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The success of adoptively transferred tumor-directed
T cells requires them to survive and expand in vivo.
Most tumors, however, employ immune evasion mecha-
nisms, including the production of inhibitory cytokines
that limit in vivo T-cell persistence and effector function.
To protect tumor-directed T cells from such negative
influences, we generated a chimeric cytokine recep-
tor in which the interleukin (IL) 4 receptor exodomain
was fused to the IL7 receptor endodomain. We thereby
inverted the effects of tumor-derived IL4 so that the
proliferation and activation of tumor directed cytotoxic
T cells was enhanced rather than inhibited in the tumor
microenvironment, resulting in superior antitumor activ-
ity. These transgenic T cells were only activated in the
tumor environment since triggering required exposure
to both tumor antigen (signal 1) and tumor-derived
IL4 (signal 2). This selectivity supports future clinical
adaptation.
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INTRODUCTION

Adoptively transferred tumor-directed T cells can effectively traf-
fic to distant tumor sites, penetrate even bulky disease, and kill
disseminated tumor cells in a range of malignancies, including
Hodgkin lymphoma, nasopharyngeal carcinoma, neuroblastoma,
and melanoma.'* While infusion of such effector T cells may ben-
efit some patients with malignant disease, most tumors employ an
array of immune evasion mechanisms that allow them to escape
destruction by the infused cells. These mechanisms include the
downregulation of costimulatory molecules and the upregulation
of coinhibitory receptors such as PD1 and cytotoxic T-lymphocyte
antigen 4 (CTLA4) or the production of soluble inhibitory/Th2-
polarizing cytokines such as transforming growth factor (TGF)
B, interleukin (IL) 10, IL13, and IL4, all of which serve to limit
in vivo T-cell persistence and effector function.”

Investigators have neutralized tumor-derived inhibitory sig-
nals by using checkpoint blockade antibodies directed to inhibi-
tory receptors on T cells such as CTLA4, PDI, and its ligand
(PDL1), an approach that has been shown to enhance immune

responses to tumors and improve clinical outcomes.'""* An alter-
native approach is to genetically engineer the T cells to be resis-
tant to tumor inhibition. For example, Bollard and colleagues
demonstrated that the inhibitory effects of TGFf on T cells could
be negated by forced expression of a dominant-negative TGFf3
receptor type II (dnTGFB-RII) in tumor-directed T cells, prolong-
ing their persistence and enhancing tumor elimination in mice
bearing TGFf-expressing tumors.'*'> We are currently assessing
the safety and efficacy of such dnTGFB-RII-modified tumor-
specific T cells in patients with relapsed/refractory Hodgkin or
non-Hodgkin lymphoma.

We have now extended our T-cell engineering approach to
move beyond neutralization of inhibitory cytokines to the active
reversal of their effects, so that an immunosuppressive signal
becomes immunostimulatory. The advantages of this approach are
twofold: first, this modification should augment the function and
survival of the modified cells in the otherwise suppressive milieu
of the tumor. Second, it will allow the T cells to persist and sustain
function predominantly at the tumor site, since only there will the
engineered T cells encounter both signal one (antigen) and signal
two (immunosuppressive/stimulatory cytokine). In other words,
the approach should be both generally safe and locally effective.

To test the feasibility of this approach, we chose to focus
on the inhibitory Th2 cytokine IL4, which has been found at
elevated levels in many different tumors including Hodgkin’s
lymphoma, breast, prostate, and pancreatic cancer, where it
has been reported to favor tumor growth by inhibiting tumor-
directed Thl-polarized effector T-cell responses.'** Under
physiological conditions, IL4 receptor engagement activates a
signal cascade that downregulates proinflammatory and upregu-
lates anti-inflammatory (Th2-polarizing) cytokines. To reverse
these inhibitory effects, we fused the IL4 receptor exodomain
(cytokine-binding portion) to the signaling endodomain of the
IL7 receptor, a Th1 cytokine receptor, and used a retroviral con-
struct to express the chimeric receptor (IL4/7 ChR) in tumor-
directed T cells.

We show that upon IL4 engagement, the IL4/7 ChR signals
via the IL7 endodomain, supporting the maintenance of a Thl
phenotype in effector cells and augmenting their proliferation and
cytotoxic function, thereby enhancing both their persistence and
in vivo antitumor activity.
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RESULTS

Transforming an immunosuppressive T-cell signal
into an immunostimulant

Tumor-directed T cells may be inhibited in vivo by high levels
of tumor-associated IL4. Following engagement with its cognate
receptor on T cells, IL4 induces Stat6 phosphorylation, activat-
ing a signal cascade that downregulates proinflammatory (Th1-
polarizing) and upregulates anti-inflammatory (Th2-polarizing)
cytokines (Figure la). To reverse these inhibitory effects, we
constructed a retroviral vector encoding a fusion between the
cytokine-binding portion of the IL4 receptor exodomain and the
signaling endodomain of the IL7 receptor (a Thl cytokine recep-
tor) (IL4/7 ChR) (Figure 1c). Upon IL4 engagement, this novel
chimeric cytokine receptor should signal via the IL7 receptor
endodomain resulting in phosphorylation of Stat5 (pStat5) and
the transmission of a Th1 signal in transgenic T cells (Figure 1b).
To confirm expression of the IL4/7 ChR, we transduced Epstein-
Barr virus (EBV)-specific T cells and assessed their transduc-
tion efficiency by flow cytometric analysis, measuring expression
of both the IL4 receptor and an incorporated mOrange marker
sequence. Figure 1d shows a representative example, with 40.8%
of cells expressing both markers. The transduction efficiency
ranged from 30.4 to 56% (n = 6 donors; data not shown).

Transgenic IL4/7 ChR signaling
To assess the function of IL4/7 ChR, we first measured transgene
signaling by determining pStat5 levels after exposure of control
nontransduced (NT) and IL4/7 ChR transgenic EBV-specific
T cells to IL4 (1,000 U/ml). As a positive control, we exposed the
same cells to IL2 (50 U/ml), since both native and modified T cells
constitutively express the receptor for this cytokine. As antici-
pated, exposure to IL2 induced pStat5 in both NT and transgenic
1L4/7 ChR EBV-specific T cells treated. By contrast, IL4 exposure
induced pStat5 only in IL4/7 ChR transgenic cells (Figure 2a).
We next evaluated whether engagement of IL4 with IL4/7 ChR
T cells induced the same downstream signaling events as IL7, by
comparing the RNA expression profile of >20,000 target genes
in control NT and IL4/7 ChR T cells exposed to IL4. Addition
of IL4 to NT T cells activated the native IL4 receptor pathway
and increased expression of CEBP and CCR4 (Figure 2b and
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Table 1), both transcriptional targets of pStat6, and elevated lev-
els of VEGFA, VCAMLI, EGF1, and Statl—all of which have been
described to increase following IL4 exposure.?' > We also observed
arise in transcripts for SOX4, a transcription factor that enhances
Th2 differentiation as well as XCL1, which has been shown to have
a negative effect on Thl responses as well as IL2 and IFNY pro-
duction. Exposure of IL4/7 ChR-modified T cells to IL4, however,
had reciprocal effects: with decreased expression of CEBP, CCR4,
VEGFA, VCAMI1, EGF1, and Statl but increased expression of
Stat5a/b target genes, including MYC, IL2 receptor o, Bcl2, and
SOCS 1 and 2, which are characteristic of the IL7 receptor sig-
naling pathway.*** We also detected downstream targets of the
PI3 kinase signaling cascade such as serum- and glucocorticoid-
inducible kinase Sgk1, which increases GLUT1 expression in the
plasma membrane—a well known effect of IL7 signaling.*® Finally,
exposure of IL4/7 ChR-modified T cells to IL4 upregulated CD80,
HLA class II, and CCR2 expression, observations consistent with
the activation of IL7-associated pathways (Figure 2b).

We next assessed the cytokine profile of IL4/7 ChR transgenic
T cells exposed to IL4 since this is a prototypic Th2 cytokine, while
IL7 induces a Th1-polarized cytokine profile. We exposed NT and
1L4/7 ChR T cells to antigen and IL4 and subsequently assessed
the cytokine profile using a luminex array. Figure 2c shows that
NT T cells produce the Th2-associated cytokine IL13 in response
to IL4. In contrast, exposure of IL4/7 ChR-modified cells to IL4
induces prototypic Thl cytokines including IFNY, granulocyte-
macrophage colony-stimulating factor, and IL8, while levels of
Th2 cytokines such as IL13 were substantially lower than those
produced by IL4-exposed NT T cells. Thus, exposure of 1L4/7
ChR-modified antigen-specific T cells to IL4 induces downstream
signaling events and cytokine production consistent with acti-
vation of the IL7 receptor, thereby maintaining a Th1-polarized
T-cell population even in the presence of IL4.

Selective expansion of transgenic T cells in the
presence of IL4 cytokine

To discover whether the IL4/7 ChR could support the expansion
of transgenic T cells in conditions that mimic the tumor milieu,
we cultured both control and transgenic EBV-specific T cells in
the presence of IL4 (1,000 U/ml) and assessed their proliferation
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Figure 1 Transforming the immunosuppressive IL4 signal into an immunostimulant. Schematic of IL4 signaling through (a) wild-type and (b)
chimeric cytokine receptors. (c) Retroviral vector map of chimeric cytokine receptor (IL4/7 ChR). (d) The transgenic expression of IL4/7 ChR on EBV-
specific T cells as detected by mOrange and the IL4 receptor exodomain using an anti-IL4 receptor antibody.
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Figure 2 Transgenic IL4/7 ChR signaling. (a) IL2 induces Stat5 phosphorylation in both control (NT) and IL4/7 ChR EBV-directed T cells, whereas
IL4 induces Stat5 phosphorylation only in I1L4/7 ChR EBV-directed T cells. Black and red lines represent the profile of phosphorylated Stat5 in NT and
transgenic T cells, respectively. RNA microarray expression profile of >20,000 target genes in control NT and IL4/7 ChR T cells exposed to IL4. As an
additional control condition, EBV-directed T cells were modified to express the IL7 receptor®® and subsequently exposed to either IL4 or IL7. Panel (b)
shows a heat map of differentially expressed gene transcripts. (c) Finally, the cytokine production profile of NT and IL4/7 ChR cells exposed to IL4
was evaluated by luminex assay using supernatant harvested 24 hours after antigenic stimulation. The prototypic Th2 cytokine IL13 is shown in the
left panel, whereas prototypic Th1/proinflammatory cytokines [FNy, GM-CSF, and IL8 are shown in the right panel.

in a 3-day *H incorporation assay. As anticipated, control NT
T cells proliferated minimally in response to IL4 (12,205+1,021
counts per minute (CPM)). IL4/7 ChR transgenic cells, however,
showed high levels of *H incorporation in the presence of IL4
(107,436 £5,371 CPM) that were comparable to those observed
in the presence of IL2 (97,325+3,227 CPM) (Figure 3a, repre-
sentative donor of n = 4 tested). To assess the effects of chronic
IL4 exposure, we supplemented control and transgenic T cells
with IL4 (1,000 U/ml) twice a week for 3 weeks, along with weekly
antigen stimulation. Expansion was measured by cell counting
using trypan blue exclusion to distinguish live and dead cells.
Although NT T cells failed to expand in the presence of IL4 (day
0: 1x10° cells; day 21: 0.47+0.79x10° versus 24.6+7.64x10°
total cells, IL4 versus IL2, respectively) (P = 0.00045), IL4/7 ChR
transgenic T cells cultured under the same conditions expanded
to the same degree as cells cultured in IL2 (18.5+2.21 x 10° versus
21.17+2.88 x 10° total cells, respectively—day 21) (P = 0.11; n =
4) (Figure 3b). Moreover, IL4-driven T-cell expansion produced
positive selection for IL4/7 ChR (mOrange-expressing) T cells, as
detailed for a representative donor in Figure 3¢ and summarized
for five donors in Figure 3d (P = 0.001). Overall, culture in IL4
for 1 week enriched transduced (mOrange+) cells from a mean
of 39+11% on day 0 to 75+8% on day 7. Importantly, transgenic
expression of the IL4/7 ChR and progressive selection by culture
with IL4 did not impair the inherent cytolytic ability or speci-
ficity of the cells nor did it impact their capacity to respond to
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other common Y chain cytokines. As shown in Supplementary
Figure S1A, transgenic cells that had been expanded and selected
with antigen and IL4 for >3 weeks were able to kill autologous but
not allogeneic EBV-transformed B cells at levels similar to that
of their NT counterparts, and they continued to expand when
exposed to antigen and either IL2 (50 U/ml) or IL15 (10ng/ml)
(Supplementary Figure S1B).

Safety profile of IL4/7 ChR transgenic T cells

Since we observed both expansion and selection of transgenic
T cells cultured in the presence of IL4, we next evaluated whether
prolonged cytokine exposure could produce a T-cell population
capable of antigen- or cytokine-independent growth. We cultured
transgenic T cells with antigen (EBV-transformed B cells) and IL4
cytokine for 3 weeks, and thereby selected mOrange/IL4/7 ChR+
T cells (from 56% at day 0 to 96.1% at day 21; Figure 4a). We further
studied these enriched cells. As shown in Figure 4b, the presence
of either antigen alone or cytokine alone was insufficient to pro-
mote the growth of these selected transgenic T cells, which instead
remained dependent on the presence of both signals (1 = 5).

In vivo activity of 4/7R transgenic T cells in the
presence of IL4-producing tumors

To compare the antitumor effects of IL4/7 ChR and NT T cells,
we engrafted severe combined immunodeficiency (SCID) mice
subcutaneously with IL4-producing FFLuc-positive autologous
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Table 1 Thirty four differentially expressed genes (comparison between set 1 (IL4/7 ChR- and IL7R transgenic cells + IL4) and set 2 (NT and IL7R

transgenic cells + I1L4))

Heat map UniGene ID Gene title Gene symbol Avg FC (set 1 versus set 2)
1 Hs.73793 Vascular endothelial growth factor A VEGFA -2.2747175
13 Hs.159195 Dedicator of cytokinesis 1 DOCK1 -1.137552
15 Hs.643910 SRY (sex-determining region Y)-box 4 SOX4 -1.606005
19 Hs.517228 T-cell lymphoma invasion and metastasis 1 TIAM1 -2.3700775
23 Hs.160562 Insulin-like growth factor 1 (somatomedin C) IGF1 —-1.4717805
40 Hs.721094 Killer cell lectin-like receptor subfamily C, member 4 KLRC4 -1.2068495
49 Hs.440829 CCAAT/enhancer-binding protein (C/EBP), delta CEBPD -1.2837805
52 Hs.724418 Signal transducer and activator of transcription 1, 91 kDa STAT1 -1.3135515
55 Hs.643120 Insulin-like growth factor 1 receptor IGFIR -1.218368
57 Hs.160562 Insulin-like growth factor 1 (somatomedin C) IGF1 -1.1772075
70 Hs.292449 Fc receptor-like 3 FCRL3 —1.3471445
77 Hs.109225 Vascular cell adhesion molecule 1 VCAMI1 -1.101161
83 Hs.546295 Chemokine (C motif) ligand 1 XCL1 -1.576974
86 Hs.26670 Phosphoinositide-3-kinase interacting protein 1 PIK3IP1 -1.777862
100 Hs.184926 Chemokine (C-C motif) receptor 4 CCR4 -1.641606
130 Hs.485572 Suppressor of cytokine signaling 2 SOCS2 2.46241
131 Hs.72901 cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) CDKN2B 2.3606375
132 Hs.485572 Suppressor of cytokine signaling 2 SOCS2 2.3088865
160 Hs.409934 MHC, class II, DQ beta 1 HLA-DQB1 1.35174
164 Hs.387679 MHC, class II, DQ alpha 1 HLA-DQA1 1.264116
183 Hs.514107 Chemokine (C-C motif) ligand 3 CCL3 1.366465
187 Hs.596913 Hydroxyprostaglandin dehydrogenase 15-(NAD) HPGD 1.1889895
195 Hs.436066 Leukocyte-specific transcript 1 LST1 1.2228925
197 Hs.376208 Lymphotoxin beta (TNF superfamily, member 3) LTB 1.15951
203 Hs.231367 Interleukin 2 receptor, alpha IL2RA 1.4488035
204 Hs.202453 v-myc myelocytomatosis viral oncogene homolog (avian) MYC 1.8166575
207 Hs.1349 Colony-stimulating factor 2 (granulocyte-macrophage) CSF2 1.7978915
209 Hs.701991 Class II, MHC, transactivator CIITA 1.728045
235 Hs.838 CD80 molecule CD80 1.4929855
236 Hs.150749 B-cell CLL/lymphoma 2 BCL2 1.5015695
238 Hs.511794 Chemokine (C-C motif) receptor 2 CCR2 1.320095
248 Hs.50640 Suppressor of cytokine signaling 1 SOCS1 1.8618795
258 Hs.231367 Interleukin 2 receptor, alpha IL2RA 3.9535895
264 Hs.510078 Serum/glucocorticoid regulated kinase 1 SGK1 2.6432895

CLL, chronic lymphocytic leukemia.

EBV-transformed B cell tumors (5x10° cells/mouse). After
engraftment (measured by increasing luminescence on two or
more consecutive analyses—14-20 days after tumor inocula-
tion), mice were divided into four groups that received either
NT EBV-directed T cells (2x107/animal) without exogenous
cytokine, NT EBV-directed T cells with exogenous IL2 (2,000 U/
animal) administered three times per week, IL4/7 ChR trans-
genic EBV-directed T cells (2x107/animal), or no treatment
(n = 8-28 animals/group), and tumor growth was measured by
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bioluminescence imaging and calipers. Figure 5a summarizes
tumor growth on day 14 posttreatment. In animals that did not
receive EBV-directed T cells, the tumor signal progressively
increased (mean: 101.1+31.9-fold change in luminescence) with
an average tumor volume of 1,639 + 128 mm?® (Figure 5b), and by
day 25 after tumor injection, all animals were euthanized due to
tumor burden (Figure 5¢). In mice receiving unmodified EBV-
directed T cells, there was an initial antitumor response with an
early decrease in signal immediately (~5 days) posttreatment

www.moleculartherapy.org vol. 22 no. 6 jun. 2014
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Figure 3 Selective expansion of transgenic T cells in the presence of L4 cytokine. (a) Proliferation of NT and transgenic EBV-specific T cells in the
presence of IL2 or IL4 as measured in a 3-day *H incorporation assay. (b) Expansion of NT and IL4/7 ChR EBV-directed T cells after repeated weekly
stimulation with autologous EBV-LCL and IL2 or IL4. NT and IL4/7 ChR EBV-directed T cells expanded at equivalent levels in response to antigen and
IL2 (black solid line). In contrast, IL4/7 ChR transgenic but not NT EBV-specific T cells expanded when stimulated with EBV-LCL and 1L4 (red solid line)
(n = 4). The percentage of 1L4/7 ChR+ cells remained unchanged when 1L4/7 ChR EBV-directed T cells were stimulated with EBV-LCL+IL2, but the
transgenic population significantly increased when IL4 was substituted. Panel (c) shows a representative donor, whereas panel (d) shows summary

data for 5 donors tested.

(data not shown). Without exogenous cytokine support, how-
ever, the benefit was transient and the tumor progressed from
day 10 onwards (Figure 5a), reaching an average tumor volume
of 935+240mm® (n = 18) (Figure 5b) and resulting in euthana-
sia of all animals by day 36 (Figure 5¢). Mice receiving NT EBV-
specific T cells and IL2 showed a significant decrease in tumor
signal for >2 weeks (Figure 5a and b), but tumor eventually pro-
gressed, resulting in euthanasia by day 52 (Figure 5c). Strikingly,
animals receiving IL4/7 ChR transgenic cells showed benefit from
the treatment, even in the absence of exogenous cytokine sup-
port. Thus, we observed a decrease in the tumor signal, originat-
ing from the tumor core, as detected by bioluminescence imaging
(Figure 5d), and computed tomography (CT) imaging showed a

Molecular Therapy vol. 22 no. 6 jun. 2014

hyperdense structure that correlated with a necrotic tumor center
(Figure 5e). Overlaying these bioluminescence and CT images
showed that IL4/7 ChR transgenic T-cell treatment produced cen-
tral tumor necrosis that radiated to the periphery (Figure 5f and
Supplementary Videos S1-S3). These changes were not evident
in the other treatment groups. As a consequence of this response,
median survival was increased so that 32% of the mice (9 of 28
animals) were long-term survivors (Figure 5¢).

DISCUSSION

We have demonstrated the feasibility of protecting adoptively
transferred effector T cells from inhibitory, tumor-produced cyto-
kines by inverting a tumor-derived suppressive signal to enhance
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Figure 4 Safety profile of IL4/7 ChR transgenic T cells. With weekly antigenic stimulation in the presence of IL4, the transgenic IL4/7 ChR+ cells
had a selective advantage resulting in their outgrowth. Panel (a) shows a representative donor where the transgenic population increased from 56
to 96.1% over a period of 21 days. (b) However, the growth of these selected I1L4/7 ChR EBV-specific T cells remained both antigen and cytokine
dependent, as removal of either EBV-LCL or IL4 resulted in culture failure (n = 5).

antitumor activity. The chimeric cytokine receptor (IL4/7 ChR)
we describe bound to tumor-produced IL4 and activated the
downstream signaling cascade associated with a native IL7 recep-
tor, so that engagement of the IL4/7 ChR with IL4, a prototypic
Th2 cytokine, supported the maintenance of a Th1 (effector) phe-
notype and augmented cell proliferation and antitumor function
of adoptively transferred cells.

Although adoptively transferred, tumor-directed T cells can
produce potent antitumor effects in vivo, most tumors employ
multiple strategies to avoid immune-mediated -elimination.
These can be broadly grouped into two categories: (i) strategies
that prevent T-cell recognition such as target antigen and major
histocompatibility complex downregulation and (ii) strategies
that limit T-cell persistence and effector function including the
recruitment of inhibitory cells (e.g., myeloid suppressor cells,
regulatory T cells), the expression of inhibitory ligands/recep-
tors (e.g., CTLA4, PD1, and PDL1), and the production of soluble
inhibitory/Th2-polarizing cytokines, several of which also sup-
port tumor growth.”’

Investigators have counteracted these immune evasion tac-
tics by the systemic administration of agents designed to non-
specifically deplete suppressor/inhibitory cells and by making
“space” for the infused effector cells (e.g., chemotherapy or
antibody-mediated lymphodepletion).> More recently, targeted
agents have been successfully tested that modulate a particular
aspect of the tumor microenvironment. These include check-
point antibodies designed to selectively block coinhibitory
receptors, such as CTLA4, PDI, or its ligand, PDLI, in order
to amplify antitumor immune responses or the administration
of TGF-B-specific neutralizing antibodies or soluble TGFf
receptor, designed to act as specific competitors in vivo.!'-1327-2
Unfortunately, the systemic delivery of these immune-mod-
ulating agents has led to in vivo toxicities since they affect T
cells irrespective of their target antigen specificity. For example,
patients who received the CTLA4-blocking antibodies ipilim-
umab and tremelimumab developed off-target T-cell-mediated
autoimmune disorders most commonly affecting the skin (rash,
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pruritus, vitiligo), bowel (diarrhea, colitis), liver (hepatitis,
elevated liver enzymes), and the pituitary or other endocrine
glands (hypophysitis, hypothyroidism, thyroiditis, adrenal
insufliciency).! In an effort to reduce off-target toxicities, we
have instead engineered tumor-directed T cells ex vivo, so that
on subsequent infusion, they are protected from the nega-
tive effects of inhibitory cytokines present at the tumor site,
without modulating the broader population of endogenous T
cells, thereby avoiding autoimmune reactivity. We previously
described expression of a dominant-negative TGFp receptor
(DNR-type II) that binds the TGFP present in abundance in the
tumor milieu but fails to transmit the inhibitory signal medi-
ated by engagement of a wild-type receptor.”* T cells that express
DNR-II have prolonged persistence and enhanced tumor elimi-
nation in mice bearing TGF-expressing tumors and may show
similar benefits in humans with relapsed/refractory Hodgkin’s
disease or non-Hodgkin lymphoma.'* We now describe how it
is feasible to go beyond simply neutralizing an inhibitory cyto-
kine signal and actively reverse its effects.

We chose to invert the signal transmitted by IL4, since this
prototypic Th2 cytokine has wide-ranging immunosuppressive
effects in the tumor microenvironment. IL4 polarizes tumor-
directed CD4+ T cells to a type 2 phenotype and reduces effector
CD8* T-cell numbers and cytolytic activity. In addition, the cyto-
kine activates suppressive M2 and tumor-associated macrophages
(TAM), which further suppress adaptive immunity, and promote
tumor growth, invasion, metastasis, and stromal remodeling.
Finally, IL4 has been shown to act as a growth factor for a variety
of tumors including breast, prostate, and pancreatic cancer.'*?°

To invert the inhibitory effects of IL4 on effector T cells, we
chose to fuse the IL4 receptor exodomain with the endodomain
of the IL7 receptor since both receptors share the common IL2
Y chain expressed by all T cells but IL7 receptor signaling pro-
motes homeostatic proliferation and supports effector T-cell sur-
vival and memory formation.***! The IL4/7 ChR receptor o chain
exodomain fusion produced canonical wild-type IL7 receptor sig-
naling when engineered T cells were exposed to IL4, including
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Figure 5 In vivo activity of 1L4/7 ChR transgenic T cells in the presence of IL4-producing tumors. Severe combined immunodeficiency mice
engrafted subcutaneously with FFluc-positive EBV-LCLs engineered to produce IL4 (5x10%/animal) were subsequently divided into four groups.
A control group did not receive any T cells (tumor alone: open square), whereas the remaining mice were treated with (i) NT T cells without additional
cytokines (NT T cells: triangle with gray shading), (i) NT T cells with exogenous IL2 provided three times weekly (NT T cells + IL2: black triangle),
or (iii) IL4/7 ChR T cells without exogenous cytokines (4/7R T cells: red circle). Panel (a) shows tumor growth as monitored using an in vivo imaging
system and reported as fold change in bioluminescence, and panel (b) shows tumor volume (mm?) as measured using calipers. (c) The long-term sur-
vival advantage provided by IL4/7 ChR transgenic T cells. (d) Bioluminescence images of representative mice from the tumor alone group as well as
animals receiving either NT or IL4/7 ChR T cells. (e) The CT imaging performed on the same animals, whereas panel (f) shows the bioluminescence/
CT overlay.

upregulation of pStat5 target genes including MYC, IL2 receptor ~ Our results showed that this negative feedback loop remained
o, and Bcl2.2 Under physiological conditions, signal transduced  fully functional following engagement of the IL4/7 ChR by IL4,
through the native IL7 receptor is terminated by upregulation  suggesting that this modification would not promote autonomous
of SOCS 1 and 2, which are downstream targets of pStat5 and  growth of effector T cells. Consistent with this observation, IL4/7
directly inhibit the activated Jak pathway by acting as pseudosub- ~ ChR-modified T cells ceased to proliferate or persist once cyto-
strates and promoting the degradation of the signaling complex.  kine was withdrawn.
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Although manipulations (such as lymphodepletion, infu-
sion of cytokines, or incorporation of costimulatory endodo-
mains)"**~* may increase the expansion and potency of infused
T cells, such actions may cause toxicity due to the paucity of true
tumor-specific target antigens. Thus, the in vivo expansion and
activation of T cells that recognized tumor-associated antigens
may in fact result in “on-target, oft-tumor” effects resulting in the
damage of healthy tissues expressing the targeted antigen. These
severe and even fatal consequences have been observed in sub-
jects who received chimeric antigen receptor (CAR) T cells target-
ing antigens such as carbonic anhydrase IX or human epidermal
growth factor receptor 2, expressed both by malignant cells and
cells of the liver and lung, respectively.**** However, in the latter
case, it is likely that the cell dose infused (1 x 10" cells) was also a
factor that contributed to the toxicity since our group has targeted
human epidermal growth factor receptor 2 clinically with cell
doses ranging from 1 x 10*/m? to 1 x 10%/m?* with no dose-limiting
toxicity (S. Gottschalk, personal communication).

Hence, it is crucial that efforts to enhance the functionality
of tumor-directed T cells in vivo and overcome tumor immune
inhibition become operative only in the tumor environment and
not in normal tissues. In other words, advances in the safety and
efficacy of T cells will require them to become capable of rec-
ognizing patterns of gene expression that are different between
normal and malignant cells, rather than relying on single anti-
genic markers. One means of achieving such pattern recognition
is to incorporate receptors who, once engaged, function as the
Boolean operators “AND,” “OR,” and “NOT.” The IL4/7 ChR we
describe is one such example of an “AND” operator, since opti-
mal activation will occur only in engineered T cells that encoun-
ter both their specific tumor antigen and the IL4 present at high
concentrations in the tumor site. Other investigators have devel-
oped alternative “AND” receptors. For example, Wilkie et al.*
modified activated T cells with two engineered receptors: a first-
generation CAR targeting the breast cancer-expressed human
epidermal growth factor receptor 2 coupled with CD3{ and a
chimeric costimulatory receptor (CCR) in which Mucl specific-
ity was coupled with CD28. The investigators showed that the
dual-targeted T cells received complementary signals when both
receptors were engaged, leading to potent cytotoxicity and syn-
ergistically enhanced proliferation only in the presence of tumor
cells expressing both targets. Kloss et al. extended this approach
to a prostate cancer model and demonstrated that dual-targeted
T cells expressing a first-generation CAR targeting PSCA and a
CCR with specificity for PSMA coupled to CD28 and 41BB did
not react to tissues expressing either PSCA or PSMA alone but
produced potent T-cell activation only upon encounter with the
two coexpressed antigens.*” The disadvantage of the dual-antigen
complementation approach, however, is that antigen loss vari-
ants readily occur in most tumors, and the more antigens that
are required to be present on a tumor for successful T-cell rec-
ognition to occur, the higher the probability that a mutational
event will render the tumor nonstimulatory.***! While mutation
of the tumor/tumor microenvironment may also lead to loss of
IL4 secretion, the absence of this cytokine would have multiple
detrimental effects on tumor growth and its evasion of an effec-
tive immune response, limiting the benefits of such a change. The
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use of dual receptor complementation and the expression of an
IL4/7 ChR are not mutually exclusive and ultimately may prove
synergistic for both safety/specificity and efficacy.

Finally, as with any genetic modification of hemopoietic cells
that provides a positive growth signal, there is a concern that
there will be long-term dangers of malignant transformation.*>**
While this possibility will need careful consideration, we think
the risk of transformation is low since we are modifying fully
differentiated T cells rather than hematopoietic stem cells, and
our modification is to the IL7 o endodomain, which is trig-
gered exclusively by IL4 cytokine, and not to the endodomain
of the common Yy chain which is shared by the receptors for
multiple cytokines.***"#-% Certainly, our modified cells remain
dependent on antigenic signals and exogenous growth factors,
and we found no evidence for autonomous growth. Hence,
expression of an IL4/7 ChR on tumor-targeted T cells can invert
the effects of a tumor-derived inhibitory cytokine and thereby
enhance the persistence and antitumor activity observed.

MATERIALS AND METHODS

Donor and cell lines. Peripheral blood mononuclear cells, obtained from
healthy volunteers with informed consent under an IRB-approved proto-
col, were used to generate EBV-specific T-cell lines and EBV-transformed
lymphoblastoid cell lines (EBV-LCLs). EBV-LCLs were generated with
concentrated supernatants of the B95-8 cell line, as previously described,*
and were maintained in LCL media (RPMI 1640 (Hyclone Laboratories,
Logan, UT), 10% FBS (Hyclone Laboratories, Logan, UT) and 2 mmol/l
L-glutaMAX (Gibco by Life Technologies, Grand Island, NY)) in G-Rex
flasks (Wilson Wolf Manufacturing, New Brighton, MN).*

Generation of retroviral construct and retroviral transduction. We
synthesized (DNA 2.0, Menlo Park, CA) a codon-optimized sequence
encoding the signal peptide and extracellular domain of the human IL4
receptor o chain fused with the transmembrane and intracellular domain
of IL7 receptor, with the restriction sites Xhol and Mlul incorporated
up- and downstream, respectively. After enzymatic digestion with Xhol
and Mlul, the IL4/7 ChR DNA insert was incorporated into a SFG retro-
viral vector containing an internal ribosomal entry site element and the
fluorescent marker mOrange.*!

Retroviral supernatant were produced using 293T cells, which were
cotransfected with 3.7 pg of the IL4/7 ChR retroviral vector, 3.7 ug of the
Peg-Pam-e plasmid containing the sequence for MoMLV gag-pol, and 2.5
ug of the RDF plasmid containing the sequence for the RD114 envelope,
using the GeneJuice transfection reagent (Novagen, Billerica, MA).
Retroviral supernatant was collected at 48 and 72 hours posttransfection,
filtered (using a 0.45-mm filter), and stored at —80 °C.

EBV-specific T-cell generation and transduction. EBV-specific T cells
were prepared using peripheral blood mononuclear cells, autologous EBV-
LCLs, and recombinant human IL2 (IL2, 50 U/ml; NIH, Bethesda, MD), as
previously described.* EBV-specific lines obtained after the third stimula-
tion were transduced with the 4/7R ChR retroviral supernatant, as previ-
ously described.”® In brief, 2 days after stimulation with EBV-LCLs, T cells
were plated in 24-well plates precoated with a recombinant fibronectin
fragment (FN CH-296; Retronectin; Takara Shuzo, Otsu, Japan). After the
addition of retroviral supernatant and IL2 (100 U/ml), T cells were spun
at 1,000¢ for 30 minutes at room temperature and then transferred to a
37 °C incubator and maintained at 5% CoO,. Three days later, EBV-specific
T cells were collected, transduction efficiency was analyzed by flow cytom-
etry, and the cells were maintained in culture by weekly stimulation with
EBV-LCLs and IL2 (50 U/ml), IL4 (1,000 U/ml), or IL15 (5ng/ml) (R&D
Systems, Minneapolis, MN).
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Characterization of T cells in vitro

Flow cytometry. For all flow cytometric analyses, samples were acquired
on a Gallios Flow cytometer, and the data analyzed using Kaluza soft-
ware (Beckman Coulter, Brea, CA). Antibodies were purchased from
Becton-Dickinson (BD, Franklin Lakes, NJ), and the isotype controls were
IgG1-PE, IgG1-PerCP, IgG1-FITC, or IgGl-APC. Phosphate-buffered
saline (PBS, Sigma, St. Louis, MO) with 2% FBS and 0.1% sodium azide
(Sigma) was used as a wash buffer, and PBS with 0.5% paraformaldehyde
(Sigma) was used as fixative solution. For staining, cells were harvested,
washed once with wash buffer, pelleted, and antibodies were added in satu-
rating amounts (5 1). After 15-minute incubation at 4 °C in the dark, cells
were washed twice, fixed, and analyzed.

Surface staining. Transgenic populations were detected by analyzing
mOrange positive cells on the PE channel and expression of the IL4 recep-
tor using an APC-conjugated IL4 receptor antibody.

Phospho flow. To detect the phosphorylation of Stat5, control NT T
cells and IL4/7 ChR T cells were collected 7 days after antigen stimu-
lation and rested in serum-free Iscove's Modified Dulbecco's Medium
(GIBCO, Grand Island, NY) media for 24 hours without any cyto-
kines. Subsequently, T cells were stained with a monoclonal antibody,
which bound to Tyr-694 and conjugated with Alexa Fluor 647 (from
Becton-Dickinson).

Measurement of cytokine levels. The Milliplex Human Cytokine
Immunoassay (Cat# HSCYTO-60SKPMX13) (Millipore, Billerica MA),
which detects IL1J, IL2, L4, IL5, IL6, IL7, IL8, IL10, IL12p70, IL13, IFNY,
GM-CSE and TNFa, was used to assess cytokine levels in culture superna-
tant collected from NT and IL4/7 ChR cells 24 hours poststimulation. The
assay was performed as per manufacturers’ instructions, and samples were
analyzed on a Luminex 200 (XMAP Technology, Luminex Corporation,
Austin, TX).

Gene expression profiling. To assess the gene expression profile of NT
and transgenic T cells, we took cells from each condition 4 days after the
last antigenic stimulation, exposed the cells to IL4 for 24 hours and then
harvested and the cell pellet was snap frozen. Due to the lack of IL7 recep-
tor expression on EBV-specific T cells,* we additionally modified these
cells to transgenically express this molecule® and cultured these cells in
the presence of either IL4 or IL7. RNA was extracted from these samples
using an RNeasy Kit from Qiagen (Valencia, CA). RNA expression profil-
ing was performed by Genome Exploration USA (Memphis, TN). In brief,
total RNA was processed by the random primed RT-IVT-RT method
using the Ambion WT Expression Kit (Life Technologies, Carlsbad, CA)
according to the manufacturers instructions. Fragmented cDNA was
hybridized for 17 hours at 45 °C to GeneChip PrimeView Human Gene
Expression Arrays (Affymetrix, Santa Clara, CA). The PrimeView array
is comprised of more than 530,000 probes (>43,000 probe sets) cover-
ing over 36,000 transcripts and variants, which, in turn, represent more
than 20,000 genes mapped through UniGene or via RefSeq annotation.
Expression data were analyzed following background correction, quan-
tile normalization, and probe set signal summarization by robust multi-
array average method.* Differential expression was identified in pairwise
comparisons of single arrays using an absolute fold change threshold >2.
Punnett square analysis was further used to identify differential expres-
sion when comparing two pairs of arrays. Unsupervised hierarchical clus-
tering and heat map generation were performed in GeneMaths XT using
absolute or row mean centered log2-transformed RMA signal values.
Probe set clustering was performed by the UPGMA method (unweighted
pair group method using arithmetic averages) using Pearson correlation
or Euclidean distance as the similarity metric; sample clustering was per-
formed by UPGMA or complete linkage methods using Pearson correla-
tion as the similarity metric.

Chromium release assay. We evaluated the cytotoxic activity of
EBV-specific T cells using a standard 4-hour *'Cr release assay, as previ-
ously described*¢ with autologous and mismatched EBV-LCLs as tar-
get cells.
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Proliferation assay. For proliferation assays, 1 x 10° NT and IL4/7 ChR
T cells were cultured with y-irradiated (40 Gy) autologous EBV-LCLs in
200 pl T-cell media (RPMI supplemented with 45% ClicK’s medium (Irvine
Scientific, Santa Ana, CA), 2 mmol/l GlutaMAX, and 10% FBS) in the
presence of either IL4 (1,000 U/ml), IL2 (50 U/ml), or without exogenous
cytokine. The cocultures were plated in triplicate in U-bottom 96-well
plates (Falcon; Becton-Dickinson). On day 4, cultures were pulsed with
1 uCi *H-thymidine per well (Amersham Biosciences, Piscataway, NJ)
and harvested onto strips (Brandel, Gaithersburg, MD) 15-18 hours later
using a PHD cell harvester. *H-thymidine uptake was measured using in
a B-scintillation counter (TriCarb 2910 TR; Perkin Elmer, Waltham, MA).
The experiments were performed in triplicate.

In vivo antitumor activity in a xenograft model. To assess the antitumor
effects of EBV-specific T cells expressing IL4/7 ChR, we used a severe com-
bined immunodeficiency mouse model and an in vivo imaging system as
previously described.*”** EBV-LCLs were transduced with a retroviral vec-
tor encoding for IL4 cytokine and eGFP-FFLuc and sorted based on GFP
expression using a MoFlo flow cytometer (Cytomation, Fort Collins, CO).
ICR severe combined immunodeficiency mice (8-10 weeks old) were pur-
chased from Taconic (Germantown, NY), engrafted subcutaneously with
5x10° eGFP-FFLuc-IL4/EBV-LCLs, and tumor cell growth was monitored
weekly using bioluminescence imaging and calipers. After tumor engraft-
ment (defined as an increase in tumor signal in at least two consecutive
bioluminescence measurements and a tumor diameter >5 mm), mice were
subdivided in different treatment groups. In vivo imaging was performed
by administering p-luciferin (150 mg/kg) intraperitoneally, and animals
were analyzed using the Xenogen-In Vivo Imaging System, as previously
described.””** The intensity of the signal was measured as total photon/s/
cm?/sr (p/s/cm?/sr). Mouse experiments were performed in accordance
with Baylor College of Medicine’s Animal Husbandry guidelines.

CT imaging of tumors in vivo. The CT images were acquired at the
Small Animal Imaging Facility of Texas Children’s Hospital using a
Siemens Inveon MM preclinical scanner (Siemens AG, Knoxville, TN).
In each scan, 360 projections were acquired covering a full rotation
of the gantry, with a source-to-detector distance of 312.91mm and a
source-to-COR distance of 183.92 mm. The X-ray tube voltage and cur-
rent were set at 80 kVp, 500 pA, with an exposure time of 650 ms per
projection. During the procedure, the animals were anesthetized with
1.5 to 2% of isoflurane.

The CT slices were reconstructed using COBRA (Exxim Computing
Corporation, Pleasanton, CA) on a volume of 640 x 640x 992, 70 um
isotropic voxels. The natural contrast of the images provided a clear
visualization of the necrotic tissue and a faint contrast at the interface
of the tumor and the surrounding tissue. This was used to segment the
tumor tissue manually using Inveon Research Workplace (Siemens
AG, Knoxville, TN). The 3D volume renderings were generated using
OsiriX (open source software, available online: http://www.osirix-
viewer.com).

Statistical analysis. All in vitro data are presented graphically and sum-
marized by mean + SD or SEM. When a P value was <0.05, a mean dif-
ference was accepted as statistically significant. For the bioluminescence
experiments, intensity signals were log-transformed and summarized
using mean + SD at baseline and multiple subsequent time points for each
group of mice. Changes in intensity of signal from baseline at each time
point were summarized.

SUPPLEMENTARY MATERIAL

Figure S1. Specificity and proliferative capacity of NT and 1L4/7 ChR
T cells in vitro.

Video $1. Flythrough of a volume-rendering CT scan showing the
tumor mass (highlighted in green) in an untreated animal.

Video $2. Flythrough of a volume-rendering CT scan showing the
tumor mass (highlighted in green) in an animal treated with NT T cells.
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Video $3. Flythrough of a volume-rendering CT scan showing the
tumor mass (highlighted in green) in an animal treated with 4/7 ChR
T cells.
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