors,
and persistence within tumors and to counter the tumor micro-
environment are urgently needed to develop CAR-T cells as solid
tumor therapies (3, 6-9). Various approaches strive to resolve these
limitations (10-14). CAR-T cells engineered to produce the T cell
zone maintenance cytokine interleukin-7 (IL-7) and chemokine CCL19
have induced complete regression of solid tumors in a mouse model
(10). These IL-7- and CCL19-producing CAR-T cells not only show
robust persistence within the tumor themselves but also recruit and
activate endogenous dendritic cells and T cells to the tumor (10). To
overcome immune suppression from tumor microenvironments,
CAR-T cells engineered to produce a single-chain variable antibody
fragment against the immune checkpoint inhibitor receptor PD-1
(scFv-anti-PD-1) (13) exhibit enhanced antitumor activity in vitro
and in vivo. The secreted scFv-anti-PD-1 changes the tumor micro-
environment and promotes endogenous antitumor T cell responses
in a paracrine manner (13). To reduce on-target but off-tumor toxic-
ities of CAR-T cells, T cells activated by a tumor-specific pattern
were designed by engineering the cells with a trio of chimeric receptors
that mimic physiologic T cell signaling by simultaneously providing
TCR activation, costimulation, and a third cytokine signal (11).

Costimulation signaling pathways are important for T cell acti-
vation and proliferation (15, 16). Distinct costimulatory signals are
used by different stages and subtypes of T cells (15, 17). Some co-
stimulatory receptors belong to the tumor necrosis factor receptor
(TNFR) superfamily: TNFR2, OX40 (CD134), 4-1BB (CD137), herpes
virus entry mediator (HVEM), CD27, and death receptor 3 (DR3)
(17). These receptors recruit adaptor proteins of the TNFR-associated
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factor (TRAF) family and activate the NF-«xB (nuclear factor xB)
pathway (18, 19). OX40 is not present on naive T cells but is rapidly
induced after T cell activation (20). OX40 activation by the ligand
OX40L has broad effects on T cell activation, proliferation, differen-
tiation, and survival (21-24). OX40 delivers a costimulatory signal
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Fig. 1. Systemic screening identifies OX40 as a potential CAR
function enhancer. (A) Schematic diagram of the CD20-targeting
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(B) The relative proliferation of CAR-T cells expressing a CAR with 1
of 12 costimulatory receptors at day 7 after lentiviral transduction.

Fold change in CAR-T cell numbers was calculated by dividing the
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cell number on day 7 over the cell number on day 1. Data are pre-
sented as means = SEM from one of two experiments with statistical

significance determined by unpaired t test. The normality of data

was confirmed by Shapiro-Wilk test. Statistical significance was presented by *P < 0.05. (C) Flow cytometry analysis of the proportion of cells positive for CAR (top) or OX40
(bottom) in T cells expressing 20BBZ or 20BBZ-0X40. Cells were stimulated with irradiated Raji cells four times every 6 days. Representative results from one of four experi-
ments are shown. (D) Western blot analysis of phosphorylated p65, ERK, and AKT in 20BBZ and 20BBZ-OX40 CAR-T cells. CAR-T cells were stimulated with
OX40L-overexpressing Raji-OX40L cells for 15, 30, 60, and 120 min. Phosphorylated ERK1/2, p65, and AKT were detected by immunoblotting. GAPDH was used as a
loading control. Representative results from one of four repeated experiments are shown.
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and induce antiapoptotic gene expression (21, 26, 27), as well as
promotes the PI3K/AKT (phosphoinositide 3-kinase to AKT) path-
way to enhance cell survival and cell cycle progression (24, 28, 29).
Furthermore, OX40 signaling enhances the expression of genes
encoding proinflammatory effector molecules and proteins that pro-

mote cell proliferation through activation of the transcription factor
NFAT (23, 30). In natural T cells, costimulatory signals, such as the
0OX40 signal, are delivered through a separate receptor from the TCR
and are independent of TCR engagement, whereas in CAR-modified
T cells, this signal occurs upon antigen recognition. The effect of
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Fig. 2. 0X40 signaling enhanced CAR-T cell proliferation and reduced apoptosis. (A) Schematic diagram of the long-term CAR-T population expansion assay. T cells
were infected with indicated CAR lentivirus and stimulated by coculture with irradiated (IR) Raji cells once every 6 days. Total cell number was recorded, and CAR" cell
percentage was analyzed by flow cytometry. (B) CAR" T cells in cultures of 20BBZ- or 20BBZ-OX40-expressing CAR-T cells. Experiments were repeated with T cells from
two different donors. Results from two of five experiments are shown. Statistical significance was determined by Mann-Whitney U test and presented by *P < 0.05.
(C) Analysis of apoptotic CD20BBZ and CD20BBZ-OX40 CAR-T cells on day 22 after stimulation with irradiated Raji cells. Apoptotic cells were detected by flow cytometry
of cells stained for active caspase-3. Results from two independent experiments with two different donors are shown. (D) Analysis of mMRNA expression of Bcl-2, survivin,
Bax, and Bcl-xL in T cells expressing 20BBZ or 20BBZ-OX40 CAR constructs on day 22 after stimulation with irradiated Raji cells. GAPDH was used as a control. Data were
acquired by quantitative reverse transcription PCR and are presented as relative to 20BBZ samples. Results from one of two independent experiments are shown.
(E) Percentage of CD4" or CD8" CAR-T cells positive for cell surface markers of T cell exhaustion (PD-1, LAG-3, and TIM-3) on day 22 after stimulation with irradiated Raji
cells. Representative results from one of three repeated experiments are shown. (C to E) Data are presented as means + SEM with statistical significance determined by
unpaired t test. The normality of data was confirmed by Shapiro-Wilk test. Statistical significance was presented by *P < 0.05, **P < 0.01, and ***P < 0.001.

30f16

Zhang et al., Sci. Transl. Med. 13, eaba7308 (2021) 27 January 2021


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A CAR IR-Raji IR-Raji IR-Raji IR-Raji Sﬁ'r:j::;on
transduction stimulation stimulation stimulation stimulation
| | | | | | | | | a | Killing assay
Time (days) 0 6 10 12 16 18 22 24 28
Donor #03 Donor #03 Donor #11 Donor #11
B Third stimulation Fourth stimulation Third stimulation Fourth stimulation
_ 15000 _ 3000 . _ 3000 . _ 4000 - o 20852
5 o 5 5 5 — 20BBZ-OX40
810,000 8 2000 8 2000 38 3000
8 8 8 8 2000 -
<] - <] <} <]
g sooo g 1000 g 1000 \\m £ 1000
= w = =
05 1.0 0.0 05 10 0.0 05 10
TRaji T:Raji T:Raji
20BBz 20BBZ-0X40 o 20882
- 100 e mm 20BBZ-OX40
% -
S 60
24.5% ? 64.3% &
h o' [T
(@) a 20
B ed o i
7] s = . v ooy
0 1w o' * 0 0! 0t IFN-y Granzyme B
Granzyme B
D B E
— ok 3 20BBZ
10000 _— W 20BBZ-OX40
Ifng Gzmb
= 8000 - c c -
TE:n 6000 E §37 = 251
2 2 ggi ' g4 "
3 4000 ~ £15 23 T
E 4 o '3 ok . ) 2
= 2000 = 22 -3 2
51 51
0 ) go
20BBZ 20BBZ-0X40 20BBZ 20BBZ-0X40 S e & S o &
o‘& o‘& o‘& o‘% o‘% o‘*
< N N <
& <° & °
F
Nalm-6 Nalm-6-hCD20
® , 500 e Fig. 3. 20BBZ-0X40 CAR-T cells have cytotoxic activity after repetitive antigen stimulation. (A) Schemat-
3 3 400 ic diagram of the CAR-T cell cytotoxicity assay after long-term repetitive antigen stimulation. T cells were trans-
2 2 300 duced with the indicated CAR lentivirus constructs and stimulated with irradiated Raji cells once every 6 days.
‘3, '2, On day 4 after each stimulation, CAR-T cells were used in the cytotoxicity assay. (B) 20BBZ and 20BBZ-OX40
jE jE 200 CAR-T cells generated from T cells from the indicated donors were cocultured with Raji cells in triplicate at the
© ©
E £ 100 different effector:target (T cell:Raji cell) ratios for 24 hours. Remaining Raji cells (CD37CD19*) were determined
4 . -
“ 0 by flow cytometry as an indicator of cytotoxicity. Data are presented as means + SEM and are the results of two
&01' O.gr“ of four experiments. Statistical significance was determined by unpaired t test. The normality of data was con-
v Qg?‘" firmed by Shapiro-Wilk test. (C) 20BBZ and 20BBZ-OX40 CAR-T cells were cocultured with Raji cells for 72 hours.
®

Representative intracellular staining of IFN-y and granzyme B in 20BBZ and 20BBZ-OX40 CAR-T cells (left) and
summarized data (right) are shown. Data are presented as means = SEM and are one result of two experiments. Statistical significance was determined by unpaired t test.
The normality of data was confirmed by Shapiro-Wilk test. (D) 20BBZ and 20BBZ-OX40 CAR-T cells were cocultured with Raji cells for 24 hours. Cytokines secreted by
20BBZ and 20BBZ-OX40 CAR-T cells were measured determined by Cytometric Bead Array (CBA) assay. Data are presented as means + SEM and are the results of one of
four experiments. Statistical significance was determined by unpaired t test. The normality of data was confirmed by Shapiro-Wilk test. (E) Analysis of mRNA expression
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NS, not significant.
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Fig. 4. 20BBZ-0X40 CAR-T cells persist and demonstrate antitumor function in vivo. (A to C) NSG mice were in-
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(mCD45-hCD45" hCD19%) tumor cell burden. Data are presented as means + SEM and are the results of two of three
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Statistical significance was determined by Mann-Whitney U test and presented by *P < 0.05 and **P < 0.01. (D) Seven
days after treatment, bone marrow-derived cells from tumor-bearing mice were cultured ex vivo. Raji cells were added
to the culture at an effector:target ratio of 2:1. Seven days after culture, CAR-T cells (mCD45~hCD45*hCD3*) and Raji
cells (mCD45"hCD45" hCD19") were analyzed by flow cytometry to evaluate Raji cell killing. Data are presented as
means + SEM and are the results of one of two experiments. Statistical significance was determined by unpaired t test
and presented by ***P < 0.001. The normality of data was confirmed by Shapiro-Wilk test. (E and F) NSG mice were
intravenously inoculated with 1 x 10° Raji (E) or 1.5 x 10° Daudi (F) tumor cells. Seven days later, tumor-bearing mice
were treated with 1 x 10" 20BBZ or 20BBZ-OX40 CAR-T cells or PBS (n = 6 mice per group). Kaplan-Meier curves for overall
survival of the mice are shown. Representative results of one from three (E) and two (F) repeated experiments are
shown. Statistical significance was determined by Mantel-Cox test, presented by *P < 0.05, **P < 0.01, and ***P < 0.001.
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including a costimulatory signal that is
activated independently from the antigen-
mediated activation of the CAR-T cell
has not been systemically investigated.
In this study, we established a CAR-T cell
structure with not only an intracellular
signaling domain from a costimulatory
protein that requires antigen engage-
ment of the CAR for activation but also
includes a constitutively expressed full-
length costimulatory receptor component
that is activated by its natural costimulatory
ligand. Current clinically used CARs
include a costimulatory domain from
4-1BB that is adjacent to the CD3{ acti-
vation domain from the TCR complex
and is activated by antigen recognition
(31). By screening 12 costimulatory re-
ceptors, we identified OX40 as an effective
CAR-T cell function enhancer when in-
corporated into the standard clinically
used 4-1BB domain-based CAR con-
struct. In this 20BBZ-OX40 construct,
full-length OX40 is coexpressed with a
second-generation CAR recognizing CD20
and thus depends on endogenous co-
stimulatory ligand engagement rather
than antigen recognition for activation.
The 20BBZ-0X40 CAR-T cells showed
enhanced proliferation, improved tumor
killing, and less exhaustion compared with
the widely used 20BBZ-based CAR-T cells
that only include the costimulatory
domain from 4-1BB. Furthermore, the
antitumor activity and persistence of the
20BBZ-0X40 CAR-T cells were greatly
enhanced in mouse tumor models, whereas
the BBZ-based CAR-T cells showed mini-
mal activity. 20BBZ-OX40 CAR-T cells
exhibited robust amplification and po-
tent antitumor activity in clinical trials
in patients with B cell lymphoma with-
out causing severe side effects. This work
provides evidence for a strategy for op-
timizing the function of CAR-T cells.

RESULTS

0X40 was identified as a potential
CAR function enhancer via

a systemic screening approach.

In current CAR therapeutic design for
clinical use, costimulatory signals are
activated with CAR signaling upon an-
tigen recognition. However, during natu-
ral T cell activation, the costimulatory
signal is transduced in parallel with the TCR
signal. To test whether CAR-T cells bene-
fit from additional antigen-independent
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costimulatory signals, we performed a systemic screen of 12 co-
stimulatory receptors to identify potential CAR function enhancers.
We generated a lentiviral vector that encoded an scFv against
hCD20, a CD8 hinge and transmembrane domain, an intracellu-
lar region with 4-1BB and CD3{ domains, a P2A peptide
(ATNFSLLKQAGDVEENPGP), and various intact full-length co-
stimulatory receptors: inducible T cell co-stimulator (ICOS), CD27,
CD40L, CD30, CD2, HVEM, DR3, signaling lymphocyte activation
molecule, T cell immunoglobulin and mucin domain-containing
molecule-1 (TIM-1), 0X40, 4-1BB, or glucocorticoid-induced TNFR
(GITR) (Fig. 1A and table S1). The P2A-based multicistronic pro-
tein expression is mediated by ribosome skipping (32). This fusion
DNA is transcribed to an intact mRNA through the classical tran-
scription machinery. During subsequent translation, 20BBZ poly-
peptides break from indicated costimulatory receptors between
glycine and proline in the P2A region. This process resulted in two
separate proteins: the 20BBZ CAR and a full-length costimulatory
receptor. We used the 4-1BB-based CAR (20BBZ) as a control
(Fig. 1A). We transduced human T cells with these lentiviruses and
compared proliferation of the T cells in culture. After a 7-day cul-
ture period, we observed a significant growth enhancement of
T cells expressing 20BBZ-GITR, 20BBZ-CD27, or 20BBZ-0X40
compared with growth of control 20BBZ CAR-T cells (P < 0.05;
Fig. 1B), with OX40-expressing CAR-T cells showing the greatest
increase in proliferation. Thus, we focused on characterizing the
0X40-containing CAR-T cells.

To evaluate potential sources of OX40L for activation of OX40
signaling, we first determined the abundance of OX40L on 20BBZ
CAR-T cells, donor T cells, and three leukemia or lymphoma cell
lines (CD19" Nalm-6 cells, CD20" Raji cells, and CD20" Daudi
cells). Both Raji and Daudi tumor cells had abundant OX40L (fig.
S1), thereby providing a source for activation of 0X40. We detected
a similar CAR" proportion of 20BBZ and 20BBZ-OX40 cells, and
after repeated stimulation with irradiated CD20" Raji cells, the
percentage of the CAR" T cells reached ~90% from an initial ~20%
(Fig. 1C). These results suggested that both CARs were functionally
expressed and transduced activation and proliferation signals in
T cells. In 20BBZ CAR-T cells, the percentage of cells positive for
0X40 was low (12.4% OX40 positive before stimulation and 28.2%
positive after stimulation), whereas the proportion of T cells posi-
tive for the CAR and OX40 was similar in the absence of Raji cells
and after stimulation, indicating the simultaneous expression of
0X40 and CAR in 20BBZ-OX40 CAR-T cells (Fig. 1C).

OX40 transduces activating signals to NF-«kB, extracellular signal-
regulated kinases (ERK1 and ERK2) in the mitogen-activated pro-
tein kinase (MAPK) pathway, and AKT in the PI3K pathway (33).
To assess whether OX40 signaled through all of these pathways in
20BBZ CAR-T cells, we compared the phosphorylation of ERK, p65
(a subunit of NF-xB), and AKT in 20BBZ-OX40 and 20BBZ CAR-
T cells. After incubation with OX40L-overexpressing Raji cells,
phospho-AKT, phospho-ERK1/2, and phospho-p65 appeared to have
increased in 20BBZ-0X40 CAR-T cells compared with the amounts
in 20BBZ cells (Fig. 1D). These results suggested that the constitu-
tively expressed OX40 in CAR-T cells is functional and that OX40
signaling may provide growth and activation benefits for CAR-T cells.

We observed that 20BBZ-OX40 CAR-T cells had enhanced ac-
tivity through multiple signal pathways (Fig. 1D). To test the rele-
vance of these pathways for enhancing OX40-mediated CAR-T cell
proliferation, we evaluated the proliferation of 20BBZ-0X40
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CAR-T cells in the presence of small-molecule inhibitors. First, we
tested whether the small-molecular inhibitors specifically reduced
activation of the appropriate pathway in 20BBZ-OX40 CAR-T cells
(fig. S2). We found that two (ravoxertinib and ulixertinib) of the
four ERK1/2 inhibitors increased, rather than decreased, ERK1/2
phosphorylation. In addition, the AKT inhibitor afuresertib increased
AKT phosphorylation, and PI3K inhibitor wortmannin reduced ERK1/2
phosphorylation. These observations are consistent with previous
publication (34-40). Ravoxertinib (34), ulixertinib (35, 36), and
afuresertib (37, 38) increase the phosphorylation of their targets
possibly through a feedback loop while do not affect their inhibi-
tory effect on the phosphorylation of their substrates. Wortmannin
inhibits the phosphorylation of ERK1/2 by an unknown mecha-
nism (39, 40). We evaluated a pair of inhibitors for each pathway
and found that each reduced proliferation of Raji cell-stimulated
20BBZ-0X40 CAR-T cells compared with the proliferation of cells
stimulated in the presence of vehicle (fig. S3). Collectively, these re-
sults suggested that these cells respond to tumor cells by activating
a complex network and that each part of the network contributes to
their proliferation.

Full-length 0X40 enhanced CAR-T cell proliferation

in the context of multiple CAR constructs

In vivo, OX40 signaling enhances the expansion of the T cell popu-
lation after antigen recognition (41). We investigated whether acti-
vation of OX40 signaling by tumor cells contributes to proliferation
and survival of CAR-T cells in culture. To mimic the long-term ex-
posure of CAR-T cells in tumor-bearing host in vivo, we developed
a repetitive antigen stimulation protocol using irradiated Raji cells
(Fig. 2A). We examined the effect of this repetitive stimulation on
CAR" cells generated with T cell from multiple donors and found
that the 20BBZ-OX40 cells showed enhanced proliferation com-
pared with that of 20BBZ cells (Fig. 2B and fig. 54).

We also compared the proliferation of 20BBZ-OX40 CAR-T cells
to CAR-T cells with CAR constructs that contained the OX40 intra-
cellular signaling domain integrated either before (200XBBZ) or
after (20BBOXZ) the 4-1BB domain in the intracellular portion of
the CAR (third-generation CARs) (fig. S5A). Using repetitive antigen
stimulation with irradiated Raji cells, 20BBZ-OX40 CAR-T cells
showed enhancement of proliferation compared to either 20BBOXZ
or 200XBBZ CAR-T cells (fig. S5B). Because various factors, such
as the relative position of the costimulation domains and the sequence
and length of the linkers between costimulation domains, the CD3(
domain, and hinge domain, could affect the function of the third
generation of CAR-T cells (42), further optimization is required for
the integration of the OX40 signaling domain into a third-generation
CAR design.

To test whether expression of full-length OX40 promotes CAR-T cell
proliferation in the absence of the 4-1BB costimulation domain, we
established CAR-T cells with CAR constructs expressing only the
scFv against hCD20, a CD8 hinge and transmembrane domain, and
an intracellular region with the CD3{ domain (20Z) and this con-
struct with the P2A sequence and full-length OX40 (20Z-0X40). We
compared the proliferation of T cells expressing these CAR constructs
to 20BBZ CAR-T cells and found that only the 20BBZ-expressing cells
showed pronounced proliferation, suggesting that the 4-1BB domain is
important for cellular proliferation and that enhanced proliferation
from adding full-length OX40 requires a combination of signals
from the 4-1BB domain and OX40 signaling (fig. S6, A and B).
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To test whether expression of OX40 enhances the function
of CAR-T cells against other targets, we established CAR constructs
with the scFv against hCD19 in the BBZ CAR context (19BBZ) and
19BBZ-0X40. Consistent with the data obtained with 20BBZ-0X40
CAR-T cells, 19BBZ-OX40 CAR-T cells showed greater prolifera-
tion and comparable cytotoxicity as compared to 19BBZ CAR-T cells
(fig. S7, A to C). To test whether overexpression of OX40 enhances
the function of other second generation of CAR-T cells, we estab-
lished CAR constructs incorporated with hCD28 intracellular domain
(19287) and 1928Z-0X40. However, we did not observe enhanced
proliferation of 1928Z-0X40 CAR-T cells (fig. S8, A and B).

Full-length 0X40 reduces CAR-T cell apoptosis

and exhaustion

To assess whether the increased proliferation was due to reduced
T cell apoptosis, we performed annexin V and 7-aminoactinomycin
D (7-AAD) staining in both 20BBZ and 20BBZ-OX40 CAR-T cells.
Flow cytometric analyses showed increased annexin V'/7-AAD"
populations in the 20BBZ CAR-T cells compared to the 20BBZ-
0X40 CAR- T cells (P < 0.01; fig. S9). Furthermore, the proportion
of cells with active caspase-3, a key apoptosis trigger, was less for
20BBZ-0X40 CAR-T cells than for 20BBZ CAR-T cells (P < 0.001;
Fig. 2C). To understand the molecular basis for these results, we
analyzed the mRNA expression of genes encoding antiapoptotic
proteins in 20BBZ and 20BBZ-0X40 CAR-T cells after the third
stimulation with Raji cells. Consistent with the reduced apoptotic
phenotype in 20BBZ-OX40 CAR-T cells, mRNA abundance for
Bcl-2, Survivin, Bcl-xL, and Bax—all encoding antiapoptotic proteins—
was up-regulated in 20BBZ-0OX40 CAR-T cells, although there was
some variability based on the T cell donor (Fig. 2D). Together, these
findings indicated that full-length OX40 and its activation by OX40L
on tumor cells induced antiapoptotic gene expression that supported
the increased proliferation of CAR-T cells.

To determine whether incorporation of full-length OX40 altered
the distribution of T cell subsets, we compared the composition of
unstimulated and stimulated 20BBZ and 20BBZ-OX40 CAR-T cells.
Memory T cell populations are important for CAR-T cell prolifera-
tion (14). We analyzed different memory subtypes in both 20BBZ

and 20BBZ-0X40 CAR-T cells and found no difference in the com-
position of effector memory T cells (CCR7 CD45RO"CD45RA") or
central memory T cells (CCR7*CD45RO*CD45RA ™) in unstimulated
or repetitively stimulated cells (fig. S10). In addition, the proportion
of CD4" and CD8" cells was also similar between 20BBZ and
20BBZ-0X40 CAR-T cells (fig. S11). These results suggested that,
in our culture and stimulation conditions, the memory phenotype
is not the determining factor for long-term T cell persistence.

Inducing T cell exhaustion is a key immune escape mechanism
for tumor cells. To test whether OX40 signaling affects the exhaustion
status of CAR-T cells, we examined the abundance of exhaustion-
related cell surface markers PD-1, TIM-3, and LAG-3. After the
third antigen stimulation by incubation with Raji cells, the propor-
tion of cells positive for PD-1 and LAG-3 was lower for both CD4"
and CD8" 20BBZ-0OX40 CAR-T cells than for 20BBZ CAR-T cells
(Fig. 2E). The proportion of cells positive for TIM-3 in CD4" 20BBZ-
0X40 CAR-T cells was also lower than that in 20BBZ CAR-T cells;
however, TIM-3 was not detected in CD8" CAR-T cells (Fig. 2E). The
reduction of these immune checkpoint inhibitor proteins could
contribute to higher numbers of functional T cells within a solid
tumor microenvironment.

20BBZ-0X40 CAR-T cells have cytotoxic activity after
repetitive antigen stimulation

The cytotoxic ability of CAR-T cells directly determines their anti-
tumor activity. To test whether parallel OX40 signaling enhances
the cytotoxicity of CAR-T cells at different activation stages, we
used a repetitive antigen stimulation method to mimic long-lasting
chronic tumor burden. In this assay, T cells were stimulated
every 6 days with irradiated CD20" Raji cells four times, and the
T cells were harvested 4 days after each stimulation and then incu-
bated with live Raji cells at various T cell:Raji cell ratios (Fig. 3A). To
avoid the influence of CAR" cell percentage differences on cyto-
toxicity, we performed the tumor killing assay after the third and
fourth stimulations. In three of four donors, 20BBZ-0OX40 CAR-T
cells killed more tumor cells than 20BBZ CAR-T cells killed (Fig. 3B
and fig. S12, A and B). These results suggested that expression of
full-length OX40 increased the cytotoxic capacity of CAR-T cells

Table 1. Baseline characteristics of patients and clinical response after 20BBZ-0X40 CAR T cell therapy. Baseline characteristics of patients and clinical
response after 20BBZ-OX40 CAR T cell therapy. F, female; DLBCL, diffuse large B cell ymphoma; GCB, Germinal center B-cell like; IPI score, International

Prognostic Index score; M, male; CRS, cytokine release syndrome.

Number of

CAR-T cells Duration of

q Age Lymphoma q Disease IP1 Refractory A Best Neurological
Patient # Sex previous o infused response CRS o
(years) type therapies stage score status (cells/kg) response )’ toxicity
1 M 24 DCBCL 3 IVB 3 Refractory 1x10° PR F Grade 2 None
2 M 56 DCBCL 4 IVB 2 Refractory 2x10° CR 2278 None None
P Grade 1 N

Non-GCB

Refr

6 s
4 M 60 DCBCL 3 1B 2 Refractory 4x10 PR 119 Grade 1 None
5 M 31 DCBCL 4 IVB 3 Refractory 4x10° CR 545 None None

*Disease was defined as refractory if a patient did not achieve partial or complete remission after the most recent chemotherapy.

tDuration of response was

defined as the time from the first documented response (complete or partial remission) to the date of relapse, initiation of new treatment, or death due to underlying

disease. If a patient had not relapsed or died at the time of data cutoff, duration of response was censored on the date for the last available visit.
hematopoietic stem cell transplantation 30 days after CAR-T infusion. PR, partial remission. CR, complete remission.
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even under conditions of prolonged antigen exposure. Consistent
with the enhanced tumor killing ability, the cytotoxic effector mol-
ecules interferon-y (IFN-y), IL-2, and granzyme B were also increased
in 20BBZ-0X40 CAR-T cells (Fig. 3, C to E). The expression of
TNF-o varied in CAR-T cells from different donors. In two of three
donors assessed, secreted TNF-a increased in 20BBZ-OX40 CAR-

T cells, whereas it decreased in the other donor (fig. S13). The ex-
pression of IL-6 was slightly decreased in 20BBZ-OX40 CAR-T cells
(fig. S13).

To test whether constitutive expression of OX40 affects the specificity
of 20BBZ CAR-T cell cytotoxicity, we compared the cytotoxicity of
20BBZ-0X40 and 20BBZ CAR-T cells against CD20" and CD20~
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Fig. 5. Robust proliferation and persistence of 20BBZ-OX40 CAR-T cell in patients. (A) Schematic diagram of the clinical 20BBZ-OX40 CAR-T treatment regimen and
sample analysis. (B and C) Flow cytometry analysis (B) and quantification (C) of the percentage of 20BBZ-OX40 CAR-T cells (hCD45 ThCD19"hCD3*CAR") in the CD3™ T cell popula-
tion from peripheral blood of patients at the indicated time points. (D) Absolute 20BBZ-OX40 CAR-T cell numbers in peripheral blood of patients at the indicated time points.
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Fig. 6. Cytokine release profile after 20BBZ-OX40 CAR-T cell infusion. (A) White blood cell and lymphocyte
counts from the peripheral blood of patients at the indicated time points. Red and blue dashed lines indicate the
upper and lower boundaries of normal numbers of cells. (B) Cytokine concentrations in the serum of all patients who

received infusions of 20BBZ-OX40 CAR-T cells, as determined by CBA assay.

tumor cells. 20BBZ-OX40 CAR-T cells showed stronger cytotoxicity
than 20BBZ cells against CD20" target cells and were similarly
ineffective at killing CD20™ target cells (Fig. 3F). It is intriguing that
20BBZ-OX40 CAR-T cells had enhanced cytotoxicity for Nalm-6 cells
expressing human CD20, because these cells have limited OX40L
(fig. S1). This suggested that either constitutively expressed OX40
has some intrinsic, ligand-independent activity or even low amounts of
OX40L are sufficient to initiate costimulatory signaling. Furthermore,
these results suggested that OX40 provided a supportive costimulatory
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To determine whether the enhanced
proliferation and cytotoxicity that we
observed in culture with 20BBZ-0X40
CAR-T cells correlated with antitumor
efficacy in vivo, we established a Raji
xenograft tumor model in NSG mice.
Seven days after intravenous inocula-
tion with Raji cells, the NSG mice re-
ceived intravenous injection of phosphate-
buffered saline (PBS; control), 20BBZ
CAR-T cells, or 20BBZ-OX40 CAR-T cells.
CAR-T cell persistence and tumor cell
burden in peripheral blood, spleen, and
bone marrow were compared 7 days af-
ter infusion (Fig. 4, A to C). Consistent
with the enhanced proliferation and cy-
totoxicity observed in vitro, a greater
proportion of 20BBZ-0X40 CAR-T cells
were present in bone marrow and pe-
ripheral blood mononuclear cells (PBMCs)
compared with proportion of 20BBZ
CAR-T cells (Fig. 4, A and C). More-
over, tumor burden in mice treated with
20BBZ-OX40 CAR-T cells was significant-
lylower than in those treated with 20BBZ
CAR-T cells (P < 0.05; Fig. 4, A and C),
indicating a stronger cytotoxic effect of
20BBZ-OX40 CAR-T cells than of 20BBZ
CAR-T cells. We further tested the cyto-
toxicity of these CAR-T cells in an ex vivo
killing assay. Bone marrow cells from
CAR-T cell-treated mice were cocultured
. with Raji cells. Bone marrow cells from
Do 8 141521222830 H)BBZ-OX40 CAR-T cell-treated mice
ays after CAR-T infusion . .
eliminated most Raji tumor cells, whereas
bone marrow cells from 20BBZ CAR-T cell-
treated mice showed minimal cytotox-
icity (P < 0.001; Fig. 4D).

The enhanced proliferation and cyto-
toxicity correlated with prolonged overall
survival of 20BBZ-OX40 CAR-T cell-
treated Raji tumor-bearing mice compared to the survival of the 20BBZ
CAR-T cell treatment group (P < 0.01; Fig. 4E). We also evaluated
the antitumor efficacy of 20BBZ-OX40 CAR-T cells on a B cell-de-
rived Daudi tumor model. Daudi cells have abundant OX40L (fig. S1).
As expected, enhanced tumor control was observed in mice receiving
20BBZ-0X40 CAR-T cells compared to mice receiving 20BBZ CAR-T
cells (P < 0.01; Fig. 4F). These results suggested that 20BBZ-OX40
CAR-T cells persisted and proliferated in vivo and exhibited enhanced
cytotoxicity ability compared with 20BBZ CAR-T cells in vivo.
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Autologous 20BBZ-0X40 CAR-T therapy exhibited good
tolerability and efficacy in patients with B cell lymphoma

To explore the safety and efficacy of 20BBZ-OX40 CAR-T cells as
an anticancer treatment, we conducted a pilot study in patients with
metastatic B cell lymphoma (table S2 and patient details are in the
Supplementary Materials). We characterized the CD20BBZ-0X40
CAR-T cells before infusion (Table 1). The patients were all suffer-
ing from refractory and relapsed B cell lymphoma. Most B cell lym-

phomas are both CD20" and CD19". A total of five patients were
enrolled, and all completed the 20BBZ-0X40 CAR-T cell treat-
ment. Patient #1 received a hematopoietic stem cell transplantation
1 month after CAR-T cell infusion; therefore, this patient was ex-
cluded for evaluating the antitumor effect of CAR-T cell infusion.
Seven days before CAR-T cell infusion, the patients received fluda-
rabine (total dose of 30 mg/m* x 3) and cyclophosphamide (total
dose of 750 mg/m”* x 1) as a lympho-depleting preconditional treatment,
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Fig. 7. Antitumor activity of 20BBZ-0X40 CAR-T cell in patients. (A and B) Flow cytometry analysis of the percentage of tumor or B cells (hCD45*hCD3"hCD19*) and
T cells (hCD45"hCD197hCD3") in the peripheral blood from patient #2 (A) and summary of all patients (B). (C) At the indicated time point, PBMCs from the indicated pa-
tients were cocultured with Raji tumor cells ex vivo. Two days after coculture, tumor cells (h\CD14~hCD56 hCD3"hCD19") were analyzed by flow cytometry to assess
ex vivo killing. Percentage of Raji cells remaining are shown as means + SEM with statistical significance determined by unpaired t test (***P < 0.001). The normality of

data was confirmed by Shapiro-Wilk test. HC, healthy donor control.
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Fig. 8. Durable remission after 20BBZ-OX40 CAR-T cell treatment in patients.
Representative PET-CT scans of patients #2, #4, and #5 and CT scans of patient #3
before and after 20BBZ-OX40 CAR-T cell treatment at the indicated time points.
Lymphoma sites are indicated by red arrows and outlined with dotted lines. Light
blue arrows indicate tumor reduction to undetectable. Patients #2 and #5 achieved
complete remission, and patients #3 and #4 achieved partial remission.

and then a single dose of 20BBZ-OX40 CAR-T cells (1 x 10° to 4 x
10° cells/kg) was administered by infusion (Fig. 5A). CAR-T cell
persistence and CD19" B cells were monitored on a weekly basis by

flow cytometry using peripheral blood samples. In the peripheral
blood, the proportion of CAR-T cells increased 7 to 28 days after
infusion, indicating proliferation of these cells (Fig. 5, B to D). Pre-
vious clinical reports indicated that the CAR-T cells were about 3 to
25% of the total CD3" T cells at peak proliferation in patients with
lymphoma (43). In our trial, in four of the five patients, 47 to 86% of
CD3" T cells were 20BBZ-0OX40 CAR-T cells at day 14, and the per-
centage of CAR-T cells was maintained at more than ~20% for the

Zhang et al., Sci. Transl. Med. 13, eaba7308 (2021) 27 January 2021

following 2 weeks (Fig. 5, B and C). For patients #1, #2, and #3, the
CAR-T cell number at the peak increased more than 100-fold in
circulation compared to the original infused cell number, which in-
dicated strong proliferation of the original cell population (Fig. 5D).

Despite robust T cell proliferation, we did not observe severe side
effects in any of the patients. The white blood cell and lymphocyte
count was back to normal ranges about 1 month after CAR-T cell
treatment for most patients (Fig. 6A). Furthermore, there was no
CAR-T treatment-related severe cytokine release syndrome (CRS)
over grade 1 (Fig. 6B) and no serious neurotoxicity (Table 1). These
clinical results suggested that this type of CAR-T cell could have
limited side effects despite the ability of this population of cells to
robustly expand in vivo.

We analyzed whether 20BBZ-OX40 CAR-T cells had antitumor
activity by monitoring normal B cells and B cell lymphoma cells in
peripheral blood of patients. It is possible that CD20 is down-regulated
after engaging 20BBZ-OX40 CAR-T cell, so we used CD19 as a marker
for both normal B cells and lymphoma cells. After CAR-T cell treatment,
CD19" cells were absent in the peripheral blood of all patients, which
suggested CD20-targeted antitumor efficacy (Fig. 7, A and B, and
tig. S14). Consistent with reduced B cells, serum immunoglobulin
G (IgG) and IgM concentrations showed a declining trend for some
patients during the monitored period (fig. S15). To test whether
20BBZ-0X40 CAR-T cells maintained their cytotoxicity, patient
PBMCs were collected at different time points and cocultured with
Raji tumor cells ex vivo. From days 14 to 107 after infusion, all PBMCs
showed effective antitumor activity, whereas PBMCs collected be-
fore infusion or from healthy donor control had weak tumor killing
ability (Fig. 7C). In four patients, metastatic tumors were substan-
tially reduced after CAR-T cell infusion (Fig. 8). Among the five
patients, two patients achieved complete remission, and three achieved
partial remission after CAR-T cell treatment (Table 1 ). The objec-
tive response rate was 100%.

This pilot case study demonstrated that our 20BBZ-0X40
CAR-T cells are well tolerated in patients and have robust antitumor
activity. Further investigation with a larger group of patients is
needed to characterize these 20BBZ-OX40 CAR-T cells.

DISCUSSION

Despite superior antileukemia activity of CAR-T cells targeting
CD19 in clinical trials, the efficacy of CAR-T cells in lymphoma or
solid tumors is limited. To broaden the clinical usage and improve
efficacy of CAR-T cells, an improved CAR-T cell construct is ur-
gently needed. In this study, we generated an OX40-containing
CAR-T cell against CD20 with enhanced in vivo and in vitro antitu-
mor activity. Our results demonstrated that a separate and independently
stimulated, rather than a CAR-integrated and antigen-stimulated,
costimulatory OX40 signal is critical for sustaining the long-term ac-
tivity of CAR-T cells. Compared with the widely used second gen-
eration of CAR-T cells, this approach has several advantages: (i)
Constitutive signaling through OX40 induced by the tumor cells
enhanced CAR-T cell proliferation and cytotoxicity after multi-
ple exposures to antigen; (ii) the OX40 signal improved the anti-
tumor activity and reduced the exhaustion of CAR-T cells; (iii)
the OX40 signal improved the in vivo persistence, proliferation,
and tumor killing ability of CAR-T cells; and (iv) the CAR-T cells
with constitutively expressed OX40 were effective and safe in clini-
cal settings.
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Our CAR construct includes a separate constitutive costimulatory
receptor that is not integrated into the CAR polypeptide. This con-
struct had several advantages compared to current second- and
third-generation CAR-T cell designs. The constitutively produced
0X40 provides costimulatory signals that only modify the CAR-T cells
without affecting bystander immune cells. This avoids potential
mechanisms of toxicity associated with cytokine-secretion strategies
(for example, IL-12 or IL-7) (10, 44) or membrane-expressed immune-
activating ligands (for example, 4-1BBL or CD40L) (45, 46). Agonistic
antibodies against the TNFR family (for example, antibodies activat-
ing CDA40, 4-1BB, or OX40) induce moderate to severe liver toxicity
(47). Forced constitutive expression of costimulatory ligands on
CAR-T cells would function similarly to agonistic antibodies; therefore,
this approach may cause similar adverse effects in clinical settings.
However, our data showed that enhancing the costimulatory sig-
nal by constitutively expressing full-length OX40 may avoid this
potential side effect. Similarly, a clinical trial using CAR-T cells with
induced IL-12 secretion was halted after a correlation was demon-
strated between serum IL-12 escalation and the manifestation of
adverse effects (48). T cell survival-related cytokines, such as IL-7
and IL-15, were used to enhance the persistence of CAR-T cells
(10, 14). However, these strategies will increase the systemic amounts
of these prosurvival cytokines. Thus, there is potential risk of leuke-
mia after long-term exposure.

0X40 is produced as a separate protein from the CAR. This de-
sign can transduce OX40 signal upon OX40L engagement independent
of the CAR-antigen interaction. During natural T cell activation,
multiple costimulatory receptors are induced in a time-dependent
fashion (15), which provide comprehensive and sustainable costim-
ulatory signals for T cell activation and survival (15). Therefore,
through the natural induction of additional costimulatory receptors
or the activation of other naturally present costimulatory receptors,
these OX40-expressing CAR-T cells can obtain additional costimu-
latory signals, which may contribute to their enhanced persistence
in vivo.

The OX40 signal is ligand dependent. OX40L is found on acti-
vated B and T lymphocytes as well as myeloid-derived cells (49-51).
These cell types are present in an immune-activated environment,
which can be triggered by the initial CAR-T cell killing process.
This immune-activated environment can provide positive feedback
to enhance the function of CAR-T cells. Normal B cells and some
B cell-derived lymphoblastic cell lines are positive for OX40L (52-54),
which provides a specific activation niche for OX40-expressing
CAR-T cells against B cell-derived tumors.

The OX40 signal promoted the survival of CAR-T cells during
repeated tumor cell challenges. Our analysis revealed that the ex-
pression of multiple antiapoptotic genes was increased and that of
proapoptotic genes was reduced. This suggested that the OX40 sig-
nal exerts a broad antiapoptotic influence within CAR-T cells that
decreases their susceptibility to activation-induced cell death (AICD).
Other approaches, such as constitutive IL7R activation or integrated
signal transducer and activator of transcription 3 signaling or IL-15
signaling, also showed enhanced antiapoptotic characteristics
(14, 55, 56). These CAR-T cell designs also have better persistence
and antitumor efficacy both in vitro and in vivo (14, 55, 56). Reducing
apoptosis appears to be an effective strategy for enhancing CAR-T cell
persistence. T cells from mice lacking the gene encoding Fas, a
death-inducing receptor, exhibit CAR-T cell survival under condi-
tions of AICD (57). T cells from transgenic mice constitutively ex-
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pressing Bcl-xL have better survival and less evidence of apoptosis
compared to T cells from wild-type mice (58). It would be interest-
ing to investigate whether the persistence of CAR-T cells could be
improved by directly promoting antiapoptotic gene expression.

Among all these costimulatory receptors, OX40 was selected and
enriched after multiple rounds of antigen stimulation in our screen-
ing system. Although all the TNFR family costimulatory receptors
function similarly by recruiting TRAFs and activating NF-«xB and
MAPK pathways, each individual receptor is distinguished from the
others by different TRAF recruitment, activation strength, and
downstream signals (17). In addition, during T cell activation, these
costimulatory receptors function at different stages of T cell activa-
tion and differentiation (15). OX40 recruits TRAF2, TRAF3, or TRAF5
and activates the NF-«B pathway (21, 26, 27). OX40 is induced later
than CD28 and TNFR?2, providing signals that promote continued
division and survival when antigens are cleared (21). At a molecular
level, OX40 signaling can activate the PI3K-AKT pathway and, in
turn, promote expression of genes in the antiapoptotic BCL-2 family
(28). Future investigation into the unique features of the OX40
pathway—including adaptor molecule recruitment, activation strength,
signal duration, and key downstream effector molecules—is warranted.
Quantifying these factors could further provide optimization strat-
egies for improved CAR-T cell design.

Synergistic effects between 4-1BB and OX40 signaling in T cell
effector function have been reported (59-61). In our model, we ob-
served that OX40 enhanced BBZ-based CAR-T function but not
28Z-based CAR-T function. Thus, the enhancement that we ob-
served with full-length OX40 and the 4-1BB signaling domain is
consistent with previous findings in unmodified T cells (59-61). To
further optimize CAR designs, evaluation of other potentially syn-
ergistic costimulation pairs is needed.

Limitations of our study include its small sample size and lack of
a 20BBZ control group in the clinical trial. Although 20BBZ-0X40
CAR-T cells showed increased proliferation and cytotoxicity ability
than 20BBZ CAR-T cells in vitro and in xenograft mouse models, a
larger, multicenter, two-arm clinical trial is necessary to validate
these findings in patients. Furthermore, our models are limited
to leukemia and lymphoma and do not account for solid tumors.
A solid tumor can generate an immune suppressive micro-
environment at a cellular and a molecular level. It is unclear whether
our approach could overcome the suppressive environment in solid
tumors. In addition, most solid tumor targets for CAR-T therapy
are tumor-associated antigens, and it is possible that our OX40-
incorporated CAR design increases the risk of on-target but off-tumor
adverse effects. Further investigation with solid tumor-targeting
CARs will help to clarify these points. It would also be interesting to
test whether OX40-incorporated CAR-T cells could be used as a
component of a combination treatment against solid tumors.

In summary, we have developed a CAR construct with constitu-
tive costimulatory receptor OX40 expression. This strategy equipped
the T cells with distinct functional properties, including superior
proliferative capacity and effector functions compared to the BBZ
CAR-T cells that are widely used as a clinical therapeutic treatment.
These characteristics lead to enhanced antitumor efficacy in various
tumor models for leukemia and lymphoma in preclinical mouse
models and clinical settings. Our CAR design could be used in other
CAR-T cells, independent of antigen specificity, to enhance their
antitumor efficacy and provides an alternative approach for
improving the efficacy of CAR-T cells.
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MATERIALS AND METHODS

Study design

The aim of this study was to identify potential CAR-T treatments
with enhanced antitumor activity by integrating full-length costimu-
lation receptors to the second generation of CAR. We established
12 CD20-targeting CAR-T cells with different costimulation recep-
tors. By comparison of in vitro proliferation ability, we identified
20BBZ-0X40 as a candidate. We further investigated the signal
transduction, antiapoptotic features, and cytotoxic ability of 20BBZ
and 20BBZ-OX40 in vitro; antitumor activity in xenograft mice
models; and safety and efficacy in a pilot investigator-initiated clin-
ical trial. Investigators were not blinded to the experiments. The
number of biological replicates and experiment replicates is described
in each figure legend. Sample size was determined by previous ex-
perimental experience. In the xenograft models, mice were random-
ized into treatment groups.

A phase 1, single-center, open-label, and single-arm clinical trial
was designed to evaluate the safety and feasibility of using autologous
CD20BBZ-0X40 CAR-T cells (1 x 10° to 4 x 10° cells/kg of body
weight) in patients with relapsed or refractory B cell lymphoma.
The clinical protocol was reviewed and approved by the Medical
Ethics Committee of The Affiliated Hospital of Xuzhou Medical
University and has been registered at ClinicalTrials.gov with identi-
fier number NCT03576807. The inclusion and exclusion criteria
were listed in ClincalTrails.gov. Written informed consent was ob-
tained from patients after potential risks were discussed. The pa-
tients received fludarabine (total dose of 30 mg/rn2 x 3) and
cyclophosphamide (total dose of 750 mg/m” x 1) as a lympho-depleting
preconditional treatment. Subsequently, a single dose of 20BBZ-
OX40 CAR-T cells (1 x 10 to 4 x 10° cells/kg) was administered by
infusion 5 days after lympho-depleting treatment. CRS was assessed
and graded according to the CRS grading system developed by Lee
et al. (62).

Mice

NOD-Prkdc*™IL2ry'™ mice were purchased from Biocytogen Inc.
or Shanghai Model Organisms Center Inc. All mice were maintained
under specific pathogen—free conditions. Animal care and use were
in accordance with institutional and National Institutes of Health
protocols and guidelines, and all studies were approved by the Ani-
mal Care and Use Committee of Shanghai Jiao Tong University.

Cell lines and culture conditions

Lenti-X 293 was purchased from Clontech. Nalm-6 cell line was
obtained from the American Type Culture Collection. Raji and
Daudi cells were provided by the Stem Cell Bank, Chinese Academy
of Sciences. Human PBMCs from cord blood were provided by Shang-
hai Longyao Biotechnology Limited. Informed written consent was
obtained from all study participants, and the protocol was approved
by the Sugian Obstetrics and Gynecology Hospital Ethics Committee
and The Affiliated Hospital of Xuzhou Medical University. Nalm-6
cells were transduced with lentivirus that expressed hCD20. After
selection with puromycin, resistant cells were subcloned, and
hCD20-expressing cell lines were identified by anti-hCD20 flow cytom-
etry analysis. Raji cells were transduced with hOX40L-expressing
lentivirus. After puromycin selection, resistant cells were identified
by anti-hOX40L flow cytometric analysis. Lenti-X 293 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 9% heat-inactivated fetal bovine serum (FBS) (Gibco), 2 mM
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L-glutamine, 55 UM B-mercaptoethanol, penicillin (100 U/ml), and
streptomycin (100 ug/ml). Raji, Nalm-6, Daudi, and human primary
T cells were cultured in RPMI 1640 containing 9% heat-inactivated
FBS, 2 mM t1-glutamine, 55 uM B-mercaptoethanol, penicillin (100 U/ml),
and streptomycin (100 pg/ml). All cells were cultured in a humidified
incubator at 37°C supplemented with 5% CO..

Generation of lentiviral vectors

Lentiviral plasmids containing CAR constructs were generated by
standard molecular cloning methods. Briefly, a DNA fragment con-
taining the scFv recognizing human CD20 from rituximab, CD8 hinge
and transmembrane domain, 4-1BB and CD3( intracellular domain,
P2A sequences, and Bsi WI and Sal I restriction endonuclease sites
was generated by overlap polymerase chain reaction (PCR) and sub-
cloned into a modified pCDH-EF1a vector. The complementary DNA
(cDNA) of individual costimulatory receptors was synthesized by
Genewiz with 5" Bsi WI and 3’ Sal I restriction endonuclease sites
and subcloned into the intermediate CAR-containing plasmid. The
amino acid sequences of 20BBZ and 20BBZ-0X40 are shown in
table S1. The cDNA of human CD20 or OX40L was PCR-amplified
and subcloned into pCDH-EF1a-IRES-Puro using Eco RI and Bam
HI sites to generate an hCD20-expressing plasmid.

Lentivirus production and transduction

Lentivirus was produced by transient transfection of Lenti-X 293
with a four-plasmid system. Supernatants containing lentivirus par-
ticles were collected 48 and 72 hours after transfection and concen-
trated by ultracentrifugation. Viral titer in transduction units per
milliliter was determined by flow cytometry analysis of transduced
Lenti-X 293 cells.

Transduction of human T cells

Human PBMCs from healthy donor umbilical cord blood were iso-
lated with human PBMC separation fluid (Tbd Science). Total T cells
were purified with the EasySep Human T Cell Isolation Kit (STEMCELL).
T cells were cultured in RPMI 1640 complete medium supplemented
with recombinant human (rh) IL-2 (50 IU/ml) and rhIL-21 (4 ng/ml).
Plate-bound antibodies recognizing CD3 and soluble antibodies
recognizing CD28 were used to activate T cells in culture. Two days
after activation, various amounts of CAR-containing lentiviruses
were used to transduce T cells at a multiplicity of infection of 10.

Repetitive stimulation assay

Lentivirus-transduced T cells were cultured with RPMI 1640 com-
plete medium supplemented with rhIL-2 (50 IU/ml) and rhIL-21
(4 ng/ml). Irradiated (100-gray) Raji cells were used to stimulate these
CAR-T cells at a ratio of 3:1 (T cells:Raji cells) first on day 6 after
viral transduction and then once every 6 days during the entire cul-
ture period. The transduced T cells were maintained at a density of
1 x 10° to 2 x 10° cells/ml. Cells were monitored daily and fed ac-
cording to cell counts every 1 to 2 days for a period of 22 to 25 days
before use in vitro or in vivo experiments. On day 4 after indicated
irradiated Raji cell stimulation round, the CAR-T cells were used
for cytotoxicity assay, apoptosis and exhaustion marker analysis, and
T cell subtype analysis.

Flow cytometry
For cell surface staining, cells were resuspended in staining buffer
(Ix PBS with 1% FBS) with antibodies recognizing CD16 and CD32
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(anti-FcyRII and FcyRIII, clone 2.4 G2) or Human TruStain FcX
(BioLegend) for 10 min to block nonspecific Fc-mediated binding.
Blocked samples were subsequently stained with conjugated anti-
bodies. Intracellular staining was performed after fixation for 30 min
at room temperature in 4% paraformaldehyde and permeabiliza-
tion with 1x Perm/Wash buffer (eBioscience) for 60 min at 4°C.
Cells were incubated with indicated antibodies diluted in 1x
Perm/Wash buffer for 30 min at 4°C. Annexin V staining was con-
ducted in 1x annexin V binding buffer (BD Biosciences). To detect
OX40L, Raji, Nalm-6, Daudi, 20BBZ-CAR-T, and T cells were pre-
pared as a single-cell suspension and incubated with a phycoerythrin-
conjugated antibody recognizing OX40L (Ancell) for 30 min or
with OX40-Fc (Sino Biological) at a concentration of 2 ug/ml for
30 min and incubated with anti-hFc-AF647 secondary antibody for
30 min (Jackson ImmunoResearch). Cells were analyzed by CytoFLEX
S flow cytometry (Beckman Coulter), and data were analyzed with
Flow]Jo software (Becton Dickinson).

The following fluorescently labeled monoclonal antibodies were
used with indicated dilution factor: goat anti-mouse IgG, F(ab')2
fragment specific (1: 2500; Jackson ImmunoResearch), human CD3
(1:250; clone OKT3, BioLegend), CD4 (1:250; clone OKT4, BioLegend),
CD8a. (1:250; clone HIT8a, BioLegend), OX40 (1:250; clone ACT35,
BioLegend), PD-1 (1:250; clone eBioJ105, eBioscience), TIM-3
(1:250; clone F35-2E2, eBioscience), LAG-3 (1:250; clone 3DS223H,
eBioscience), annexin V (1:50; BD Biosciences), and 7-AAD (1:25;
BD Biosciences). CCR7 (clone 3D12, BD Biosciences), CD45RO
(1:250; clone UCHLI1, BioLegend), CD45RA (1:250; clone HI100,
BioLegend), CD45 (1:250; clone HI30, eBioscience), CD19 (1:250;
clone HIB19, eBioscience), active caspase-3 (1:250; clone C92-605,
BD Biosciences), IFN-y (1:250; clone 4SB3, BioLegend), granzyme
B (1:250; clone QA16A02, BioLegend), CD14 (1:250; clone HCD14,
BioLegend), CD56 (1:250; clone HCD56, BioLegend), and mouse
CD45 (1:250; clone 30-F11, BioLegend).

Western blot analysis

20BBZ or 20BBZ-0X40 CAR-T cells were stimulated with OX40L-
overexpressing Raji-OX40L cell line for 15, 30, 60, and 120 min;
harvested; and lysed with radioimmunoprecipitation assay lysis
buffer (#9803, Cell Signaling Technology). Protein lysates were sep-
arated by SDS-polyacrylamide gel electrophoresis under reducing
conditions. Immune blotting was carried out with the following
antibodies: 1:5000 dilution anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (clone GAPDH-71.1, Sigma-Aldrich), 1:1000
dilution anti-phospho-p65 (#3030, Cell Signaling Technology), 1:1000
dilution anti-phospho-ERK (Thr***/Tyr**) (#4370, Cell Signaling
Technology), 1:1000 dilution anti-phospho-AKT (Ser*”®) (#4060,
Cell Signaling Technology), 1:5000 dilution horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (H + L) (ZSGB-Bio), and 1:5000
dilution HRP-conjugated anti-rabbit IgG (H + L) (ZSGB-Bio). All
images were acquired on a ChemiDoc MP system (Bio-Rad).

For experiments performed with small molecular inhibitors of
PI3K (wortmannin), AKT (afuresertib), IxB kinase (IKK) (MLN120B
or BMS-345541), and ERK1/2 (ravoxertinib, ulixertinib, cobimetinib,
or trametinib), the inhibitors were purchased from MedChemExpress.
20BBZ-0X40 CAR-T cells were pretreated with the indicated
small molecular inhibitors for 6 hours before stimulation with
Raji-OX40L cells for 15 min. Cells were then harvested, lysed, and
subjected to Western blotting for phospho-p65, phospho-ERK, and
phospho-AKT.
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CAR-T proliferation assay with small molecular inhibitors
20BBZ-0X40 CAR-T cells were stimulated with irradiated Raji cells
once on day 0 in the presence of inhibitors of PI3K (wortmannin),
AKT (afuresertib), IKK (MLN120B or BMS-345541), or ERK1/2
(cobimetinib or trametinib). The culture medium was refreshed
with indicated inhibitors every 2 days. Four days later, CAR-T cell
numbers were counted.

In vitro CAR-T cell cytotoxicity assay

For Raji and Nalm-6-hCD20 cells, a total of 1 x 10° CAR-T cells
were cocultured with 1 x 10, 2 x 10°, or 4 x 10° CD20" tumor cells
in a flat-bottom 96-well plate. Twenty-four, 48, and 72 hours after
plating, cells were harvested and analyzed by flow cytometry.
Anti-CD3 and anti-CD19 were used to distinguish CAR-T and
tumor cells, respectively.

Cytokine production analysis

Production of the cytokines IFN-y, IL-2, IL-6, IL-8, IL-7, IL-4, and
TNF-o in culture supernatants or plasma was quantified using Cy-
tometric Bead Array (CBA) kits (BD Biosciences) according to the
manufacturer’s instructions.

Gene expression and CAR-T persistence analysis by
quantitative PCR

Total RNA from CAR-T cells was extracted with the Total RNA Kit
(Omega Bio-tek) and reverse-transcribed into cDNA with ReverTra
Ace reverse transcriptase (Toyobo). Quantitative PCR reactions were
performed in triplicate with SYBR Green Supermix (Toyobo). The
relative quantification of the products was calculated by the 2-AACt
method. The following specific primers were synthesized and ob-
tained from Genewiz: hIFN-y (forward), TCGGTAACTGACTT-
GAATGTCCA; hIEN-y (reverse), TCGCTTCCCTGTTTTAGCTGG hGAP-
DH (forward), GGAGCGAGATCCCTCCAAAAT; hGAPDH
(reverse), GGCTGTTGTCATACTTCTCATGG; hSurvivin (forward),
AGGACCACCGCATCTCTACAT;hSurvivin (reverse), AAGTCT-
GGCTCGTTCTCAGTG; hGZMB (forward), TACCATT-
GAGTTGTGCGTGGG; hGZMB (reverse), GCCATTGTTTC-
GTCCATAGGAGA; hBcl-2 (forward), GGTGGGGTCATGTGT
GTGG; hBdl-2 (reverse), CGGTTCAGGTACTCAGTCATCC; hBcl-xl
(forward), GAGCTGGTGGTTGACTTTCTC; hBcl-xl (reverse),
TCCATCTCCGATTCAGTCCCT; hBax (forward), CCCGAGAG-
GTCTTTTTCCGAG; hBax (reverse), CCAGCCCATGAT-
GGTTCTGAT.

Animal models

To evaluate the antitumor activity of CD20-targeted CAR-T cells
against leukemia or lymphoma, female NOD-Prkdc*““IL2ry"™"
mice were inoculated with 1 x 10° Raji or Daudi cells intrave-
nously. About 7 days later, 1 x 10" CAR-T cells or a PBS control
was infused intravenously, and animal survival was monitored
over time. To evaluate the tumor burden and CAR-T cell per-
sistence in vivo, peripheral blood, spleens, and bone marrow from
femurs and tibias were harvested, and single-cell suspensions were
generated for flow cytometry analysis. Spleens were manually
homogenized in PBS and passed through a 70-um cell strainer
(BD Biosciences). To obtain cells from bone marrow, the femurs
and tibias were flushed with PBS using a 1-ml syringe (KDL).
ACK (Ammonium-Chloride-Potassium) lysing buffer (BD Biosciences)
was used to lyse red blood cells in all samples.

14of 16


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

CAR-T cell manufacture for clinical usage

PBMCs were collected from patients by leukapheresis and purified
by Ficoll-Paque density gradient centrifugation. T cells were en-
riched by CD4- and CD8-positive selection (Miltenyi Biotec) and
were then stimulated with anti-CD3 and anti-CD28 beads. T cells
were cultured in X-VIVO 15 medium supplemented with rhIL-2
and rhIL-21. Two days after T cell activation, cells were transduced
with a lentivirus encoding 20BBZ-0X40 CAR. Cells were then
grown for an additional 11 to 13 days and frozen in liquid nitrogen.
Quality checks were performed during the CAR-T cell manufactur-
ing process.

Statistics

Statistical analyses were performed using Prism 8 (GraphPad Soft-
ware Inc). Significance of in vitro assays was determined by a
two-sided Student’s unpaired ¢ test, Mann-Whitney U test, or one-
way analysis of variance (ANOVA) with Dunnett’s multiple com-
parisons correction. When unpaired ¢ test was applied, the normality
of data was confirmed by Shapiro-Wilk test with a P value of >0.05.
A two-sided log-rank test was applied to assess mouse survival.
Where indicated, *P < 0.05, **P < 0.01, and ***P < 0.001 were con-
sidered statistically significant results.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/578/eaba7308/DC1

Patient details: Tumor burden, bridging chemotherapy, and toxicity management information.
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Fig. $3. Small molecular inhibitors targeting ERK1/2, IKK, and PI3K/AKT inhibited the
proliferation of CAR-T cells.
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Optimizing with OX40

Chimeric antigen receptor (CAR)-T cells have transformed treatment of B cell malignancies. However,
existing CAR-T cell constructs have not been as successful in treating solid tumors. To improve CAR-T cell
function in solid tumors, Zhang et al. incorporated a full-length costimulatory signaling molecule, OX40, into CAR-T
cells. The combination of CAR signaling and OX40 signaling improved the antitumor cytolytic capacity of CAR-T
cells in vitro and in mouse models of B cell ymphoma. Further, in a phase 1 clinical trial, the authors showed that
CAR-T cells expressing OX40 persist in patients with metastatic lymphoma, are well tolerated, and reduce tumor
burden. These findings suggest that CAR-T cells with independent OX40 signaling may be a useful therapeutic
approach to treat solid tumors.
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