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Summary

Immuno-gene therapy using T cells with a second-generation anti-CD19 chimeric antigen receptor

(CD19-CAR), which contains CD28 as part of its construct, has been reported to be effective in
the treatment of advanced B cell malignancies. We investigated whether co-expression of human
interleukin-21 (hIL-21) improved the anti-tumor effects of CD19-CAR T cells in a xenograft mouse
model. Human peripheral blood lymphocytes from healthy donors were activated, and transduced with
retroviral vectors that encoded CD19-CAR and hIL-21, or CD19-CAR alone. Both types of transduced
T cells exhibited similar expansion properties ex vivo and transgene expression patterns. Compared
with CD19-CAR T cells, those co-expressing IL-21 showed enhanced levels of STAT3 phosphorylation,
a surrogate marker of IL-21 signaling. Analysis of T cell subsets among transduced cells indicated
that their phenotypes were those of central or effector memory T cells. Both types of cells exhibited
cytotoxicity against Raji cells, a CD19-positive B lymphoma cell line, and produced interferon- y upon
stimulation with CD19. Iz vivo analysis using Rag2” y ¢/ immunodeficient mice with systemic Raji
tumors that were treated with transduced T cells revealed suppression of tumor progression. Our findings
suggest that co-expression of IL-21 did not augment the anti-tumor effects of T cells with a second-
generation CD19-CAR in the mouse xenograft model of human B cell lymphoma that we investigated.
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Introduction

Engineered T cell therapy is a new strategy for the
treatment of advanced malignancies, in which autologous
T cells are genetically modified to target tumor associated
antigens (TAA), either through transduced T cell receptors

(TCRs) or chimeric antigen receptors (CARs). Unlike
TCRs, which recognize human leukocyte antigen (HLA)
-peptide complexes, CARs recognize specific TAAs that do
not require peptide processing and presentation by HLAs.
Thus, CARs are more broadly applicable to patients with a
diverse array of HLAs."”

CARs are recombinant proteins comprising an

extracellular single chain fragment variable region (scFv)
linked to the intracellular signaling domain, most commonly
CD3 (. This enables activation of transduced T cells, and
these proteins are referred to as first-generation CARs.’
When T cells express this molecule, they can recognize
TAAs and kill tumor cells in an HLA-independent manner.
However, first-generation CARs with CD3 { alone failed
to elicit T cell expansion and had little anti-tumor activity
in vivo, possibly owing to the absence of co-stimulatory
signals.’ To overcome this problem, second-generation
CARs, which have co-stimulatory intracellular signaling
domains (CD28 or 4-1BB) in addition to CD3 (, have
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been developed.”” Second-generation CARs can transduce
sufficient signals upon exposure to antigens, leading to
full activation of T cells ; these are now widely used in
preclinical and clinical studies.”’

CD19 is an attractive target for CAR-based T cell therapy
as it is a pan-B cell marker, which is expressed on normal,
and most malignant B cells. It has been demonstrated that T
cells expressing anti-CD19 second-generation CARs (CD19-
CARs) effectively eradicated CD19" B cell malignancies
in mouse xenograft models.*® Early phase clinical studies
investigating B cell malignancies, such as chronic
lymphocytic leukemia and acute lymphocytic leukemia,
refractory to chemotherapies could be treated by CAR. It
has been shown that autologous T cells transduced with
CD19-CARs are safe, and result in tumor regression.®’

Interleukin (IL) -21 is a common gamma chain ( y ¢)
cytokine, produced by CD4" T cells and natural killer T

(NKT) cells, that modulates the functions of lymphoid
lineages, including CD8" T cells.” Because IL-21 supports
proliferation and survival of cytotoxic CD8" T cells, it has
been used to enhance the anti-tumor effects of tumor-
specific T cells in preclinical and clinical studies, and has
exhibited acceptable toxicity profiles."” Furthermore, I1L-21
induces apoptosis of B cells under certain conditions, and
has been shown to suppress the growth of B cell leukemias
and lymphoma cells in preclinical studies.'""® Therefore,
IL-21 is a potential adjuvant for the anti-tumor activity of T
cells against B cell tumors. Markley et al. showed that co-
expression of IL-21 with an anti-CD19 first-generation CAR
improved the anti-tumor effects of CAR" T cells in a mouse
xenograft model of human CD19" B cell tumors."

In this study, we generated human T cells co-expressing
a second-generation CD19-CAR and IL-21, and investigated
whether IL-21 could augment the anti-tumor effects of CAR"
T cells in vitro and in a mouse xenograft model.

Material and methods
Plasmids
A retroviral vector, SFG-1928z, encoding the CD19-CAR
with the CD28 gene has been described previously." Human
IL-21 cDNA was cloned from peripheral blood mononuclear
cells (PBMCs) activated with anti-CD3 and -CD28
antibodies, using reverse transcription polymerase chain
reation (RT-PCR). A co-expression vector, SFG-1928z-P2A-
IL21, was generated by linking the CAR and IL-21 with a
P2A bicistronic sequence using an overlapping PCR method
(Fig. 1)."

Cell lines
The human Burkitt lymphoma cell, Raji, was obtained
from the Health Science Research Resources Bank (Osaka,

Japan). The human erythroleukemia K562, and mouse
fibroblast NIH3T3 cell lines were obtained from the RIKEN
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Bioresource Center (Tsukuba, Japan). Retroviral packaging
cells (PG13) have been described before and were used
in this study.'® Raji cells expressing luciferase (Raji-Luc),
and K562 and NIH3T3 cells expressing human CD19
(K562-CD19 and NIH3T3-CD19, respectively) have been
reported.® Mouse pro-B BaF-3 cells that express the IL-21
receptor (BaF-3-IL-21R) were also used."” Cell lines were
cultured with either Dulbecco’s modified Eagle's medium
or RPMI1640 supplemented with 10% fetal bovine serum
(FBS).

Transduction of PBMCs

Our human study was approved by the Institutional
Review Board of Jichi Medical University, with written
informed consent obtained from each donor. Human
PBMCs were cultured with X-Vivo 15 (Takara Bio, Shiga,
Japan) supplemented with 10% human AB serum (Nova
Biologics, Oceanside, CA) and 1 nM recombinant human
IL-2 (hIL-2 : Life technologies, Carlsbad, CA, USA).
PBMCs were pre-stimulated in 24-well plates coated with
an anti-CD3 ¢ antibody (R&D Systems, Minneapolis, MN,
USA) and RetroNectin (Takara Bio) on day 0. Retroviral
supernatants were obtained from PG13 producer cells
established by transduction with either SFG-1928z or SFG-
1928z-P2A-IL21. On days 3 and 4, retroviral supernatants
were applied to RetroNectin-coated culture plates and
centrifuged (2000 xg, 32, 2 h). Supernatants were
removed, and stimulated PBMCs were applied to preloaded
plates and centrifuged (1000 xg, 32C, 10 min), then
incubated overnight. For selective expansion ex vivo, cells
were co-cultured with NIH3T3-CD19 on days 5 and 12 ata T
cell to NIH3T3-CD19 ratio of 10 : 1.

Flow cytometry

CD19-CAR surface expression was assessed using a
biotin-conjugated goat anti-mouse IgG Fab-specific antibody

(Jackson Immunoresearch, West Grove, PA, USA) and
avidin-FITC or -PE (Dako, Glostrup, Denmark). Anti-CD3
FITC, anti-CD8 APC, anti-CD62L PE, anti-CD45R0O APC and
anti-CD27 APC were obtained from Biolegend (San Diego,
CA, USA). Anti-CD4 FITC, anti-CD8 PE and anti-CD45RA
APC were obtained from BD Biosciences (San Jose, CA,
USA). Anti-CCR7 PE was obtained from R&D systems. Anti-
CD28 PE was obtained from eBioscience (San Diego, CA,
USA). For intracellular phopho-STAT3 (pSTAT3) detection,
cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) and permeabilized with Perm buffer
III, then stained with a PE-labeled pSTATS3 antibody (BD
Biosciences). Samples were analyzed using a BD LSR™
with Cell Quest™ Pro software, or a BD LSR Fortessa™ with
FACSDiva™ software (BD Biosciences) .



Enzyme-linked immunosorbent assays (ELISAs)

For IL-21 detection, PBMCs were washed and
resuspended in cytokine-free X-Vivo 15 medium at a
concentration of 10" cells /ml. After 12 h, IL-21 levels in
culture supernatants were measured by a human IL-21
ready-set-go ELISA kit (eBioscience). For interferon (IFN)
-y detection, 10° PBMCs were washed and cultured with
200 ul of cytokine-free X-Vivo 15, either in the presence or
absence of NIH3T3-CD19 cells, ata 1 : 1 ratio, for 72 h. IFN-
y levels in culture supernatants were measured using a
human IFN- y ready-set-go ELISA kit (eBioscience).

Western blotting

Whole cell lysates were prepared from transduced
cells. Protein extracts (20 4 g) were separated on NuPage
Bis-Tris 4%-12% gels and transferred to polyvinylidene
difluoride (PVDF) membranes (Life technologies).
Membranes were incubated with anti-human CD3 { for CAR
detection, and anti-hIL-21 for IL-21 detection (Biolegend),
and then stained with horseradish peroxidase-conjugated
secondary antibodies. Visualization of positive signals was
facilitated with enhanced chemiluminescence systems (GE
Healthcare, Buckinghamshire, UK).

Cytotoxicity assays

Cytotoxicity assays employing calcein-acetomethyl ester

(calcein AM) were conducted as described previously."
Target cells were incubated with 15 uM calcein AM (Dojin,
Kumamoto, Japan) at 37C for 30 min, and mixed with
effector cells at the indicated effector/target ratios. Effector
cell numbers were calculated based on the total number
of CAR' cells. After incubation at 37C for 4 h, 75 yl of
supernatant was harvested and transferred into the well of
a 96-well plate. Samples were measured using a Fluoroskan
Ascent FL (excitation at 485 nm, emission at 530 nm)

(Thermo scientific, Waltham, MA, USA). The proportion
of lysis was calculated according to the following formula :
[ (test release - spontaneous release) / (maximum release -
spontaneous release) ] % 100.

Mouse xenograft model

Balb/c Rag2” y ¢’ mice (8-12-weeks-old) were kindly
provided by Dr. M. Ito (Central Institute for Experimental
Animals, Kanagawa, Japan). On day 0, 5 x 10" Raji-Luc tumor
cells were infused into mice by tail vein injection. Four days
later, for mice in the treatment group, 7 x 10° CAR" PBMCs
were intravenously injected. Iz vivo bioluminescent imaging
was conducted every 7 days. Mice were intraperitoneally
injected with luciferin (75 mg/kg body weight) (Ieda,
Tokyo, Japan) . Photons emitted from Raji-Luc were acquired
and quantified using an IVIS imaging system (PerkinElmer,
Waltham, MA) and living image software (PerkinElmer).
All mice experiments were carried out in a humane manner
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following approval from the Institutional Animal Experiment
Committee of Jichi Medical University.

Results

We generated the SFG-1928z-P2A-IL21 co-expression
vector using overlapping PCR (Fig. 1). We then generated
CD19-CAR (CAR") and CD19-CAR and IL-21 (CARIL21")
T cells by transducing human PBMCs obtained from
healthy donors with SFG-1928z and SFG-1928z-P2A-1L21.
CAR" and CARIL21" T cells showed approximately 100-fold
expansion within 2 weeks, with no difference between both
cell types (data not shown). We analyzed cell surface CAR
expression of transduced PBMCs by flow cytometry. At day
17 of culture, we observed 80% CAR" and 87% CARIL21" T
cells (Fig. 2a). We also confirmed CAR expression in both
T cell types by western blotting (WB) (Fig. 2b). Mean IL-
21 levels in culture supernatants obtained from CAR" and
CARIL21" T cells were 5 and 185 pg/ml respectively (Fig.
2c), while IL-21 was not detected in non-transduced T cells

(data not shown). Expression of IL-21 was confirmed by
WB in cell lysates from CARIL21" T cells, but not from CAR"
T cells (Fig. 2d).

To assess the function of IL-21 from CARIL21" T cells,
we investigated the phosphorylation status of STAT3, a
surrogate marker of IL-21 signaling.”'""’ Intracellular flow
cytometry showed enhanced phosphorylation of STAT3
in CARIL21" T cells compared with CAR" T cells. STAT3
phosphorylation levels of CARIL21" T cells was comparable
to that in CAR" T cells stimulated with recombinant hIL-21

(Fig. 3a). To address signals specific to IL-21, we used
an indicator cell line, BaF-3-IL-21R, which was genetically
transduced with the IL-21 receptor. BaF-3-IL-21R cells
stimulated with culture supernatant obtained from CARIL21"
T cells showed STAT3 phosphorylation levels comparable
to that in cells stimulated with hIL-21. Supernatants
obtained from CAR" T cells did not exhibit enhanced STAT3
phosphorylation levels (Fig. 3b).

We examined the immunophenotype of these T cells
by flow cytometry. At day 17 of culture, more than 99%
of CAR"and CARIL21" T cells were positive for CD3, with
a large number of CD8" T cells present (Fig. 4a). T cell
subset analysis for both T cell types showed that they
differentiated and possessed either CD45RA'CD62L" central
memory (Tcm) or CD45RA'CD62L effector memory (TEm)
phenotypes. TEM subpopulation analysis using CD27 and
CD28 markers showed large numbers of CD27°CD28" EM1
and CD27-CD28" EM4 memory-like subpopulations,” with
no differences observed between both T cell types (Fig.
4b).

We assessed antigen-specific IFN-y production of
transduced PBMCs by ELISA. CARIL21" T cells stimulated
with NIH3T3-CD19 produced slightly lower levels of IFN- y
compared with CAR" T cells (Fig. 5a). CAR" and CARIL21"
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Fig. 2. Generation of CD19-CAR (CAR)- or CD19-CAR and hIL-21 (CARIL21) -expressing T cells. (a) Surface expression
of CAR was assessed by flow cytometry. Values represent the percentage of CAR™ cells. Solid black lines represent isotype
controls. (b) Expression of CAR was assessed by western blotting. PG13 cells transfected with SFG-1928z and non-
transduced T cells served as positive (PC) and negative (NC) controls, respectively. (c) ELISAs were used to measure IL-
21 concentrations in culture supernatants of CAR" and CARIL21" T cells. Values are mean * SD from four different donors.
*p < 0.05. (d) Cellular expression of IL-21 was assessed by western blotting. Recombinant human IL-21 (rhIL-21 ; 1 ng/lane)
and non-transduced T cells served as positive (PC) and negative (NC) controls, respectively, with £ -actin used as a loading

control.
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Fig. 3. Functional assessment of IL-21 produced by CARIL21" T cells was conducted using flow cytometry to detect
phosphorylated STAT3 (pSTAT3). (a) Levels of pSTAT3 in CAR’, CARIL21", and rhIL-21-stimulated CAR' T cells. (b) Levels
of pSTATS3 in BaF-3-IL21R cells stimulated with each culture supernatant and rhIL-21. Values represent percentages of

pSTAT3-positive cells. Solid black lines represent isotype controls.
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Fig. 6. Anti-lymphoma effects of transduced T cells in a mouse xenograft model. Rag2” y ¢’ immunodeficient mice were
intravenously inoculated with 5x 10" Raji-Luc cells on day 0. On day 3, 7x 10° CAR" or CARIL21" T cells were infused

(treatment groups, n=4 each), whereas mice in the control group (n=3) did not receive T cells. Bioluminescent imaging
was conducted on days 14, 21, and 28. Data are representative from one of three independent experiments using different
donors, and yielded similar results. (a) Progression of inoculated Raji-Luc cells. (b) Values presented are the mean = SD of
quantified biophotons at each time point.
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T cells showed similar levels of cytotoxicity against Raji and
K562-CD19 cells, but not against control CD19- K562 cells

(Fig. 5b).

We evaluated the anti-tumor activity of transduced
PBMC s in a mouse xenograft model. We intravenously
injected human B lymphoma Raji cells expressing luciferase
into Rag2” y ¢’ immunodeficient mice and assessed tumor
burden using bioluminescent imaging. Tumor-bearing mice
infused with CAR" and CARIL21" T cells showed significantly
suppressed tumor growth compared with control mice (Fig.
6a and b). Non-transduced T cells did not suppress tumor
growth (data not shown). However, tumor growth was not
significantly different between mice injected with CAR" or
CARIL21" T cells.

Discussion

The use of engineered T cells with second-generation
CD19-CARs is a potential therapeutic strategy against B
cell lymphomas. Autologous T cells are activated through
signals 1 and 2 provided by the CD3 { chain and CD28
signaling domains, respectively. IL-21 provides signal 3,
which is known to boost effector functions of antigen-
specific CD8" T cells, and cooperates with signals 1 and
2 of T cell activation.” In this study, we generated T cells
co-expressing CD19-CAR and IL-21 to augment the anti-
lymphoma effects of engineered T cells.

It has been shown that naive and memory T cells are
suitable sources of cells for engineered T cell therapy as
they persist for long periods after infusion, and provide
protection against tumors over an extended time period.”*
Hinrichs et al. showed that antigen-specific CD8" T cells
primed with IL-21 sustained expression of CD62L, a marker
expressed on TcM cells. This resulted in enhanced anti-
tumor effects in mouse melanoma models.” Markley et
al. reported that T cells with CARs and IL-21 had an EM1
phenotype, a less differentiated subset of TEM, and showed
improved anti-tumor effects in vivo." However, IL-21 did
not affect T cell phenotypes in the present study, in which
the majority of transduced T cells, regardless of type,
differentiated into CD8" naive or memory T cells.

We also assessed the cytotoxicity of CAR" and CARIL21"T
cells, as the effect of IL-21 on cytotoxic T cells is subject to
some controversy. Singh et al. reported that addition of IL-
21 up-regulates IFN- y expression in CAR™ T cells, while
Hinrichs et al. reported that IL-21 down-regulates IFN- y
expression in T cells, leading to lower cytotoxicity iz vitro.”
In our study, IL-21 did not improve IFN- y production upon
antigen stimulation, nor was cell lytic activity increased
against CD19" lymphoma cells.

Finally, we assessed the iz vivo efficacy of CARIL21" T
cells. Improved cytotoxicity iz vitro does not translate to
improved anti-tumor effects iz vivo because differentiation
towards the effector T cell phenotype leads to exhaustion
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of T cells. Markley et al. compared four y c cytokines in
combination with first-generation CD19-CAR T cells. They
found that IL-21 had little effect upon T cell phenotype and
cytotoxicity iz vitro, and enhanced tumor activity i vivo."
However, in our study, IL-21 did not improve the in vivo
efficacy of T cells.

In our study, we showed that CARIL21" T cells were not
superior over CAR" T cells, although IL-21 signaling was
confirmed by enhanced STAT3 phosphorylation. Kaka et
al. demonstrated that T cells expressing high levels of IL-
21 under the control of the cytomegalovirus promoter
exhibited a central memory phenotype and enhanced
cytotoxicity.” IL-21 expression levels could be important
in enhancing effector functions of T cells. However,
Markley et al. reported enhanced anti-tumor effect of T
cells co-expressing first-generation CARs and IL-21, using
similar IL-21 concentrations that we used. A possible
explanation is that second-generation CARs containing
CD28 effectively activate T cells, therefore is no need for
additional stimulation by IL-21. In contrast, Singh et al.
showed improved anti-tumor effects of T cells with second-
generation CARs using a membrane-bound form of IL-21.%
The method of delivery for IL-21 possibly contributes to the
discrepancy in these results. We should also point out that
the mice used in our current study lacked NK and NKT
cells, primary responders to IL-21,” which could have led
to insufficient immune reactions against tumor cells. IL-21
could be effective under conditions where CAR" T cells alone
are unable to suppress tumors," or in immunocompetent
animals where host immune cells can respond to IL-21.

In conclusion, we showed that IL-21 did not improve the
function of CAR" T cells % vitro, or in a human B lymphoma
xenograft mouse model. Our collective findings suggest
that unlike first-generation CARs, second-generation CARs
with CD28 activate T cells sufficiently for adoptive transfer
without the need for a ‘third signal’ such as IL-21.
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