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Despite activity as single agent cancer therapies, Rapamy-
cin (rapa) and its rapalogs may have their greatest effects
when combined with other therapeutic modalities. In
addition to direct antitumor activity, rapalogs reverse
multiple tumor-intrinsic immune evasion mechanisms.
These should facilitate tumor-specific T cell activity, but
since rapa directly inhibits effector T cells, this potential
immune enhancement is lost. We hypothesized that if T
cells were rendered resistant to rapa they could capital-
ize on its downregulation of tumor immune evasion. We
therefore modified T cells with a rapa-resistant mutant
of mTor, mTorRR, and directed them to B lymphomas by
coexpressing a chimeric antigen receptor (CAR) for CD19
(CAR.CD19-28(). T cells expressing transgenic mTorRR
from a piggyBac transposon maintain mTor signaling,
proliferate in the presence of rapa and retain their cyto-
toxic function and ability to secrete interferon-y (IFNY)
after stimulation, effector functions that were inhibited
by rapa in control T cells. In combination, rapa and rapa-
resistant-CAR.CD19-28C-expressing T cells produced
greater antitumor activity against Burkitt’s lymphoma
and pre-B ALL cell lines in vitro than CAR.CD19-28( T
cells or rapa alone. In conclusion, the combination of
rapa and rapa-resistant, CAR.CD19-28(-expressing T
cells may provide a novel therapy for the treatment of B
cell malignancies and other cancers.
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INTRODUCTION

Adoptive immunotherapy with antigen-specific cytotoxic T lym-
phocytes offers several desirable features in comparison with cur-
rently available cancer therapeutics. Antigen-specific T cells are
exquisitely specific and have minimal off-target effects. They can
actively migrate to and penetrate both primary tumors and distant
metastases, specifically expand in response to antigenic stimulation
in vivo, and persist long-term. Indeed, transfer of virus-specific

cytotoxic T lymphocytes or tumor-specific T cells has induced
complete sustained remissions in Epstein-Barr virus-associated
lymphoma,'-* nasopharyngeal cancer,® and melanoma.” However,
the broader application of T cell therapy for cancer is limited by
inadequate presentation of poorly immunogenic tumor antigens
and by the establishment of an immune-suppressive tumor envi-
ronment that provides a barrier to immune-mediated elimination.

Investigators have evaluated the transgenic expression of artifi-
cial chimeric antigen receptors (CARs) on T cells to redirect their
cytolytic activity to tumor-associated cell surface antigens.®® This
strategy bypasses the requirement for tumor antigen presentation
on major histocompatibility complex class I molecules, a process
that is inhibited at many levels by most tumors."” The efficacy of
CARs can be improved, by incorporation of the intracellular sig-
naling domains of costimulatory molecules, so that costimulation
accompanies antigen-ligation of the CAR. Nonetheless, CAR-
expressing T cells remain susceptible to suppression through
inhibitory ligands expressed by tumors and by tumor stroma.'"?
Moreover, tumor cells upregulate antiapoptotic factors, like Mcl-1,
which provides tumor cells with intrinsic resistance to granzyme
B-mediated apoptosis,’*'* a primary killing mechanism of cyto-
toxic T cells.

Genetic manipulation of T cells to provide resistance to indi-
vidual components of the suppressive tumor microenvironment is
one means of overcoming tumor resistance to conventional effec-
tor cells, and a number of such approaches have been described.'*?
We have investigated an alternative strategy.

The AKT/mTor pathway is frequently dysregulated in tumors
and is a central regulator of cell growth and survival. mTor contrib-
utes to tumor development by mediating tumor cell proliferation
and angiogenesis and by upregulating genes involved in chemo-*
and immunoresistance.'**** The mTor pathway can be targeted by
small-molecule inhibitors, such as rapamycin (rapa) and its rapa-
logs, which have a similar mechanism of action.”® In preclinical
studies, rapalogs have activity against a wide range of malignancies,
but have produced few objective tumor responses as single agents.
Consequently, there is increasing interest in combining rapa-
logs with other therapies. Many of the effects of mTor inhibition,
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such as downregulation of antiapoptotic factors like Mcl-1"**? and
downregulation of inhibitory cytokines and ligands, such as inter-
leukin-10 (IL-10), vascular endothelial growth factor (VEGF), and
PD-L12"%2+2728 would be expected to enhance T cell function and
survival and increase tumor sensitivity to immune elimination.
Unfortunately, these potential therapeutic benefits are offset by
the directly suppressive effects of these drugs on effector T cells.
Therefore, we reasoned that if tumor-specific T cells could be made
resistant to rapalogs, these two agents could be used in combination
to produce a therapy that capitalizes on both the direct antitumor
activity of the drug as well as on its previously untapped ability to
enhance antitumor T cell responses. To this end, we engineered T
cells to express a rapa-resistant mutant of mTor (mTorRR) together
with a CAR (CAR.CD19-28() targeting CD19 expressed on B cell
malignancies, and evaluated the function and anti-lymphoma activ-
ity of these T cells in the presence and absence of rapa.

a PiggyBac vector

CMV piggyBac

()
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RESULTS

The piggyBac transposon enabled the expression

the mTorRR gene in T cells

We first determined whether we could express a rapa-resistant
mTor (mTorRR) in human T cells. The large size of the mTorRR
open reading frame (7.8kb) precluded the use of retrovirus or
lentivirus vectors for stable gene transfer (data not shown). We
have previously demonstrated the piggyBac transposon system to
be capable of stable genetic modification of primary human T cells
even with multiple genes or large genes.” Therefore, we used the
PpiggyBac transposon system to introduce mTorRR into peripheral
blood mononuclear cells (PBMC). The mTorRR transposon and
the green fluorescent protein (GFP) control transposon contain
two markers, GFP and puromycin, either of which can be used for
selection of transposon-containing cells (Figure 1a). PBMCs were
co-transfected with a vector encoding the piggyBac transposase
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Figure 1 Stable expression of a functional mTorRR transgene in human T cells. (@) Schematic of transposon vectors and transfection protocol.
(b) Fluorescence-activated cell sorting (FACS) analysis of transfected T cells after selection for GFP™ cells. (c) Western blot for HA-mTorRR in transfected
T cells after selection using puromycin. (d-e) Summary of intracellular staining for (d) phosphorylated ribosomal S6 protein or (e) phosphorylated
AKT*73 in transfected T cells at the end of the third stimulation before and after addition of interleukin (IL)-15 (5 ng/ml) overnight. Data represent the
mean + SEM from paired T cell lines generated from four donors (gated on GFP™ cells). GFP, green fluorescent protein.
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and the mTorRR or GFP-control transposon (all on separate plas-
mids) to generate mTorRR-expressing and control T cells, respec-
tively. Transfected PBMCs were activated by culture with OKT3
antibody on irradiated feeder cells [either allogeneic PBMCs plus
Epstein-Barr virus-transformed B cell lines or K562 cells geneti-
cally modified with CD80, CD83, CD86, 4-1BBL, and CD64
(aK562)] in the presence of IL-15. The initial (day 1) transfection
efficiency was ~20% (range: 11-30%) for the mTorRR transposon
and 40% (range: 19-76%) for the GFP-control transposon with
an average recovery of viable cells of 31% * 10% and 39% + 14%,
respectively. This level of transfection and recovery of cells is sim-
ilar to our previous reports for primary human T cells.?” Stably
transfected cells were selected based upon expression of one of the
selectable markers (see Materials and Methods for details) and
expanded by weekly stimulation with OKT3 on irradiated feeder
cells with IL-15. Sufficient numbers of cells for experiments were
generally obtained after the third stimulation (3 weeks in culture).
After selection and expansion, the transfected T cells in each cul-
ture ranged from 35 to 90% for mTorRR and 66 to 90% for control
(Figure 1b) as determined by fluorescence-activated cell sorting
analysis of GFP expressed from the mTorRR or GFP-control trans-
posons. Expression of the mTorRR transgene in transfected T cells
was confirmed by western blot using an antibody to the HA tag.
As shown in Figure 1c, culture in rapa increased mTorRR expres-
sion, suggesting a selective advantage for transduced cells in the
presence of the drug. Furthermore, we confirmed that piggyBac
was indeed able to integrate a large gene, such as mTorRR, into
genomic DNA of primary human T cells by identifying integra-
tion sites of the mTorRR transposon. The locations of the genomic
integration sites are listed in Table 1.

We next confirmed that the stably integrated mTorRR trans-
gene was functional and maintained mTor signaling in T cells in
the presence of rapa. mTor exists in two complexes. mTor asso-
ciated with Raptor forms mTorC1 and is sensitive to rapa, and
mTor associated with Rictor forms mTorC2 and is upstream of
AKT and is generally resistant rapa.’® Therefore, we examined the
phosphorylation status of ribosomal S6 protein, a downstream
target and common readout of mTorC1 signaling, and AKT*", a
target of mTorC2 signaling. Ten days after their third stimulation
and four days after addition of IL-15 (5ng/ml), GFP-control and
mTorRR-transfected T cells were treated with rapa (25ng/ml) or
vehicle control with and without the addition of IL-15 overnight

Table T mTorRR-piggyBac integrations in primary human T cells

Rapa-resistant T Cells for Combination Tumor Therapy

prior to intracellular staining for phosphorylated ribosomal S6
protein and phosphophorylated AKTS¥?. Ribosomal S6 protein
was phosphorylated in only about 10% of either GFP-control or
mTorRR-transfected T cells without IL-15 and increased to ~60%
of T cells receiving IL-15 (Figure 1d), indicating that mTorC1
activity was low in unfed cells and was activated by IL-15 sig-
naling as expected. IL-15-induced activation of mTorCl was
substantially reduced in GFP-control cells treated with rapa, but
not in mTorRR-expressing T cells under the same conditions,
indicating that mTorRR is functional and maintains mTorCl sig-
naling in the T cells even in the presence of rapa. Ribosomal S6
protein remained phosphorylated in mTorRR-transfected T cells
in rapa concentrations as high as 1,000 ng/ml (Supplementary
Figure S1). In addition, we found that AKT is phosphorylated
at serine 473 in ~20% of unfed GFP-control cells and ~30% of
unfed mTorRR-expressing cells, and in both cases AKT**” phos-
phorylation was increased by the addition of IL-15 (Figure le).
The addition of rapa did not affect the phosphorylation of AKT
at serine 473 in either GFP-control or mTorRR-expressing cells,
suggesting that mTorC2 in T cells is not sensitive to rapa at least
during this treatment timeframe.

mTorRR-expressing T cells expand in the presence

of rapa

Having established that a functionally rapa-resistant mTorRR
could be expressed in T cells, we next asked whether mTorRR
could protect T cell effector functions from rapa. The antitumor
efficacy of tumor-specific T cells in vivo requires T cells to prolif-
erate, produce cytokines, and kill tumor cells. We therefore com-
pared the effects of rapa in mTorRR-expressing and control T cells
on these activities.

We stimulated selected, transfected T cells with OKT3 and
IL-15 onirradiated allogenic feeder cells in the presence or absence
of rapa (25ng/ml). The T cells were counted and restimulated at
the end of each 7-day expansion cycle. GFP-control and mTorRR-
transfected T cells cultured in the absence of rapa expanded
similarly (up to 1,000-fold) over 14 days (Figure 2a). However,
in the presence of rapa, the expansion of GFP-control T cells fell
by 52-90% (P = 0.04, n = 7) compared to untreated control cells.
By contrast, expansion of mTorRR-transfected T cells was unaf-
fected by the drug (895 * 396-fold with rapa versus 984 + 316-fold
without rapa; P = NS).

Chromosome Sequence Location

12 TTAAGCATCTGTAAGA CCCATGAGGA CAGCAAATTT GATCAGTCTG TGATTCTGTG SLCO01A2 intron

X TTAAGAACTGCATTTCCAATAGGTTTAGCTTTCACAGTTGTGTTCTCGCTCACTCA LOC286467* intron
6 TTAATAAAGTCACAGATTCAGTAAAATCATGAAATTATTCAAACCATAGAAAAATG MEI intron

3 TTAAGAGAGAAACTCATAGCACTAAATGCCCACATCAAAAAGTTGGAAAGAT Intergenic

10 TTAAAAACGTTTAGAGGAAATGCCCCAAGTGGCCACAAGATGGAATTATTTCTCTATGATCAT CRTACI intron

6 TTAAAGCTGAAACTATTATGAATCATAGTTATTAATAAGAGGATCAAATACAGAAAAACA ARICIB intron

20 TTAAGGAAATTAGCACAAACTAAACTTGGCAGTGGGGGGAGTACAGGGATTTTCCTGTG SNX20 intron

Plasmid rescue of piggyBac integration sites was performed as described in the Materials and Methods section. The human chromosome at the site of integration is
in column 1. The TTAA at the site of integration is bolded and underlined in column 2 with the neighboring genomic sequence thereafter. Integrations into RefSeq

genes are annotated in column 3.
*Hypothetical protein in BLAT.
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To understand the mechanism of rapa-mediated inhibition of
control T cells, we compared proliferation and apoptosis in GFP-
control and mTorRR-transfected T cells cultured in the presence
of rapa. To examine proliferation, we labeled GFP-control and
mTorRR-transfected T cells with PKH26 dye, stimulated them with
OKT3 and IL-15 in the presence and absence of rapa, and measured
the dilution of PKH26 fluorescence after 5 days by flow cytometry.
Rapa substantially reduced the proliferation of GFP-control cells
by 63% * 10% relative to their untreated counterparts, whereas
mTorRR-transfected T cells maintained a majority of their prolif-
erative capacity in the presence of the drug (Figure 2b). Although
mTorRR-transfected T cells are able to maintain their prolifera-
tion in the presence of rapa, these cells return to a resting state in
the absence of cytokine and serum as indicated by a reduction in
Ki-67 expression, a marker of cell proliferation (Supplementary
Figure S2 and Supplementary Materials and Methods).

To examine the effects of rapa on T cell apoptosis, we cultured
GFP-control and mTorRR-transfected T cells with IL-15 and in the
presence of rapa for 5 days and then stained the cells with annexin
V and 7-AAD. The percentage of apoptotic cells in GFP-control
or mTorRR-transfected cells was <20%, and the addition of rapa
did not significantly increase apoptosis in either case (Figure 2c).
Similar results were obtained when cells were cultured in the pres-
ence of IL-2 or without any cytokine, although the overall level
of apoptosis in both GFP-control and mTorRR-transfected T
cells was higher in the absence of cytokine (Figure 2c). Together,
these data suggest that rapa is cytostatic rather than cytolytic to T
cells: reduced T cell expansion in the presence of rapa thus results
largely from reduced proliferation, and this effect is overcome by
mTorRR expression.

mTorRR-expressing T cells maintain their effector
functions in the presence of rapa
We engineered GFP-control and mTorRR-transfected T cells that
coexpressed a CAR that targets the CD19 antigen (CAR.CD19-28()
and transmits signals for cytolysis and IL-2 production through its
{ chain and CD28 signaling domains, respectively. These T cells
were generated by co-transfecting a transposon encoding CAR.
CD19-28( and the transposon encoding mTorRR (CAR.mTorRR)
(or GFP-control; CAR.GFP) (Figure 3a) on separate plasmids.
Cells were selected using the marker (either puro or GFP) present
on the mTorRR transposon, and gene expression from each trans-
poson was monitored by flow cytometry. T cells expressing CAR.
CD19-28( ranged from 38 to 87% in the mTorRR co-transfected
cultures and 44 to 77% in the GFP-control cultures, with a majority
of CAR™T T cells coexpressing GFP (Figure 3b). Phenotypic analy-
sis after selection and at the end of the third stimulation revealed
that CAR.GFP and CAR.mTorRR cultures were similar containing
both CD8* and CD4" cells that were predominantly CD45RO™*
with a fraction expressing CD45RA, CD62L, CD27, or CD28 and
limited expression of PD-1 (Figure 3c). Both CAR.GFP and CAR.
mTorRR expressed the chemokine receptors such as CCR3, CCR5,
CXCR2, CXCR3, and CXCR4 at similar levels with limited expres-
sion of CCR7 and CXCR1. These data suggest that the expression
of mTorRR in T cells does not affect their overall phenotype.

We then verified that CAR.mTorRR and CAR.GFP T cells
had comparable cytolytic activity against the CD19" Burkitts
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Figure 2 Expression of mTorRR in T cells maintains their ability to
proliferate and expand in the presence of rapa. (a) The expansion of
control or mTorRR-expressing T cells cultured in the presence or absence
of rapa was determined at the end of each 7-day expansion cycle. Data
represent the mean + SEM for paired T cell lines generated from seven
donors. *P = 0.04; control + rapa versus control. (b) Transfected T cells
were labeled with PKH26 and proliferation was monitored by flow cytom-
etry. Left: histograms are representative of paired T cell lines generated
from seven donors (gated on GFP* cells). Gray line is unstimulated T cells.
T cells were stimulated with OKT3 and IL-15 in the absence (black line) or
presence of rapa (dotted line). Right: graph represents the mean + SEM of
the proliferation of green fluorescent protein (GFP)-control and mTorRR-
transfected T cells relative to their untreated counterparts (n = 7). (c)
Apoptosis was determined by Annexin V/7-AAD staining of T cells after 5
days of culture with or without the indicated cytokines and in the pres-
ence or absence of rapa. Data represent the mean + SEM from paired T
cell lines generated from four donors (gated on CD3*GFP* cells).

lymphoma cell line, Raji, in a standard 4-hour *'Cr release assays
(Figure 3d). Control CAR.GFP T cells stimulated and cultured
for 1 week in rapa were able to kill Raji cells, but their activity
was reduced by 42% + 13% (P = 0.01, n = 5) compared to their
untreated counterparts. Expression of mTorRR, however, pre-
served the cytolytic activity of CAR.mTorRR T cells in the pres-
ence of the drug (Figure 3d). The ability of CAR.mTorRR T cells
to maintain their cytolytic function in the presence of rapa cor-
responded to their sustained expression of granzyme B, a major
cytotoxic effector molecule, after multiple stimulations in the
presence of the drug (Figure 3e). In contrast, granzyme B expres-
sion was reduced in control CAR.GFP T cells stimulated in the
presence of rapa.
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Figure 3 mTorRR-expressing T cells maintain their effector functions in the presence of rapa. (a) Transposon vectors used to generate T cells
coexpressing CARCD19-28( and mTorRR (CAR.mTorRR) or CARCD19-28( and control vector (CAR.GFP). (b) CARCD19-28{ and mTorRR can be
coexpressed. Representative of paired T cell lines generated from 12 donors. (c) Phenotype of CAR.GFP and CAR.mTorRR T cells after selection and
expansion. Data represent the mean + SD for paired T cell lines generated from four donors (gated on CD3*GFP* cells). (d) CAR.mTorRR and CAR.
GFP T cells were restimulated and cultured in the presence and absence of rapa for 1 week and then used in a 4 hours cytotoxicity assay with Raji
(CD19%) or HDLM-2 (CD19) as targets. Effector to target ratio was 10:1. Data represent the mean + SEM for paired T cell lines generated from five
donors. *P = 0.01 (e) Intracellular staining for Granzyme B in CAR T cells 7 days after their 2nd stimulation in the presence (dotted line) or absence
of rapa (black line). Shaded grey line is the isotype control. The figure is representative of paired T cell lines generated from three donors (gated on
CD3*CART cells). (F) CAR.GFP and CAR.mTorRR T cells were stimulated twice in the presence or absence of rapa and supernatants taken 24 hours
after the second stimulation were analyzed for IFNy. Data represent the mean + SEM of the amount of IFNy produced relative to their untreated
counterparts from six different pairs of T cell lines generated from five different donors. GFP, green fluorescent protein.

We also assessed the ability of CAR.GFP and CAR.mTorRR T
cells to secrete interferon-y (IFNY) in response to CD19% Raji cells

levels of IFNY (69,611 + 19,414 pg/ml/10° versus 63,708 * 19,364
pg/ml/10° cells, respectively, n = 6, P = NS) in response to Raji

after culture in rapa. CAR.mTorRR and CAR.GFP cells were stimu-
lated and cultured in the presence or absence of rapa for 1 week and
then cocultured with Raji cells again in the presence or absence of
rapa. Coculture supernatants harvested after 24 hours were analyzed
for IFNy by enzyme-linked immunosorbent assay. In the absence of
rapa, both CAR.mTorRR and CAR.GFP T cells produced similar

Molecular Therapy vol. 19 no. 12 dec. 2011

cells, and while CAR.mTorRR T cells maintained their production
of IFNY even after multiple stimulations in rapa, IFNY production
by CAR.GFP T cells was consistently reduced compared to their
untreated counterparts (Figure 3f). Together these data show that
the functionality of T cells exposed to rapa is impaired and that
these effects are avoided in cells expressing mTorRR.
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The combination of Rapa with rapa-resistant
CAR.CD19-28( T cells augments antitumor activity

in vitro

We first examined the effects of rapa on tumor-intrinsic immune
evasion mechanisms utilized by Raji cells, our model lymphoma
line. We treated Raji cells overnight with rapa and determined the
amount of the inhibitory cytokine, IL-10, and the angiogenic fac-
tor, VEGE, in cell culture supernatants by enzyme-linked immu-
nosorbent assay. Rapa treatment reduced IL-10 production by
42% + 13.5% and VEGF production by 45% * 12% (Figure 4a).
Rapa treatment also reduced the expression of the antiapoptotic
factors, Mcl-1 and Bcl-x,, by 23% + 8% (P = 0.02, n = 4) and 46%
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Figure 4 Rapa treatment downregulates multiple immune evasion
mechanisms and sensitizes Raji cells to T cell-mediated killing. (a) Raji
cells were cultured on CD40L-expressing MRC5 cells in the presence or
absence of 25ng/ml Rapa and supernatants collected at 24 hours were
analyzed by enzyme-linked immunosorbent assay (ELISA) for interleukin
(IL)-10 (left, n = 3) and vascular endothelial growth factor (VEGF) (right,
n = 3). Data represent the mean + SD. (b) Mcl-1 (left) and Bcl-x,_(right)
expression in rapa treated (dotted) and untreated (black line) Raji cells
was determined by intracellular staining and flow cytometry. Data are
representative of four experiments (Mcl-1) and two experiments (Bcl-x,).
(c) Raji cells and Raiji cells pretreated overnight with rapa (PT-Raji) were
used as targets for CAR.CD19 T cells in 4 hour chromium release assays.
Data represent the mean = SEM (n = 7) for T cell lines generated from
five different donors.
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+21% (mean * SD, n = 2), respectively (Figure 4b). As anticipated
from their reduced expression of antiapoptotic factors, Raji cells
that were pretreated with rapa were more readily killed by CAR.
CD19-28C T cells in 4 hours cytotoxicity assays [50% % 8% versus
34% * 5% for pretreated and untreated, respectively, P = 0.004
(E:T) ratio, 5:1] (Figure 4c). Thus, rapa treatment simultaneously
downregulates multiple immune-suppressive mechanisms uti-
lized by Raji cells and has the potential to enhance the antitumor
activity of T cells.

We next evaluated the antitumor activity of Rapa when com-
bined with CAR.mTorRR T cells. We cocultured CAR.mTorRR or
CAR.GFP T cells with Raji cells in the presence or absence of rapa.
We used tumor cell to T cell ratios that permitted expansion of
the tumor cells even in the presence CAR-modified T cells and at
the end of each assay, determined the total number of tumor cells
remaining in each culture. We found an ~80% decrease (range
51-96%, n = 7) in the number of tumor cells in the presence of a
combination of rapa and CAR.mTorRR T cells (Figure 5a), which
was significantly better than the decrease in tumor cells obtained
with CAR.mTorRR T cells alone (57 = 8% decrease, P < 0.05), or
with rapa and nonspecific T cells (39 = 10% decrease, P < 0.001),
or with the combination of rapa and CAR.GFP T cells (61 + 9%
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Figure 5 The combination of Rapa and rapa-resistant T cells exhibits
superior antitumor activity in vitro. (a) Raji cells were cocultured with
nonspecific (NS), CAR.GFP, or CAR.mTorRR T cells at various E:T ratios
(1:1, 1:2, 1:3, or 1:6) in the presence or absence of rapa for 4-5 days.
The total number of tumor cells in each culture condition at the end of
each assay was determined and normalized to the number of tumor cells
present with the nonspecific T cell control (set to 100%). Seven experi-
ments using paired T cell lines generated from four different donors were
analyzed individually and then compiled and summarized in the graph
as the mean + SEM of the compiled data. (b) CAR.mTorRR T cells were
cocultured with SupB15 ALL cells (n = 7) at E:T ratios ranging from 1:10
to 1:30. The number of tumor cells in each culture at the end of the
culture period is compared to the number of tumor cells in the control
culture (without any treatment) set to 100%. Seven experiments using
paired T cell lines generated from four different donors were analyzed
individually and then complied and summarized in the graph as the
mean + SEM of the compiled data. GFP, green fluorescent protein.
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decrease, P < 0.05). Hence, CAR.mTorRR T cells retain their func-
tion in the presence of rapa and the combination of cellular and
drug therapy provides superior antitumor activity compared to
either treatment alone.

To measure the effects of the CAR.mTorRR T cells and Rapa
combination on other tumor cell lines, we cocultured our gene-
modified T cells with the pre-B ALL line, SupB15. Once again,
the combination of Rapa and CAR.mTorRR T cells had superior
antitumor activity against the SupB15 tumor line compared with
either treatment condition alone (Figure 5b).

DISCUSSION

We have demonstrated thathuman T cells can be rendered resistant
to rapa through the expression of a mutant of mTor®** (mTorRR)
that has impaired binding to rapa but is otherwise functional.”
The large mTorRR transgene was successfully and stably expressed
in T cells using the piggyBac transposase system after nucleofec-
tion. T cells expressing mTorRR maintained mTor signaling in
the presence of rapa, which allowed them to expand and function
similarly to T cells cultured in the absence of the drug. Moreover,
the combination of rapa and rapa-resistant T cells, made tumor-
specific through coexpression of CAR.CD19-28(, had superior
antitumor activity against both Burkitt's lymphoma and acute
lymphoblastic leukemia cell lines in vitro compared with either
therapy alone, and correlated with the ability of rapa to inhibit
tumor cell expansion and to downregulate their production of the
antiapoptotic factors, Mcl-1 and Bcl-x,, and the inhibitory cytok-
ines, IL-10 and VEGE Thus, modifying T cells with mTorRR can
overcome the negative effects of rapa on effector T cells and may
provide for a novel combination therapy for cancer that exploits
the immune enhancing properties of the drug.

Expression of mTorRR in human T cells did not appear to
change the overall phenotype of the cells with respect to their lin-
eage or memory cell markers or their expression of chemokine
receptors. Moreover, while expression of mTorRR provided for
maintanence of IL-15-induced mTorC1 signaling in the presence
of rapa as indicated by phosphorylation of ribsomal S6 protein,
its expression did not lead to elevated mTorCl signaling in unfed
cells, suggesting that even with transgenic expression of mTorRR,
this complex remains subject to regulation by cytokine and nutri-
ent availability. mTorC2 signaling was activated in both mTorRR-
expressing and GFP-control T cells by IL-15 as indicated by an
increase in phosphorylation of AKT*”* compared to unfed cells,
but mTorC2 activity was not inhibited rapa during the timeframe
of our assay, consistent with its known resistance to the drug.*
Although we found no significant difference in the percent-
age of cells with phosphorylated AKT*”* in mTorRR-expressing
and GFP-control T cells fed with IL-15, a higher percentage of
mTorRR-expressing cells had phosphorylated AKT** before feed-
ing. These data suggest that expression of mTorRR may contribute
to a higher basal activation of AKT**”%, which could be beneficial
for adoptively transferred T cells since we have previously shown
that expression of a constitutively active AKT provides a survival
advantage to human T cells, which nevertheless required stimula-
tion with antigen and cytokine for growth in vitro,'s and we found
that mTorRR-expressing T cells do, in fact, return to a resting state
in the absence of cytokine and serum.
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Overactive AKT/mTor signaling is common in many tumors
and provides immunoresistance via multiple mechanisms. For
example, activated AKT/mTor signaling in glioma, breast, and
prostate cancer cells increases expression of the T cell inhib-
iting ligand, PDL-1,2?%%* an effect that is inhibited by rapa.
Furthermore, rapa downregulates expression of the immunosup-
pressive cytokines, VEGF**' and IL-10,?* as well as the expression
of the antiapoptotic factor, Mcl-1,"*?? which provides resistance to
granzyme B-mediated killing."”>'* Consistent with these observa-
tions, we found that Raji BL, our model lymphoma line, secreted
IL-10 and VEGF and expressed Mcl-1 and Bcl-x, all of which
were reduced by treatment with the rapalog, temsirolimus. These
observations suggest that targeting the AKT/mTor pathway could
enhance T cell therapies by simultaneously downregulating mul-
tiple immune evasion mechanisms. However, the concept of
combining rapa with cellular immunotherapies has been largely
discounted because the drug is inhibitory to effector T cells.'**

Despite the fact that rapa is inhibitory to effector T cells, the
drug was shown to enhance the elimination of established trans-
genic fibrosarcomas and HCT116 colorectal cancer xenograft
tumors by adoptively transferred naive splenocytes in tumor mod-
els.”” However, the large T cell numbers infused likely overcame
the need for expansion. In our study we found that rapa improved
the elimination of Raji cells by control CAR.GFP T cells, although
this improvement did not reach statistical significance. These data
can be explained by the observations that although rapa substan-
tially inhibits T cell proliferation and decreases cytotoxic activ-
ity (Figures 2 and 3), the inhibition is not absolute, likely due to
the expression of Pim kinases that can partially compensate for
loss of mTor signaling.*® The ability of rapalogs to sensitize tumor
cells to T cell-mediated killing may allow tumor cell elimination
by T cells that have suboptimal function, which highlights the
potential for synergy between these treatments. Nevertheless, the
antitumor activity of adoptive T cell therapies is highly dependent
upon the ability of the transferred T cells to proliferate and expand
in vivo.>** Therefore, the suboptimal proliferation and func-
tion of control CAR.GFP T cells in the presence of rapa would
be expected to hinder their effectiveness in vivo after transfer.
However, mTorRR expression maintained the proliferative capac-
ity and function of CAR.mTorRR T cells even in the presence of
rapa, allowing combination with the drug to produce a signifi-
cant increase in antitumor activity over control T cells with rapa
in vitro. This combination may be even more potent in vivo where
rapa may affect not only the tumor but also the tumor microenvi-
ronment. Of note, rapa inhibits the proliferation of effector T cells
to a greater extent than the proliferation of T regulatory (Treg)
cells, and thus favors the outgrowth of Tregs in in vitro cultures
and increases the frequency of Tregs in vivo,*** which could be
detrimental to antitumor immunity. However, by providing rapa-
resistance to effector T cells, the balance between effector T cells
and Tregs in the presence of rapa may be shifted back in favor of
the effector T cells.

There is increasing interest in using rapalogs in combination
with other cytotoxic agents,*® which based on this work, can now
be extended to include cellular immunotherapies. Although we
used rapa-resistant CAR.CD19-28C T cells in combination with
rapa to target B cell lymphomas and leukemias in our study, this
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approach could be applied to the many other tumors that utilize
mTor-dependent immune evasion mechanisms and for which we
can generate tumor-specific T cells.

MATERIALS AND METHODS

Cell lines and cell culture. PBMCs from healthy volunteers were obtained
after informed consent on a protocol approved by the Baylor College of
Medicine institutional review board. K562 cells, engineered to express
CD64, CD80, CD83, CD86, and 4-1BBL,* (aK562) were a gift from Carl
June (University of Pennsylvania, Philadelphia, PA). These cells were
further modified to stably express a truncated CD19 molecule (aK562.
ACD19) by transfecting with pCMV-PB and pIRII-ACD19% and select-
ing for CD19 expressing cells with CD19-microbeads (Miltenyi Biotec,
Bisley, UK) according to the manufacturer’s instructions. Raji (CD19%,
Burkitts lymphoma) and SupB15 (CD19% preB-ALL) cell lines, were pur-
chased from the American Type Culture Collection (Manassas, VA), and
HDLM-2 (CD30%, CD19-, Hodgkins lymphoma) was purchased from the
German Collection of Microorganisms and Cell Cultures. These cell lines
were cultured in RPMI 1640 (Hyclone, Logan, UT) supplemented with
10% heat-inactivated fetal bovine serum (Hyclone) and 2 mmol/l L-glu-
tamine (GlutaMAX-I; Invitrogen, Carlsbad, CA).

Plasmid construction. The piggyBac (PB)-transposase plasmid, pCMV-
PB, and PB transposon plasmids, pIR-eGFP and pIRII-eGFP, have been
described previously.”*” pIR-mTorRR"*-eGFP was generated by digest-
ing pRK5/HA-mTorRR (gift of George Thomas University of Cincinnati,
Cincinnati, OH) with Nrul/HindIII. Purified fragments were blunt-ended
and cloned into the Nhel site (blunt-ended) of the pIR-enhanced GFP
(eGFP) transposon vector. pIR-mTorRR encodes the complementary
DNA for rapa-resistant mTor S2035T with a hemagglutinin (HA) TAG at
its N-terminus followed by an IRES element, eGFP expressed from a CMV
promoter and the puromycin resistance gene cassette expressed from an
SV40 promoter. pIRII-CAR.CD19-28( was generated by subcloning CAR.
CD19-28( from pSL119-CD19CAR into the EcoRI and NotI sites of pIRII-
IRES-eGFP. All plasmid constructs were confirmed by restriction diges-
tion and/or DNA sequencing.

Transfection and expansion of T cells. PBMC were rested overnight in T
cell media [Advanced RPMI (Invitrogen) supplemented with GlutaMAX-I
(Invitrogen), 5mmol/l N-acetyl Cysteine (Sigma-Aldrich, St Louis, MO)
and 5% fetal bovine serum (Hyclone)] containing 5ng/ml IL-15 (R&D
Systems, Minneapolis, MN). The following day, 1 x 10’ PBMC were
transfected with 5.7 ug pCMV-piggyBac and 5 pg pIR-mTorRR or 2.5
ug pIR-IRES-eGFP. For CAR.CD19-28( T cells, PBMC were transfected
with 11.4 pg pCMV-piggyBac and 2.3 pg pIRII-CAR.CD19-28( and 5 pg
pIR-mTorRR or 2.5 ug pIR-IRES-eGFP using the Amaxa T cell nucleofec-
tion kit (Lonza, Switzerland) and program U-014. Immediately following
transfection, the cells were placed in 2 ml of prewarmed T cell media con-
taining 5ng/ml IL-15 in a 24-well plate and incubated overnight at 37°C.
Transfected cells were then stimulated with irradiated lymphoblastoid cells
and allogeneic PBMC at a (1:1:5 ratio), 50 ng/ml OKT3 (OKT3 Hybridoma
from American Type Culture Collection), and 5ng/ml IL-15 and fed three
times/week with 5ng/ml IL-15.

Several selection methods were tested for enriching transfected T cells
including (i) sorting for GFP™ cells by fluorescence-activated cell sorting
after 1 week in culture (ii) CD34 microbead selection (Miltenyi Biotech,
Auburn, CA) (when cells were transfected with a transposon vector in
which a truncated CD34 was substituted for GFP), or (iii) selection for
puromycin resistance encoded on the pIR-mTorRR and pIR-IRES-eGFP
plasmids. Puromycin (500 ng/ml) was added to cultures starting the day
after transfection and then three times/week for 2 weeks. All methods
enriched for transfected T cells, but puromycin selection proved to be
the most convenient method and was thus used for the generation of the
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majority of the paired T cell lines. After selection, T cells were expanded
by weekly stimulation (1:1) with aK562 and OKT3 or aK562.ACD19
(for CAR.CD19 expressing T cells) in T cell media. IL-15 (5ng/ml) was
added to the media three times a week. For expansion of T cells in rapa,
the rapalog, temsirolimus (LC Labs, Woburn, MA), was added to a final
concentration of 25ng/ml at the time of stimulation and then at each IL-
15 feed. Temsirolimus, referred to as rapa for rapalog, was reconstituted
in dimethyl sulfoxide, and dimethyl sulfoxide served as a vehicle control
in experiments.

Recovery of integration sites. Genomic DNA was isolated from selected,
PB transfected human T cells after 4 weeks of culture using a DNeasy kit
(Qiagen, Valencia, CA). Ten micrograms of genomic DNA was digested
with BgIII restriction enzyme (which cuts just inside the 5" IR) followed by
self-ligation of fragments under dilute conditions (500 ul) using T4 DNA
ligase (NEB, Ipswich, MA). Five microliters of ligated product was then
used for two rounds of nested inverse PCR using primers;

P1 (AAGCGGCGACTGAGATGTCCTAAATG) and

PIR (GTCAATGCGGTAAGTGTCACTG) for the first round;

and P2 (GCGACGGATTCGCGCTATTTAGAAAG)

and P2R (TGAACTATAACGACCGCGTGAG) for the second
round.

Amplified products were gel purified and TOPO-cloned into a TA
cloning kit (Invitrogen) and sequenced to determine the site of integration.
As described previously,” we used the UC Santa Cruz BLAT genome web-
browser (human, February 2009 assembly) to map PB integration sites
in the human genome. We used ~80bp of high-quality sequence starting
immediately after the terminal TTAA in the IR element of the transposon
segment for BLAT searches. We determined sequences to consist of true
PB integration sites if (i) the genomic sequence began immediately after
the terminal transposon TTAA, (ii) mapping of the genomic integration
site revealed an intact immediate upstream TTAA target site where the
integration occurred, and (iii) the DNA sequence was high quality and
matched only one genomic location with >95% identity.

Flow cytometry. T cells were stained with phycoerythrin (PE)-, peridinin
chlorophyll protein (PerCP)- or allophycocyanin-conjugated CD3, CD4,
CD8, PD-1, CD45R0O, CD45RA, CD62L, CD27, CD28, CD86, CCR3,
CCR5, CCR7, CXCR1, CXCR2, CXCR3, and CXCR4 monoclonal anti-
bodies (BD Bioscience, San Diego, CA). An Fc-specific Cy5 conjugated
antibody that recognizes the IgGl CH2CH3 component of the CAR
(Jackson Immunoresearch, West Grove, PA) was used to detect CAR on
transfected cells. For intracellular staining of phosphorylated ribosomal S6
protein and phosphorylated AKT*7, surface-stained cells were fixed in 4%
paraformaldehyde, permeabilized in cold 90% methanol, and stained with
an Alexa Fluor 647 conjugated monoclonal antibody specific for phospho-
rylated ribosomal S6 protein (Ser235/236) and PE-conjugated monoclonal
antibody specific for phospho-AKT (Ser473) or isotype control antibodies
(Cell Signaling Technologies, Danvers, MA). For intracellular Granzyme
B, Mcl-1, Bcl—xL staining, cells were fixed in 4% paraformaldehyde, perme-
abilized in 1% Saponin in phosphate-buffered saline containing 1% fetal
bovine serum, and stained with PE-conjugated Granzyme B antibody (BD
Bioscience) or unconjugated primary Mcl-1 or Bcl-x, antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA). Cells were washed in 0.1% Saponin
buffer and PE-conjugated anti-rabbit or anti-mouse secondary antibody
(Jackson Immunoresearch) was added to the Mcl-1 and Bcl-x stained
cells, respectively. Cells were acquired on a FACSCalibur (BD Biosciences,
San Jose, CA) and data analyzed using FCS Express software.

Western blots. Cells were lysed in a buffer containing 50 mmol/l Tris, pH
7.4, 150 mmol/l NaCl, 5mmol/l EDTA, 1% Triton and complete protease
inhibitor cocktail (Thermo Scientific, Rockford, IL). Cleared cell lysate
(25-50 pg) was resolved on sodium dodecyl sulfate-polyacrylamide gels,
transferred to PVDF membranes, blocked with 5% nonfat milk, and
immunoblotted with specific antibodies for HA (Covance, Princeton, NJ)
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and vinculin (Sigma-Aldrich). Autoradiography of the membranes was
performed using Amersham ECL western blotting detection reagents (GE
Healthcare Life Sciences, Piscataway, NJ).

T cell proliferation and apoptosis. To analyze T cell proliferation, con-
trol or mTorRR-expressing T cells were labeled with PKH26 dye (Sigma-
Aldrich) according to manufacturer’s instructions and plated in 24-well
plates coated with OKT3 in the presence of low dose IL-15 (2.5ng/ml)
with or without temsirolimus (25ng/ml), and after 5 days, the dilution of
PKH26 dye was measured by flow cytometry. To analyze apoptosis, control
and mTorRR-expressing T cells were cultured in the presence or absence
of 25 ng/ml temsirolimus or vehicle control without cytokine, with 5 ng/ml
IL-15 or with 50 U/ml IL-2 for 5 days and then stained with PE-conjugated
Annexin V and 7-AAD (BD Bioscience) according to the manufacturer’s
instructions followed by fluorescence-activated cell sorting analysis.

Cytotoxicity. We used a standard 4-hour *'Cr release assay to evaluate
the cytotoxic activity of transfected T cells. Control CAR.CD19-28( or
Rapa-resistant CAR.CD19-28( were stimulated with aK562.ACD19 cells
and 5ng/ml IL-15 in the presence or absence of 25ng/ml temsirolimus
for 1 week and then used as effector cells to target *'Cr-labeled Raji cells
(CD19") or HDLM-2 (CD19) using an E/T ratio of 10:1. For experiments
using Raji cells pretreated with temsiroliums, the Raji cells were incubated
overnight in media containing 25ng/ml temsirolimus, which was washed
out before *'Cr labeling. The E:T ratio in these experiments was 5:1.

Cytokine production. Nonspecific, control CAR.CD19-28( or Rapa-
resistant CAR.CD19-28( T cells were cultured with Raji cells at an E:T
ratio of 1:3 in the presence or absence of 25 ng/ml temsirolimus and super-
natants collected after 24 hours were measured for the level of IFNY by
enzyme-linked immunosorbent assay (R&D Systems). Raji cells were
cultured on CD40L-expressing MRC5 cells in the presence or absence of
25ng/ml temsirolimus and supernatants collected at 24 hours were ana-
lyzed by enzyme-linked immunosorbent assay for the levels of IL-10 (R&D
Systems) and VEGF (Thermo Scientific).

Coculture. Raji cells (5 x 10°) were cultured in 24-well plates with nonspe-
cific, control CAR.CD19-28( or Rapa-resistant CAR.CD19-28 T cells at
various E:T ratios (1:1, 1:2, 1:3, and 1:6) for 4-5 days without cytokine and
with or without the addition of 25ng/ml temsirolimus. At the end of the
culture period, cells in each culture were counted by Trypan blue exclu-
sion, stained with antibodies against CD3 (to distinguish the T cells) and
CD20 (to distinguish the tumor cells), and analyzed by flow cytometry to
determine the number of tumor cells in each culture. To compare the anti-
tumor activity of each treatment in the assay, the number of tumor cells
present under each culture condition was normalized to the number of
tumor cells present in the cultures with nonspecific T cells. For cocultures
with the SupB15 acute lymphoblastic leukemia line, 5 x 10° tumor cells
were cultured with or without 25 ng/ml temsirolimus and with or without
Rapa-resistant CAR.CD19-28( T cells for 4 days. The E:T ratios ranged
from 1:10 up to 1:30 depending on the donor T cells. At the end of the cul-
ture period, the cells were stained with antibodies against CD3 (identifying
T cells) and CD19 (identifying tumor cells) and 7-AAD and Countbright
beads (Invitrogen) were added, according to manufacturer’s instructions,
before analysis by flow cytometry. Five thousand Countbright beads were
acquired for each sample, and the number of viable tumor cells calculated
using the formula: (number of CD19" events/number of bead events) x
(number of beads added/sample volume).

Statistics. Data are shown as the mean + SEM unless otherwise indicated.
The Student’s t-test was used to determine the statistical significance of dif-
ferences between samples, with P values <0.05 indicating a significant differ-
ence. The statistical significance of results in coculture assays was evaluated
by a repeated measures ANOVA followed by a Newman-Keuls test for mul-
tiple comparisons. P values <0.05 was considered statistically significant.
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SUPPLEMENTARY MATERIAL

Figure S1. mTorRR-expressing T cells maintain mTor signaling in the
presence of high concentrations of rapa.

Figure S$2. mTorRR-expressing T cells return to the resting state in
the absence of cytokine and serum.

Materials and Methods.
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