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Enhancing Antitumor Efficacy of Chimeric
Antigen Receptor T Cells Through Constitutive
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Adoptive cell therapy with genetically modified T cells
expressing a chimeric antigen receptor (CAR) is a promis-
ing therapy for patients with B-cell acute lymphoblastic
leukemia. However, CAR-modified T cells (CAR T cells)
have mostly failed in patients with solid tumors or low-
grade B-cell malignancies including chronic lymphocytic
leukemia with bulky lymph node involvement. Herein,
we enhance the antitumor efficacy of CAR T cells through
the constitutive expression of CD40 ligand (CDA40L,
CD154). T cells genetically modified to constitutively
express CD40L (CD40L-modified T cells) demonstrated
increased proliferation and secretion of proinflamma-
tory T, 1 cytokines. Further, CD40L-modified T cells aug-
mented the immunogenicity of CD40% tumor cells by
the upregulated surface expression of costimulatory mol-
ecules (CD80 and CD86), adhesion molecules (CD54,
CD58, and CD70), human leukocyte antigen (HLA) mol-
ecules (Class | and HLA-DR), and the Fas-death receptor
(CD95). Additionally, CD40L-modified T cells induced
maturation and secretion of the proinflammatory cyto-
kine interleukin-12 by monocyte-derived dendritic cells.
Finally, tumor-targeted CD19-specific CAR/CD40L T cells
exhibited increased cytotoxicity against CD40% tumors
and extended the survival of tumor-bearing mice in a
xenotransplant model of CD19% systemic lymphoma.
This preclinical data supports the clinical application of
CART cells additionally modified to constitutively express
CD40L with anticipated enhanced antitumor efficacy.
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INTRODUCTION

Adoptive transfer of genetically modified tumor-specific T cells
expressing a chimeric antigen receptor (CAR) is a novel thera-
peutic approach for cancer.! CAR-modified T cells (CAR T cells)
targeting the CD19 antigen have shown clinical benefit for some
patients with B-cell malignancies.>> However, most patients
with solid tumors or low-grade B-cell malignancies with bulky
lymph node involvement have mostly failed to recapitulate these

findings."* Several possible limitations could explain the inability
of CAR T cells to eradicate tumor cells. These include poor T-cell
persistence/proliferation following adoptive transfer, inability of
CAR T cells to counteract the local immunosuppressive tumor
microenvironment, and/or loss of targeted antigen expression as
demonstrated in a clinical case report of B-cell acute lymphoblas-
tic leukemia.*’

CD40 ligand (CD40L, CD154), a type II transmembrane pro-
tein belonging to the tumor necrosis factor gene superfamily, has
the potential to enhance tumor-specific T-cell function. Initially
identified on activated CD4% T cells, expression of CD40L is
inducible on a vast array of immune, hematopoietic, epithe-
lial, endothelial, and smooth muscle cells.®’ In activated T cells,
CDA40L is expressed within minutes, peaking within 6 hours, and
then declining over the subsequent 12-24 hours.” CD40L binds to
its cognate receptor CD40 which is constitutively expressed on a
variety of immune and nonimmune cells including B cells, mac-
rophages, and dendritic cells (DCs).” Significantly, CD40 is also
expressed on several hematologic and nonhematologic malig-
nancies including B-cell acute lymphoblastic leukemia, chronic
lymphocytic leukemia (CLL), non-Hodgkin lymphoma, Hodgkin
lymphoma, nasopharyngeal carcinoma, osteosarcoma, Ewing sar-
coma, melanoma, breast, ovarian, and cervical carcinoma.'*"

Functionally, the CD40L/CD40 pathway mediates both humoral
and cellular immunity through several mechanisms. B-cell activa-
tion/antigen presentation, immunoglobulin isotype switching, and
germinal center development all rely upon the CD40L/CD40 path-
way.” DC antigen presentation, production of interleukin (IL)-12,
and the generation of CD8% T-cell immunity occur via the CD40L/
CD40 pathway.'®® T-cell proliferation, cytokine secretion, reversal
of CD8* T-cell exhaustion, and generation of memory phenotype
are also mediated by the CD40L/CD40 pathway*** The antitu-
mor properties of the CD40L/CD40 pathway include direct tumor
apoptosis (CD40 activation on the tumor) and licensing of DCs
(via CD40) to generate an endogenous antitumor-specific T-cell
response.”* Recombinant human CD40L or monoclonal agonistic
antibodies to CD40 have been tested in phase 1 trials demonstrating
objective tumor responses, and CLL tumor cells transduced with an
adenovirus-encoding murine CD40L have been utilized as a tumor
vaccine with promising clinical responses.?>* In the latter, infusion
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of autologous Ad-CD40L-modified CLL in patients resulted in
reduced leukemic burden, induction of leukemia-specific T cells,
induction of CLL-specific antibodies (anti-ROR1 Ab), and an
increase in serum cytokines (IL-12 and interferon-y) demonstrat-
ing the capacity of CD40L expression to activate an endogenous
antitumor response.*®

Herein, we describe an approach to enhance CAR T cells through
the constitutive expression of CD40 ligand. T cells modified to con-
stitutively express CD40L (CD40L-modified T cells) demonstrated
enhanced proliferation and secretion of proinflammatory cytokines
in vitro, altered the phenotype/immunogenicity of CD40" B-cell
tumor cell lines or patient-derived CLL tumor cells, and induced DC
maturation and secretion of the proinflammatory cytokine IL-12. T
cells modified with a bicistronic retroviral vector encoding both a
CD19-specific CAR (1928z) and the CD40L gene (1928z/CD40L
T cells) exhibited enhanced in vitro cytotoxicity against a panel of
CD19" tumor cell lines and extended the survival of CD19 tumor-
bearing SCID/Beige mice when compared to mice treated with T
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cells expressing the CD19-targeted CAR alone. Collectively, these
preclinical in vitro and in vivo data support the translation of the
CAR/CDA40L T cells approach to the clinical setting.

RESULTS

Constitutive expression of CD40L by human T cells
We initially transduced T cells from healthy donors with the SFG-
CDA40L retroviral vector (Figure 1a). Retroviral transduction of T
cells with the CD40L gene routinely resulted in >40% gene transfer
with stable expression of CD40L in both CD4* and CD8* T-cell
subsets (Figure 1b, Supplementary Figure S1). Proliferation of
CD40L-modified T cells was significantly increased over the first
3 weeks of culture compared to mock-transduced T cells gener-
ated from the same three donors (Figure 1c, Supplementary
Figure S2). Tissue culture media from CD40L-modified T cells
was analyzed and shown to have significantly increased soluble
CD40L (sCD40L) as expected, as well as significantly increased
secretion of the proinflammatory cytokines interferon-y and
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Figure 1 Constitutive expression of CD40L by human T cells. (a) Schematic of retroviral construct encoding human CD40L vector; LTR, long termi-
nal repeat; SD, SA, splice donor and acceptor; ¥, packaging element. (b) Flow cytometry of CD4* and CD8% CD40L-modified T cells following retro-
viral gene transfer; x-axis, APC-conjugated antihuman CD40L (CD154). Results shown are representative of at least three independent experiments.
(c) Enhanced proliferation of CD40L-modified T cells compared to mock-transduced T cells. (d) Enhanced secretion of soluble CD40L (sCD40L),
IFN-y, and GM-CSF of CD40L-modified T cells compared to mock-transduced T cells. Results for proliferation and cytokine secretion are combined
from three independent experiments. (*Denotes statistical significance where P < 0.001 using Mann-Whitney test). GM-CSF, granulocyte-monocyte
colony-stimulating factor; IFN-y, interferon-y.
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granulocyte-monocyte colony-stimulating factor when compared
to the mock-transduced T cells (Figure 1d). Further characteriza-
tion of CD40L-modified T cells demonstrated downregulation
of PD1 expression without alteration of PDL1 or CD80 expres-
sion when compared to mock-tranduced T cells (Supplementary
Figure $3).

CAR/CD40L T Cells for Cancer Immunotherapy

CD40L-modified T cells alter the phenotype of both
CD40% tumor cell lines and patient-derived CLL cells
To investigate the ability of the CD40L/CD40 pathway to mod-
ify the phenotype of tumor cells, a coculture of CD40% B-cell
tumor cells and CD40L-modified T cells or mock-transduced
T cells was performed. Cultures with CD40L-modified T cells,
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Figure 2 Augmented immunogenicity of CD40" tumor cells by CD40L-modified T cells. (a) Flow cytometry showing upregulation of costimula-
tory molecules (CD80 and CD86), adhesion molecules (CD54, CD58, and CD70), HLA molecules (HLA Class | and HLA-DR), and the Fas-death recep-
tor (CD95) on DOHH2 tumor cell line following coculture with CD40L-modified T cells (solid line) compared to culture with mock-transduced T cells
from the same donor (gray line). (b) CD40- tumor (NALM6 shown) demonstrating no phenotypic changes following coculture with CD40L-modified

T cells. All results are representative of at least three separate experiments. MFI, mean fluorescence intensity.
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Figure 3 Augmented immunogenicity of CLL cells by autologous CD40L-modified T cells. (a) Flow cytometry of patient-derived CD40L-modified
T cells following retroviral gene transfer with CD40L containing retroviral vector; x-axis, APC-conjugated antihuman CD40L (CD154). (b) Flow
cytometry showing upregulation of costimulatory molecules (CD80 and CD86), adhesion molecules (CD54, CD58, and CD70), HLA molecules (HLA
Class | and HLA-DR), and the Fas-death receptor (CD95) on CLL cells after coculturing with autologous CD40L-modified T cells (solid line) compared
to cocultures with mock-transduced T cells from the same donor (gray line). All results are representative of at least three experiments using three
separate donors. CLL, chronic lymphocytic leukemia; MFI, mean fluorescence intensity.

but not mock-transduced T cells, led to the upregulated expres-
sion of costimulatory molecules (CD80 and CD86), adhesion
molecules (CD54, CD58, and CD70), HLA molecules (HLA
Class I and HLA-DR), and the Fas-death receptor (CD95) on the
surface of DOHH2 tumor cells (Figure 2a). Phenotypic changes
were also evident when tumor cells were cultured in conditioned
media (CD40L-modified T-cell media) containing elevated lev-
els of sCD40L (Supplementary Figure S4). To determine if
CD40 expression on the tumor cell is a requisite to alter tumor
cell phenotype, coculture of the CD40~ tumor cell line (NALM6)
with CD40L-modified T cells and mock-transduced T cells was
performed. These studies resulted in no alteration in the pheno-
type demonstrating the need for CD40 expression by the tumor
to induce CD40L-mediated changes in tumor cell phenotype
(Figure 2b).

To further verify if this effect is clinically relevant, we cocul-
tured CD40L-modified T cells derived from three separate CLL
patients with autologous CLL tumor cells. Retroviral transduction
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of CLL patient-derived T cells routinely resulted in >40% gene
transfer with stable expression of the CD40L gene (Figure 3a).
In this setting, patient-derived CD40L-modified T cells, but not
mock-transduced T cells, demonstrated the capacity to simi-
larly upregulate costimulatory molecules, adhesion molecules,
HLA molecules, and the Fas-death receptor on the surface of the
autologous CLL cells (Figure 3b). Further characterization of
CD40L-modified T cells in this culture demonstrated increased
expression of IL-21R (Supplementary Figure S5) compared to
mock-transduced T cells. Similar patterns of IL-21R expression
on the B-cell CLL tumor cells and IL-21 within the supernate of
these cocultures were noted.

CD40L-modified T cells induce IL-12p70 secretion and
mediate maturation of moDCs

Given the role of CD40L in DC maturation and secretion of the
proinflammatory cytokine IL-12, we next investigated if CD40L-
modified T cells could induce the same effect when cocultured

www.moleculartherapy.org vol. 23 no. 4 apr. 2015
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Figure 4 Secretion of IL-12 and maturation of monocyte-derived dendritic cells (moDCs) by CD40L-modified T cells. (a) Cytokine analysis of
culture media for cocultures (24 hours) between moDCs and CD40L-modified T cells from three separate donors demonstrating elevated IL-12p70
secretion. (b) Flow cytometry of moDCs demonstrating maturation following coculture with CD40L-modified T cells (solid line). All results are repre-

sentative of at least three separate experiments. IL-12, interleukin-12.

with autologous monocyte-derived DCs (moDCs). Significantly,
we found CD40L-modified T cell induced secretion of IL-12p70 in
cocultures containing moDCs and autologous CD40L-modified T
cells from three separate donors (Figure 4a). Range of CD40L-
modified T cells transduction is provided in Supplementary
Table S1. Maturation of moDCs, as determined by the surface
expression of costimulatory molecules (HLA-DR, CD86, and
CD83), was also demonstrated following coculture with CD40L-
modified T cells but not following coculture with mock-trans-
duced T cells (Figure 4b).

Expression of both CAR and CD40L by T cells results
in enhanced in vitro cytotoxicity

We next assessed the ability of T cells to express both the anti-
CD19 CAR (1928z) and CD40L using a bicistronic retroviral vec-
tor (1928z/CD40L) (Figure 5a). Transduction of T cells routinely
resulted in 240% expression of both 1928z and CD40L on 1928z/
CD40L T cells (Figure 5b). Control retroviral vectors were also
generated including the anti-CD19 CAR (1928z) and anti-PSMA
CAR (Pz1 and Pz1/CD40L) (Figure 5b). Proliferation of 1928z
T cells and 1928z/CD40L T cells following stimulation on artifi-
cial antigen-presenting cells (AAPCs) was measured and found
to be similar. We speculate the lack of enhanced expansion of
1928z/40L CAR T cells compared to 1928z CAR T cells may be

Molecular Therapy vol. 23 no. 4 apr. 2015

due in part to the overriding strength of the CD28 costimulatory
signals in the second generation CAR construct. To test this we
utilized our previously published first generation CAR (19z1) and
generated a 1921/40L vector.”” Following stimulation on AAPCs
we noted enhanced proliferation of 1921/CD40L T cells com-
pared to 1921 T cells alone (Supplementary Figure S7). To assess
in vitro antitumor activity of 19282z/CD40L T cells, a standard
4-hour *'Cr release assay was performed. Constitutive expression
of CD40L statistically enhanced the lytic capacity of 1928z T cells
against CD19% tumor cells when compared to a panel of control
T cells including T cells modified to express the 1928z CAR alone
(Figure 5c¢, Supplementary Figure S6). Furthermore, 1928z/40L
T cells induced secretion of IL-12p70 in cocultures containing
autologous moDCs (Supplementary Figure S8).

Expression of 1928z/40L by T cells results in
enhanced in vivo cytotoxicity in a systemic model of
follicular lymphoma

To investigate the in vivo antitumor activity of 1928z/CD40L T
cells, we utilized a xenotransplant model of systemic DOHH2
lymphoma. We have previously observed that systemic DOHH2
tumor cells are markedly refractory to CD19-targeted CAR T-cell
therapy in SCID/Beige mice (unpublished data, Figure 6). To
assess whether further modification of CAR T cells to constitutively
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Figure 5 Efficient transduction of human T cells with a CAR/CD40L
vector demonstrates enhanced cytotoxicity. (a) Schematic of ret-
roviral construct containing 1928z-IRES-CD40L and Pz1-IRES-CD40L
genes; LTR, long terminal repeat; SD, SA, splice donor and acceptor;
¥, packaging element; CD8 indicates CD8 leader sequence; scFv, single
chain variable fragment; V,, and V,, variable heavy and light chains; TM,
transmembrane domain. (b) FACS analysis of human T cells transduced
to express 19-28z/CD40L vector (prestimulation) with subsequent
enhanced expression of CAR/CD40L following coculture on AAPCs (NIH
3T3 fibroblasts expressing CD19 and CD80; 1928z/CD40LT cells shown)
used for in vivo experiments. x-axis, PE-conjugated 1928z CAR-specific
antibody (19e3); y-axis, APC-conjugated antihuman CD40L (CD154).
Results are representative of at least three independent experiments. (c)
As determined by standard *'Cr release assay 19-28z/40L T cells have
significant increased ability to lyse DOHH2 tumor cells compared to
19-28z T cells. Results of cytotoxicity assay are combined from three
independent experiments and effectors have not undergone prestimula-
tion on AAPCs. (*Denotes statistical significance where P < 0.05 using
Mann-Whitney test). AAPC, artificial antigen-presenting cell; FACS, fluo-
rescence-activated cell sorting.

express CD40L could enhance the antitumor efficacy in this
model, we inoculated and treated SCID/Beige mice bearing sys-
temic DOHH2 tumor with CAR/CD40L T cells. Significantly,
treatment with 1928z/CD40L T cells compared to treatment with
1928z T cells or control T cells (Pz1 and Pz1/CD40L T cells) dem-
onstrated enhanced survival and resulted in long-term survival in
mice treated with 1928z/40L T cells (Figure 6).

DISCUSSION

Adoptive therapy utilizing CAR T cells has shown promising clin-
ical responses in patients with B-cell malignancies.”> However,
CARTT cells have limited success against most other tumors most
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Figure 6 Tumor eradication and long-term survival following 1928z/
CD40L T-cell infusion. Survival curve of SCID-Beige mice inoculated
with DOHH2 tumor cells by intravenous (i.v.) injection 2 days before a
single i.v. dose of CAR-modified T cells. Enhanced long-term survival was
demonstrated in mice treated with 1928z/CD40L T cells (n = 22) as com-
pared to a panel of control T cells (1928z group n=13; Pz1 and Pz1/40L
group n =9). Results are combined from two independent experiments.
(*Denotes statistical significance between the 1928z/40L group versus
1928z group where P < 0.005). CAR, chimeric antigen receptor.

specifically solid tumors or low-grade B-cell malignancies."? In
their current form, CAR T cells have not demonstrated the ability
to overcome the immunosuppressive tumor microenvironment
or respond to tumor escape following target antigen loss.®” One
possible method for CAR T cells to overcome these limitations
is through the recruitment of an endogenous antitumor immune
response. Constitutive expression of CD40L may facilitate this by
improving CAR T-cell cytolytic capacity/proliferation, augment
tumor immunogenicity, and improve DC antigen presentation/
function.

To assess the effect of constitutive expression of CD40L in T
cells we developed a retroviral vector containing the CD40L gene.
When transduced in T cells both CD4* and CD8* T-cell sub-
sets demonstrated constitutive expression of CD40L (Figure 1b).
While more commonly associated with CD4% T cells, CD40L
expression and function (development of memory CD8" T cells)
have recently been reported.®® CD40L expression is also known
to enhance T-cell proliferation and secretion of proinflammatory
T, 1 cytokines (interferon-y, granulocyte-monocyte colony-stim-
ulating factor).?**! As expected, CD40L-modified T cells secrete
proinflammatory cytokines and demonstrate enhanced prolifera-
tion when compared to similarly activated but mock-transduced
T cells from the same donor. Expansion, persistence, and genera-
tion of homeostatic cytokines have been correlated with success-
ful antitumor results in patients with B-cell malignancies treated
with CAR T cells.”” To this end, arming T cells through the con-
stitutive expression of CD40L has at least the potential to enhance
CAR T-cell antitumor function. We also noted CD40L-modified T
cells have decreased expression of PD1 which has been noted to be
increased on the surface of CD19-specific CAR T cells following
adoptive transfer in patients with relapsed/refractory non-Hodg-
kin lymphoma possibly contributing to the limited persistence of
T cell in this study.*® Furthermore, CAR T cells have demonstrated
enhanced function through an antigen-independent auto-/
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trans-costimulation following expression of 4-1BBL and CD80
which could explain the effects seen following constitutive expres-
sion of CD40L by T cells.’!

Avoiding immunosurveillance through the downregulation
of cell surface proteins (HLA Class I, costimulatory molecules,
and/or adhesion molecules) is often employed by tumors to avoid
elimination.**>* Apoptotic resistance can also occur with the loss
of the Fas-death receptor on the surface of malignant cells.** To
counteract this, CD40L mediates the upregulation of costimula-
tory molecules (CD80 and CD86), adhesion molecules (CD54,
CD58, and CD70), HLA molecules (HLA Class I and HLA-DR)
and facilitate apoptosis through the Fas/FasL pathway on malig-
nant B-cell tumors.**** CD40L-modified T cells predictably
modified the phenotype of CD40" tumor cells resulting in the
upregulated expression of these critical surface proteins thereby
counteracting the tumor cells” ability for immune evasion. This
effect was dependent on the expression of CD40 by the tumor cells
as the phenotypic changes were absent when CD40~ tumor cells
were cocultured with CD40L-modified T cells. This effect was
also seen in a more clinically relevant setting wherein cocultured
CD40L-modified T cells derived from CLL patients augmented
the immunogenicity of autologous CLL cells. This finding dem-
onstrates the retained ability of T cells to augment the immu-
nogenicity of autologous malignant cells through constitutive
CD40L expression. Importantly, cell to cell contact is not a requi-
site for this effect as media containing elevated levels of sCD40L
from CD40L-modified T cells led to similar phenotypic changes.
Augmenting the immunogenicity of cancer cells through the
CD40L/CD40 pathway has been shown to induce an endogenous
antitumor response in previously published vaccine studies using
the infusion of autologous CLL tumor cells transduced with an
adenovirus vector encoding CD40L (Ad-CD40L-modified CLL
cells).?® In a similar manner, infusions of CAR T cells further mod-
ified to constitutively express CD40L could induce an endogenous
antitumor response limiting the ability of the tumors to escape
elimination through the downregulation/loss of target antigen(s).
Additionally, upregulation of IL-21R by CD40L-modified T cells
has potentially important implications as the IL-21/IL-21R path-
way has been shown to prevent CD8™ T-cell exhaustion.?

DC function (migration, maturation, and antigen presenta-
tion) is impeded within the tumor microenvironment.® In fact,
DC’s within the suppressive tumor microenvironment have a par-
adoxical function of inducing T, and tolerizing tumor-specific
T cells.”” To overcome this the CD40L/CD40 pathway can bolster
DC antigen presentation, IL-12 secretion, and promote CD8*
T-cell cytotoxic function.'™ In support of this agonistic CD40
antibodies have previously been shown to activate DCs and aug-
ment CD8*' T-cell response.”® Furthermore, CD40L-modified
tumor-specific CD8" T cells have been shown to stimulate the
maturation of DCs and augment the antitumor responses of adop-
tively transferred CD87 T cells in tumor-bearing mice.* We now
demonstrate CD40L-modified T cells stimulate DC maturation
with concomitant secretion of IL-12p70 from autologous moDCs.
Importantly, IL-12 has several immune-stimulatory functions
including the ability to enhance T-cell proliferation, cytotoxic
capacity, and mediate resistance to T suppression as we and oth-
ers have previously shown.*** The ability of CAR/40L T cells to

Molecular Therapy vol. 23 no. 4 apr. 2015
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stimulate maturation as well as IL-12 production from moDCs
may translate into an improved antitumor effect of adoptively
transferred CAR T cells as well as the recruitment of endogenous
tumor-specific T cells and natural killer cells. By promoting IL-12
production in close proximity to the tumor, we anticipate mini-
mal systemic IL-12-related toxicity in contrast to prior studies
showing severe toxicity following systemic IL-12 administration.
In addition to stimulating IL-12 production, CD40L-modified T
cells promote DC maturation which in the context of CAR T-cell
cytotoxicity should further enhance DC tumor antigen uptake
and presentation resulting in recruitment/activation of an endog-
enous antitumor response by effector T cells and natural killer
cells (Figure 4). Taken together enhanced DC function could
translate into enhanced antitumor efficacy of CAR-modified
tumor-specific T cells.

We next developed a retroviral vector containing both the
anti-CD19 CAR (1928z) and the CD40L genes and demonstrated
constitutive expression of both CAR and CD40L by T cells is read-
ily achievable. Significantly, when testing the cytotoxic potential
of 19282/40L T cells against a panel of CD197 targets (DOHH2,
Raji) we noted increased in vitro cytotoxicity compared to T cells
modified with the 1928z CAR alone (Figure 5¢, Supplementary
Figure S$6). Recently, Laurin et al.*! reported enhanced cytotox-
icity by CAR T cells against tumor cell lines following CD40/
IL-4-dependent upregulation of surface adhesion molecules pro-
viding one explanation for our in vitro results. Proliferation of our
1928z/40L T cells compared to 1928z T cells following stimulation
on AAPC was not found to be different in vitro which in part may
be due to strength of the CD28 costimulatory signal in the pres-
ence of antigen (Supplementary Figure S7). To test the in vivo
potential of CAR/CD40L T cells, a xenotransplant model using an
aggressive transformed follicular lymphoma cell line (DOHH2)
was studied. This model has been historically resistant to eradi-
cation by 1928z T cells (unpublished data; Figure 6). However,
1928z/CD40L T cells extended the survival of tumor-bearing
mice when compared to mice treated with 1928z T cells alone
and resulted in long-term survival in the 1928z/CD40L T-cell
treated group (Figure 6). While modest (the majority of mice
demonstrated progression of systemic lymphoma) this immuno-
compromised model has several inherent limitations including
the inability of human CD40L-expressing T cells to activate the
murine endogenous immune system given that hCD40L is unable
to bind mouse CD40.# Therefore, this model is unable to dem-
onstrate measurement of DC activation/IL-12 secretion by adop-
tively infused 1928z/CD40L T cells or if phenotypic alteration of
the tumor cells in vivo can result in recruitment of endogenous
antitumor effectors. The observed enhanced antitumor efficacy in
this model could be related to the enhanced cytotoxicity of CAR
T cells (Figure 5¢, Supplementary Figure S6) but the true in vivo
mechanism is not fully defined. To overcome the limitations of
this model and fully appreciate the impact constitutive CD40L
expression by CAR T cells has on the tumor microenvironment,
we have developed a fully immune competent mouse model of
systemic lymphoma using C57/B6 transgenic mice that express
both the human CD19 antigen and mouse CD19 on their B cells.
This model will allow us to investigate if constitutive expression
of CD40L by CAR T cells will result in auto-/trans-costimulation
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of CAR T cells, enhance IL-21/IL-21R signaling, alter the phe-
notype of systemic malignancy, activate an endogenous immune
response including effective recruitment of DC and endogenous
immune effectors such as tumor-infiltrating lymphocytes and/
or natural killer cells. Investigating this more clinically relevant
model of systemic lymphoma is the current focus of our research
with a goal of assessing the full antitumor potential of adoptively
transferred 1928z/CD40L T cells.

The constitutive expression of CD40L on bone marrow or
thymic cells has been shown to result in T-lymphoproliferative
disorders following infusion into CD40L-deficient mice.* The
authors of this study suggest the clonal populations arose within
the thymus following unremitting CD40L stimulation of thy-
mocytes leading to malignant transformation (rather than the
insertional oncogenesis of CD40L-modified cells). While we have
noted minimal toxicity and the absence of malignant transfor-
mation following infusion of CAR/CD40L T cells in our SCID/
Beige model, our focus on utilizing a syngeneic model will allow
us to define toxicity such as uncontrolled proliferation or cytokine
release. Furthermore, given the concerns regarding malignant
T-cell transformation we recognize that future application of this
therapy, particularly to the clinical setting, will require an effective
suicide gene, such as inducible Caspase 9, to be expressed by the
CAR/CD40L T cell.**

In conclusion, we present a novel approach to adoptive T-cell
immunotherapy wherein CAR T cells constitutively express
CDA40L. This approach delivers a potent immune-modulating
agent directly into the tumor microenvironment with the ability
to enhance T-cell proliferation/cytotoxicity, enhance tumor cell
immunogenicity, bolster antigen-presenting DC function with the
potential to recruit an endogenous antitumor immune response
to augment the antitumor responses mediated by CAR/CD40L
T cells. The true significance of this novel approach is not in the
modest increase in CD19-targeted cytotoxicity but in the concept
that constitutive expression of CD40L by a tumor-specific T cells
could have profound effects on the tumor microenvironment.
Preclinical testing using a fully immune competent mouse model
is currently underway to validate this hypothesis with a goal of
translating this promising immunotherapy to the clinic.

MATERIALS AND METHODS

Cell culture. DoHH2, Raji, and NALM-6 (American Type Culture
Collection, Manassas, VA) tumor cell lines were maintained in RPMI
1640 medium (GIBCO, Life Technologies, Gaithersburg, MD) supple-
mented with 10% heat-inactivated fetal bovine serum, nonessential amino
acids, sodium pyruvate, HEPES (N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid) buffer, and 2-Mercaptoethanol (Invitrogen, Carlsbad,
CA). The 293GP-GLV9 retroviral producer cell lines have been described
previously and were cultured in Dulbeccos modified Eagles medium
(GIBCO) supplemented with 10% fetal bovine serum.* NIH-3T3 AAPCs
were cultured in Dulbeccos modified Eagle’s medium supplemented
with 10% heat-inactivated donor calf serum as described previously.?”
Human T cells were isolated from peripheral blood of healthy donors
under Memorial Sloan Kettering institutional review board-approved
protocol 95-054 using BD Vacutainer CPT tubes (BD Medical, Franklin
Lakes, NJ) as per the manufacturer’s instructions. Patient T cell and CLL
cells were obtained from patients undergoing treatment under Memorial
Sloan Kettering institutional review board-approved protocol 06-138
(NCT00466531) and isolated using Dynabeads ClinExVivo CD3/CD28
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beads (Invitrogen). T cells were cultured in RPMI 1640 supplemented with
10% fetal bovine serum and 20 IU/ml IL-2 (R&D Systems, Minneapolis,
MN). moDCs were obtained from tissue culture plastic-adherent periph-
eral blood mononuclear cells of healthy donors and cultured in RPMI
1640 supplemented with 1% pooled human A/B serum, HEPES buffer,
2-Mercaptoethanol (Invitrogen), IL-4 (500 IU/ml—R&D Systems), and
granulocyte-monocyte colony-stimulating factor (1,000 IU/ml—R&D
Systems) as previously described.” All media were supplemented with 2
mmol/l L-glutamine (Invitrogen), 100 units/ml penicillin, and 100 pug/ml
streptomycin (Invitrogen).

Construction retroviral constructs. Human CD40L complementary DNA
was PCR amplified from isolated healthy donor peripheral blood mono-
nuclear cells using the following primers (i) 5-CACGTGCATGATC
GAAACATACAACCAAACTTCTCCCCGATCTGC-3" and (ii) 5-CTCG
AGGGATCCTCAGAGTTTGAGTAAGCCAAAGGA-3’. A gamma-
retroviral vector encoding human CD40L was constructed using the SFG
vector backbone (Figure 1a).*” Construction of 1928z and Pz1 (antipros-
tate-specific membrane antigen CAR; anti-PSMA) SFG-vector has been
previously described.”** Construction of 1928z-IRES-40L and Pz1-IRES-
40L SFG-gamma-retroviral vector was generated using overlapping PCR
(Figure 5a).*°

Retroviral transduction of human T lymphocytes. Generation of stable
293GP-GLV?9 retroviral producer cell lines and genetic modification of
human T cells has been previously described.**! For T-cell transduction,
isolated healthy donor peripheral blood mononuclear cells were activated
with phytohemagglutinin at 2 pg/ml (Sigma, St. Louis, MO), whereas
patient-derived T cells were isolated, activated, and expanded using
Dynabeads ClinExVivo CD3/CD28 beads following the manufacturer’s
recommendations. Activated T cells were retrovirally transduced on ret-
ronectin-coated (Takara Bio, Shiga, Japan) nontissue culture-treated plates
as previously described.”’ Gene transfer was assessed on day 7 by flow
cytometry. Control mock-transduced T cells were generated in the same
manner except supernatant was derived from empty 293GP-GLV9 cell
cultures. Proliferation of CD40L-modified T cells for three independent
experiments was assessed by the guava EasyCyte cell analyzer with guava
ViaCount reagent (EMD Millipore, Billerica, MA) and using CellTrace
CFESE Cell Proliferation Kit as per manufacturer’s instructions. Supernate
was also obtained for cytokine analysis over the first 3 days of the prolifera-
tion assay for three independent experiments. Expansion of modified T
cells for in vivo experiments was performed using AAPCs derived from
NIH-3T3 murine fibroblast genetically engineered to express the target
antigen (CD19 or PSMA) along with a costimulatory ligand (CD80) as
previously described.”

Coculture assays. Tumor cells (DOHH?2, Raji, Ph* ALL 3.1, NALM-6) were
cocultured at a ratio of 5:1 with CD40L-modified T cells and mock-trans-
duced T cells. Flow cytometry was performed after 3 days to determine phe-
notype of tumor cells. moDCs (2.5% 10°) were cocultured with autologous
CDA40L-modified T cells or mock-transduced T cells at a 1:5 ratio and tissue
culture supernatant was analyzed after 24 hours for IL-12p70 on a Luminex
IS100 system. moDCs were also cocultured at a ratio of 5:1 with CD40L-
modified T cells and mock-transduced T cells after which the phenotype of
moDCs was analyzed by flow cytometry at 24 hours.

Cytotoxicity assay. The cytolytic capacity of transduced T cells from three
independent experiments using three separate donors was determined
using standard *'Cr release assay as previously described.” T cells utilized
in the cytotoxicity assay did not undergo prestimulation on AAPCs.

Cytokine detection assays. Cytokine detection in tissue culture super-
natant was assessed using the MILLIPLEX Human Cytokine Detection
System (EMD Millipore) in conjunction with the Luminex IS100 system
and IS 2.3 software (EMD Millipore) as per manufacturer’s instructions.
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Flow cytometry. Flow cytometry was performed using a BD FACS Calibur
cytometer and data analyzed using Flow]Jo version 9.2 software (Tree Star,
Ashland, OR). CAR expression was detected using CAR-specific Armenian
hamster monoclonal antibody 19E3 (1928z) and 12D11 (1928z and Pz1,
Memorial Sloan Kettering monoclonal antibody facility). CD40L expres-
sion was detected using mouse antihuman CD154 (BD Biosciences, San
Jose, CA). Human T cells were stained with mouse antihuman CD3, IL-21R,
PD-1 (BD Biosciences), CD4, and CD8 (Invitrogen). moDCs were stained
using mouse antihuman CD11b, HLA-DR, CD83, and CD86 (Invitrogen).
DOHH?2, Raji, and NALM6 tumor cell phenotype was detected using
mouse antihuman CD19, CD40, CD54, CD80 CD86, HLA Class I, and
HLA-DR (Invitrogen), CD58, CD70, and CD95 (BD Biosciences).

CAR T-cellin vivo studies. We inoculated 8—-12 weeks old SCID/Beige (CB17.
Cg-Prkdc“Lyst*s//Crl) mice (Charles River Laboratories, Wilmington,
MA) with DOHH2 tumor cells (5 x 10° cells) by intravenous injection. Two
days later mice were infused intravenously with transduced T cells (1x 10’
CAR™ T cells). Tumor progression was monitored clinically and mice were
euthanized when disease became clinically evident (development of hind
limb paralysis and/or decreased response to stimuli). All murine studies
were done in accordance with a Memorial Sloan Kettering Institutional
Animal Care and Use Committee approved protocol (00-05-065).

Statistical analysis. All analyses were calculated using Graphpad Prism 5.0
software; survival data were assessed using a log-rank analysis and all other
analyses were achieved with a Mann-Whitney test (one-tailed).

SUPPLEMENTARY MATERIAL

Figure S1. CD3+ T-cell expression in CD40L-modfied T-cell cultures.
Figure $2. CD40L-modified T cells have enhanced proliferation.
Figure $3. CD40L-modified T cells have downregulation of PD1 on
cell surface.
Figure $4.
sCD40L.
Figure S5.

Augmented immunogenicity of CD40*" tumor cells by

Increased IL-21R expression by CD40L-modified T cells.
Figure $6. 1928z/CD40L T-cell cytotoxicity.

Figure S7. Proliferation of first and second generation CAR T with
constitutive expression of CD40L.

Figure $8. Secretion of IL-12 from monocyte-derived dendritic cells
(moDCs) following coculture with 1928z/40L T cells.

Table S1. Range of CD40L expression by donor CD40L-modified T
cells.
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