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Anti-tumor efficacy of T cells engineered to express chimeric
antigen receptors (CARs) is dependent on their specificity, sur-
vival, and in vivo expansion following adoptive transfer. Toll-
like receptor (TLR) and CD40 signaling in T cells can improve
persistence and drive proliferation of antigen-specific CD4+

and CD8+ T cells following pathogen challenge or in graft-
versus-host disease (GvHD) settings, suggesting that these cos-
timulatory pathways may be co-opted to improve CAR-T cell
persistence and function. Here, we present a novel strategy to
activate TLR and CD40 signaling in human T cells using induc-
ible MyD88/CD40 (iMC), which can be triggered in vivo via the
synthetic dimerizing ligand, rimiducid, to provide potent cos-
timulation to CAR-modified T cells. Importantly, the concur-
rent activation of iMC (with rimiducid) and CAR (by antigen
recognition) is required for interleukin (IL)-2 production
and robust CAR-T cell expansion and may provide a user-
controlled mechanism to amplify CAR-T cell levels in vivo
and augment anti-tumor efficacy.
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INTRODUCTION
Immunotherapy with T cells genetically engineered with chimeric
antigen receptors (CARs) has shown remarkable efficacy for the
treatment of a number of distinct CD19+ lymphoid malignancies.1

In these patients, objective response rates are closely correlated
with in vivo expansion of CAR-T cells following adoptive transfer.
However, in solid tumors, efficacy has been more muted,2,3 possibly
due to reduced costimulation along with a more profoundly inhib-
itory tumor microenvironment, which suppresses T cell activation.
To increase T cell expansion, preparative “conditioning” regimens
and systemic administration of the T cell growth factor, interleukin
(IL)-2, have been used to deplete host regulatory immune cells and
promote T cell proliferation, respectively.4 However, these ap-
proaches are not devoid of side effects and may not be applicable
in all patients with cancer, including patients with higher tumor
burdens or other comorbidities that limit their use.5 Therefore,
novel approaches to predictably amplify CAR-T cells in vivo to in-
crease efficacy are needed.
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Mechanistic studies aimed at understanding the effect of lymphode-
pleting regimens (chemotherapy and total body irradiation [TBI]) on
T cell proliferation have shown that Toll-like receptor (TLR) activa-
tion via lipopolysaccharide (LPS) liberated from gut flora contributes
to the expansion of T cells following adoptive transfer.6,7 TLRs are
widely expressed on most, if not all, nucleated cells, including
T cells,8,9 and engagement of TLRs by agonists induces costimulatory
pathways in T cells that decrease the T cell receptor (TCR) activation
threshold, increases cytokine production and cytotoxicity, promotes
T cell memory formation, and increases expression of pro-survival
proteins (e.g., Bcl-2 and Bcl-xL).10–12 In addition, using tumor-spe-
cific T cells derived fromMyD88-deficient mice, Geng et al.12 demon-
strated that signaling through the TLR adaptor protein, MyD88, was
essential for tumor control by tumor-specific T cells following TLR2
agonist treatment, indicating that T cell-intrinsic TLR activation can
provide direct costimulation. These studies further support that TLR
signaling pathways might be useful to improve persistence of gene-
modified T cells.

We previously developed a novel molecular switch, inducible
MyD88/CD40 (iMC), to activate downstream TLR and CD40
signaling pathways following dimerization using a small molecule
ligand, rimiducid (Rim; formerly AP1903).13 iMC was originally
developed as an inducible adjuvant for a gene-modified dendritic
cell (DC) vaccine, where exposure to Rim results in DC maturation
and robust IL-12 production. Because TLR signaling also provides
costimulation to T cells, and due to the highly conserved nature of
the signaling pathways triggered by iMC in DCs (e.g., nuclear factor
erican Society of Gene and Cell Therapy.
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kB [NF-kB], Akt, mitogen-activated protein kinase [MAPK], and
c-Jun N-terminal kinase [JNK]),13 we hypothesized that iMC might
be useful as a drug-dependent, inducible costimulatory module to
enhance survival and proliferation of CAR-T cells. While iMC activa-
tion alone is not sufficient to drive expansion of transduced primary
human T cells, iMC signaling induces a network of pro-survival
cellular pathways. Further, when T cells are coactivated through their
endogenous TCR, or by antigen recognition with a “first-generation”
CAR that engages CD3z signaling, iMC provides the necessary costi-
mulatory signals to drive T cell proliferation and enhance anti-tumor
activity. Thus, iMC represents a potent genetic tool to control CAR-T
cells in vivo using a highly specific, clinically validated,14,15 small
molecule dimerizing ligand.

RESULTS
Rim-Dependent iMC Costimulation of T Cells

The iMC molecule is a cell membrane-targeted signaling molecule
composed of truncated MyD88 (lacking the C-terminal Toll/IL-1 ho-
mology domain [TIR] domain) and truncated CD40 (lacking the
transmembrane and extracellular domains) fused in frame to tandem
FKBP12v36 (FKBP) domains, which bind to the lipid-permeable di-
merizing ligand, Rim, at high affinity (Kd�0.1 nM) (Figure 1A).13 To
test iMC function in T cells, we generated retroviral vectors encoding
FKBP, iMyD88, iCD40, or iMC (Figure 1B). After transduction was
confirmed (Figure 1C), T cells were incubated with 10 nMRim, which
induced significant IL-6 production by iMC-modified T cells (Rim =
498 ± 3.9 pg/mL; media = 94.5 ± 3.5 pg/mL; p < 0.001), without
affecting control construct-modified cells (Figure 1D). A multiplex
cytokine array subsequently showed that iMC activation induced a
broad spectrum of cytokines and chemokines, including interferon
(IFN)-g, granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-5, IL-8, IL-13, tumor necrosis factor (TNF)-a, and IP-10
(Table S1). Interestingly, iMC activation was not sufficient for secre-
tion of IL-2, a key T cell growth and survival factor, which typically
requires TCR-mediated induction of Ca2+-dependent transcription
factor, NFATc, in concert with NF-kB activation, primarily through
costimulatory pathways. Since iMC induces NF-kB in DCs, we hy-
pothesized that this molecule might also provide costimulation to
T cells and facilitate IL-2 production. Indeed, iMC-modified T cells
stimulated with both a TCR cross-linking antibody (plate-bound
OKT3) and Rim secreted significantly more IL-2 (683 ± 63 pg/mL)
than iMC-modified T cells receiving only Rim (26 ± 8 pg/mL) or
OKT3 activation (120 ± 22 pg/mL) (p = 0.0001) (Figures 1E and
1F). Like IL-6 secretion, FKBP-, iCD40- and iMyD88-modified
T cells produced significantly less IL-2 than iMC-expressing T cells,
suggesting that MyD88 and CD40 provide synergistic costimulation.
Importantly, even sub-nanomolar Rim levels (half-maximum activa-
tion concentration [EC50] = �0.12 nM) were sufficient for IFN-g in-
duction (Figure 1G).

Further analysis examining the downstream signaling effects of iMC
activation showed that iMC rapidly induced (within 15 min of Rim
exposure) the phosphorylation of a broad network of signaling path-
ways, including JNK, Akt, extracellular signal-regulated kinase
(ERK), RelA, and MAPK (Figures 2A and 2B). In addition, Rim-
dependent iMC activation upregulated cytokine-related genes
(e.g., IFIT1, IFIT3, CXCL10, and CXCL11), genes downstream of
MyD88-dependent TLR signaling (e.g., IL-5, IL-6, and IL-13), and
CD40-associated genes that regulate apoptosis (e.g., BCL2L1) (Fig-
ure 2C). Pathway analysis showed significant upregulation of genes
associated with NF-kB activation (p = 4.4 � 10�15), as well as a sig-
nificant overlap with gene expression profiling in DCs activated by
agonists of TLRs 4, 7, and 8 (p = 6.1 � 10�40) (Tables S2–S5).
Together, this analysis indicates that iMC activates a broad, pro-sur-
vival signaling network (Figure 2E).

Augmentation of a First-Generation CAR with Inducible iMC

Costimulation

As iMC multimerization appeared to synergize with TCR activation,
resulting in high-level IL-2 production, we reasoned that iMC might
similarly provide costimulation to CD3z endodomain-encoding
CARs. To discover the relative contributions of iMC and target anti-
gen in regulating key T cell functions (e.g., cytotoxicity, survival, cyto-
kine production, and proliferation), we used two distinct retroviruses
to generate T cells expressing FKBP, iMC, and/or a first-generation
prostate stem cell antigen (PSCA)-specificCAR (PSCA.z) (Figure 3A).
Consistent with molecular profiling, iMC activation by Rim provided
a potent pro-survival signal, which promoted antigen- and exogenous
IL-2-independent CAR-T cell survival (Figure 3B). In short-term
coculture assays (24 hr), cytotoxic potential was unaffected by iMC
costimulation; however, longer culture periods (7 days) revealed
that combined CAR and iMC activation increased tumor killing,
enhanced outgrowth of T cells coexpressing iMC and CAR, and pro-
moted T cell proliferation that was associated with CD25 upregula-
tion and iMC/CAR-dependent IL-2 production, suggesting a
concomitant nuclear factor of activated T cells (NFAT) and NF-kB
signaling requirement (Figures 3C–3H).

We subsequently generated a bicistronic vector encoding both iMC
and PSCA.z, using the affinity-matured, humanized A11 single-
chain variable fragment (scFv) (iMC-PSCA.z)16 (Figure 4A). The
myristoylation-targeting peptide used to tether the iMC molecule
to the cell membrane in the original vaccine design13 increased basal
activity. Therefore, we subsequently removed the sequence without
a loss of inducibility (not shown). T cells were efficiently transduced
(>70%) with the unified vector (Figure 4B). As shown previously,
Rim exposure in the absence of exogenous IL-2 increased antigen-
independent survival without inducing CAR-T proliferation (Fig-
ure 4C). In coculture assays with red fluorescent protein (RFP)-
modified HPAC (HPAC-RFP) tumor cells at a 1:10 T cell to tumor
cell ratio, cytokine secretion (IL-6 and IL-2), tumor elimination, and
CAR-T proliferation were significantly enhanced by activating iMC
with Rim (Figures 4D and E). Further dilution of iMC-PSCA.z-mo-
dified T cells (1:20 effector-to-tumor [E:T] ratio) showed efficient
and Rim-dependent killing of HPAC-RFP tumor cells under condi-
tions where T cell proliferation was required to control tumor
growth over 9 days (Figures 4F and 4G). Together, these data indi-
cate that the unified, bicistronic vector, encoding both iMC and
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Figure 1. Transduction of Human T Cells with iMC Allows Rimiducid-Dependent Activation

(A) Schematic representation of iMC dimerization following exposure to the lipid-permeable ligand, rimiducid (Rim). (B) Retroviral constructs encoding the control (FKBP,

iMyD88, and iCD40) and the iMC vectors. The constructs consist of the following: 50 and 30 long terminal repeats (LTRs) (white), c packaging signal, membrane-targeting

myristoylation peptide (purple), MyD88 (blue), CD40 (green), tandem FKBP12v36 (red), Thoseaasigna virus 2A skipping polypeptide (T2A; gray), and truncated CD19

(DCD19; yellow). (C) Transduction levels were determined by flow cytometry staining for CD3 and CD19. (D) Non-transduced (NT) or human T cells modified with either FKBP

only (n = 3), iMyD88, iCD40, or iMCwere stimulated with 10 nMRim, and IL-6 production wasmeasured after 48 hr by ELISA (see also Tables S1). (E) Schematic of integrated

signaling in T cells, where activation of the endogenous TCR via MHC/peptide recognition or by antibody cross-linking provides TCR signal one and Rim-dependent

dimerization provides costimulatory signal two. (F) NT or gene-modified T cells (n = 3) were cultured in media alone or stimulated with either 10 nM Rim, 50 ng/mL anti-CD3

antibody (OKT3), or both Rim and anti-CD3 antibody. IL-2 secretion was measured 48 hr after stimulation by ELISA. (G) iMC-modified T cells (n = 3) were stimulated with log

titrations of Rim (0.001–100 nM) and IFN-g production was measured after 48 hr. The half-maximum activation concentration (EC50) was calculated using GraphPad Prism

curve fitting. *p < 0.05, **p < 0.01.
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PSCA.z, retains in culture both CAR cytotoxicity and Rim-depen-
dent costimulatory activity.

iMC Activation Allows User-Controlled CAR-T Cell Survival and

Proliferation In Vivo

As iMC activation enhances survival in the absence of antigenic
activation (i.e., TCR or CAR ligation) (Figures 3B and 4C), it
could enhance CAR-T cell engraftment prior to tumor encounter
2178 Molecular Therapy Vol. 25 No 9 September 2017
or sustain CAR-T cell persistence after tumor elimination. To
examine this possibility, T cells were cotransduced with iMC-
PSCA.z and with a vector encoding an EGFP-firefly luciferase fusion
protein (EGFPluc), subsequently injected into tumor-free
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice and analyzed for
persistence using in vivo bioluminescent imaging (BLI). While the
bioluminescent signal rapidly decreased in mice injected with
iMC-PSCA.z/EGFPluc only, the addition of a single Rim dose
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Figure 2. iMC Activates Multiple Signaling Pathways and Upregulates Gene Expression in T Cells

(A) T cells were transduced with either control (FKBP) or iMC retroviral constructs and treated with 10 nM Rim for 15 or 60 min. PMA/ionomycin (PI) was used as a positive

control. An immunoblot was then probed with antibodies specific for phosphorylated JNK, AKT, RelA, ERK, and p38. b-tublin was included as a protein-loading control. (B)

Time-course multiplex assay for phosphorylated JNK, RelA, and p38 at 0, 15, 30, 60, 120, and 240min post-rimiducid exposure. Relative phosphorylation was calculated by

normalizing values to untreated gene-modified T cells. (C) Gene expression analysis was performed on FKBP- and iMC-transduced T cells generated from three healthy

donors 48 hr after treatment with 10 nM Rim and compared to non-stimulated, gene-modified T cells. Hierarchical clustering for genes at >4-fold difference is displayed. (D)

Cytokine production from iMC-transduced T cells for select upregulated genes in the gene expression array (e.g., IL-6, IL-5, IL-13, and GM-CSF). (E) Using differentially

expressed genes (>2-fold change), ConsensusPathDB-human analysis was performed to identify potential network nodes that are affected by iMC activation, which include
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Figure 3. iMC Provides Rimiducid-Dependent Costimulation for CAR-T Cells

(A) Using two retroviral vectors, T cells were transduced with different virus combinations to test the ability of iMC to provide Rim-dependent costimulation to CAR-T cells: (a)

non-transduced (NT), (b) FKBP only, (c) iMC only, (d) FKBP + PSCA.z, and (e) iMC plus PSCA.z. Below the schematic diagram are predicted T cell functions endowed by

either the costimulatory or CAR construct. (B) NT (not shown) or T cells transduced (n = 3) with iMC plus PSCA.z were cultured in media without exogenous IL-2 and

stimulated with 10 nM Rim on a weekly basis, where indicated. T cells were counted weekly; on day 21, they were harvested andmeasured for viability and expression of iMC

(CD19+) and CAR by flow cytometry (shown for a single donor). Gates are set on an isotype control (not shown). (C) Coculture assays were performed to measure cytotoxicity

(24 hr), cytokine production (48 hr), and T cell or tumor cell proliferation (7 days) with or without Rim addition. (D) Specific lysis of NT and T cells modified with either FKBP plus

PSCA.z or iMC plus PSCA.z were performed over 24 hr using DELFIA-labeled Capan-1 tumor cells with or without 10 nM Rim. (E) NT and T cells modified with either FKBP

plus PSCA.z or iMC plus PSCA.z were cultured at a 1:1 ratio with Capan-1-GFP tumor cells with or without 10 nM Rim on day 0. After 7 days, cells were harvested and

analyzed for tumor killing by flow cytometry using anti-CD3 antibody and GFP (top panel) or for FKBP/iMC (CD19) or CAR expression. (F) T cell proliferation was determined in

coculture assays by cell enumeration followed by flow cytometry for CD3+ (T cells) and GFP cells (tumor cells) (n = 4). (G) Rim exposure upregulated the IL-2 receptor (CD25)

on iMC- and CAR-modified T cells (n = 4). (H) IL-2 production was measured by ELISA after 48 hr with each of the vector combinations and with or without tumor and/or Rim

(n = 2). *p < 0.05, **p < 0.01.
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(day +1; 5 mg/kg intraperitoneally [i.p.]) increased the BLI area
under the curve (AUC) by 10-fold (1.2 � 105 versus 1.2 �
106 p/s/cm2/sr, respectively; p = 0.008) (Figures 5A and 5B). To
further determine whether iMC could enhance CAR-T proliferation
and anti-tumor efficacy, HPAC-EGFPluc-bearing mice were in-
jected with a single intravenous (i.v.) dose of non-transduced or
iMC-PSCA.z-modified T cells, where one group also received
weekly i.p. Rim (5 mg/kg). Using a relatively low CAR-T cell dose
(1.0 � 106), Rim-dependent iMC activation was required to
2180 Molecular Therapy Vol. 25 No 9 September 2017
enhance tumor control following a single T cell injection (day 50 tu-
mor BLI: 3.6 � 105 ± 5.2 � 105 versus 1.8 � 108 ± 2.3 � 108, p =
0.007 for Rim or vehicle, respectively) (Figures 5D and 5E). Impor-
tantly, in a separate experiment, qPCR analysis 21 days post-T cell
injection showed that the vector copy number (VCN) was markedly
increased in mice treated with Rim compared to mice receiving
iMC-PSCA.z-modified T cells only, in which VCN was undetectable
(Figure 5F). Thus, iMC provides an inducible mechanism to
enhance CAR-T cell persistence and amplification in vivo.
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anti-CD34 antibodies compared to non-transduced (NT) T cells. (C) iMC-PSCA.z-modified T cells only proliferate in the presence of exogenous IL-2 (100 U/mL) when

stimulated with 10 nM rimiducid (Rim), but they demonstrate antigen-independent survival in the presence of IL-2 or with weekly iMC activation over 5 weeks (two individual

donors shown). (D) T cells were transduced with EGFPluc or with both EGFPluc and iMC-PSCA.z-encoding-retrovirus and subsequently cultured with HPAC-RFP tumor cells

at a 1:10 effector-to-tumor (E:T) cell ratio for 48 hr with variable Rim concentrations (0–250 nM) (n = 3). IL-6 and IL-2 production was measured by ELISA. (E) Control T cells

(EGFPluc) or iMC-PSCA.z/EGFPluc-modified T cells were cultured at a 1:10 E:T ratio with HPAC-RFP cells at variable Rim concentrations (0–250 nM) for 7 days. Tumor cell

killing (RFP; red) and T cell (EGFP; green) proliferation were measured by live-cell imaging using an IncuCyte imager. (F and G) EGFPluc and iMC-PSCA.z/EGFPluc-modified

T cells were cultured with HPAC-RFP tumor cells at an E:T ratio of 1:20 and imaged over 7 days (n = 2). T cells transduced with iMC-PSCA.z/EGFPluc were stimulated with or

without 2 nM Rim on day 0 of culture initiation.
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iMC Enhances Function of Additional Antigen-Specific CAR

Molecules

To investigate the broad applicability of iMC in CAR-T cells, we re-
placed the PSCA scFv with a binding domain targeting CD123. As
with thePSCA-targeting vector, transductionwith iMC-CD123.z retro-
virus was highly efficient (>90% CD3+CD34+) (Figure 6A). Among the
four leukemia/lymphoma cell lines we examined for CD123 expression,
KG-1, MOLM-13 and THP-1 expressed CD123, while U-937 did not
(Figure 6B). The cell lines were subsequently modified to express
EGFPluc and used in coculture assays at a 1:1 E:T ratiowith unmodified
or iMC-CD123.z-transduced T cells. At this E:T ratio, CAR-T cells
demonstratedRim-andproliferation-independent, specific elimination
of CD123+ cell lines (KG-1, MOLM-13, and THP-1), consistent with
the cytolytic activity of the CD123.z CAR molecule (Figure 6C). How-
ever, Rim stimulated robust T cell proliferation in response to CD123
antigenic stimulation (14-fold, 20-fold, and 39-fold increases over the
starting T cell number for KG-1, MOLM-13, and THP-1, respectively)
and corresponding IL-2 production (Figures 6D and 6E). To determine
whether these results translated into improved efficacy in vivo, NSG
mice were challenged with THP-1-EGFPluc tumor cells and treated
with 2.5 � 106 non-transduced or iMC-CD123.z-modified T cells.
Additionally, on days 1 and 15 post-T cell injection, groups received
vehicle or Rim. THP-1 leukemic cells rapidly proliferated in mice
receiving non-transducedT cells, orCAR-T cells without inducible cos-
timulation, but were effectively controlled following Rim administra-
tion (Figures 6F and 6G). As observed with iMC-PSCA.z, Rim
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Figure 5. iMC Activation Enhances In Vivo CAR-T Engraftment, Proliferation, and Anti-tumor Efficacy

(A and B) 2.5� 106 T cells were cotransduced with iMC-PSCA.z and EGFPluc and injected i.v. into tumor-free NSGmice. Mice (n = 5 per group) were either left untreated or

treated with a single i.p. injection of Rim at 5 mg/kg 24 hr post-T cell injection. Radiance was calculated from in vivo BLI measurements on days +1, +8, and +30 post-T cell

injection (LoD or limit of detection for luminescence). (C) NSG mice (n = 5 per group) were engrafted with HPAC-EGFPluc and treated with 1.0 � 106 iMC-PSCA.z-modified

T cells or NT cells after 7 days. Mice subsequently received weekly i.p. vehicle (Veh) or Rim injections of 5 mg/kg. (D) Tumor BLI was assessed weekly (dotted lines indicate

individual animals and full circles show group average). These data are representative of three independent experiments. (E) To quantitate CAR-T cell persistence, a separate

experiment was performed where after 21 days, mice were euthanized and tissues were isolated for vector copy number (VCN) analysis by qPCR. *p < 0.05.
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treatment increased overall CAR-T levels by 3.5-fold (836 ± 411 versus
2894 ± 527 copies/mg genomic DNA [gDNA] for vehicle- and Rim-
treated groups, respectively; p = 0.02) (Figure 6I), which also corre-
sponded to an increased frequency of CAR-T cells by flow cytometry
(Figure S1). These data support a broadly applicable format by which
iMC can be induced to augment a broad variety of CAR-T cells.

iMC Improves GD2-Specific CAR Potency Compared to

Conventional Costimulatory Domains

To compare the activity of iMC-based costimulation relative to more
widely used costimulatory domains, we generated first-, second-, and
2182 Molecular Therapy Vol. 25 No 9 September 2017
third-generation CAR vectors encoding CD28, 4-1BB, or OX40 endo-
domains as well as an iMC-GD2.z construct (Figure 7A). Healthy
donor T cells (n = 4) were transduced and compared for CAR expres-
sion levels by flow cytometry, showing equivalent transduction among
the vectors (Figure 7B). GD2-specific CAR-T cells were subsequently
stress tested for anti-tumor activity using 7-day IncuCyte coculture as-
says at low E:T (1:10 and 1:100 E:T ratios). At a 1:10 ratio, all vectors
demonstrated killing of GD2+ HT144 tumor cells, with GD2.28.BB.z
CARs showing modestly less activity (Figure 7C). However, at a
very high 1:100 E:T ratio, HT144 tumor outgrowth was apparent in
the presence of T cells transduced with all CAR-T cell vectors except
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(A) Transduction efficiency asmeasured by CD3+CD34+ expression in non-transduced and iMC-CD123.z-modified T cells. (B) Flow cytometric analysis of CD123 expression

on four leukemia and lymphoma cell lines (KG-1, MOLM-13, THP-1, and U-937). (C) Non-transduced (NT) and iMC-CD123.z-modified T cells were cultured together with

CD123+ (KG-1, MOLM-13, or THP-1) or CD123� (U-937) cancer cell lines for 7 days at an E:T ratio of 1:1 effector-to-target cells and evaluated for outgrowth of GFP+ tumor

cells. (D) T cell proliferation of NT and iMC-CD123.z-modified T cells following coculture with KG-1, MOLM-13, THP-1, and U-937 cell lines was calculated as the fold

increase following costimulation with 1 nM Rim. (E) IL-2 production was measured by ELISA following 48 hr of coculture of NT or iMC-CD123.z-modified T cells with THP-1

cells in the presence or absence of 1 nM Rim. (F) NSG mice (n = 5 per group) were challenged with 1 � 106 THP-1-EGFPluc tumor cells via i.v. injection, followed by i.v.

treatment with 2.5� 106 NT or iMC-CD123.z-modified T cells 7 days after THP-1 administration. Mice subsequently received vehicle only or 1 mg/kg Rim by i.p. injection on

days +1 and +15 post-T cell infusion. (G) Animals were imaged on a weekly basis for tumor burden using BLI. (H) On day 28, animals were euthanized and spleens of the mice

treated with gene-modified T cells, with and without Rim-induced costimulation, were isolated for vector copy number (VCN) analysis (points indicate individual animals) (see

also Figure S1). *p < 0.05, **p < 0.01.
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Rim-treated iMC-GD2.z-modified T cells (p < 0.05) (Figure 7D). iMC
also enhanced IL-2 production 8- to 16-fold (p < 0.001) compared to
conventional GD2CAR vectors (Figure 7E). Together, these data indi-
cate that iMC provides more potent costimulatory activity compared
to CD28, 4-1BB, OX40, or combinations thereof.

DISCUSSION
Herein, we report on a novel CAR-T cell platform that utilizes ligand-
dependent costimulation to modulate T cell proliferation and
survival. The iMC-CAR vector was designed to complement a first-
generation CAR molecule (PSCA.z), which can initiate PSCA-depen-
dent target cell lysis but lacks the requisite accessory signaling for
T cell persistence and expansion. In contrast, iMC can be used to acti-
vate costimulatory pathways (e.g., NF-kB, JNK, ERK, Akt, MAPK) to
assist CAR-dependent signaling (e.g., NFAT) by multimerization of
the chimeric MyD88/CD40 protein using Rim, a class of synthetic di-
merizing ligands that are only bioactive in the presence of their
cognate binding partners. Activation of both iMC and the CAR com-
pletes the T cell signaling circuit, inducing IL-2 production and T cell
proliferation.
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Figure 7. iMC Enhances Potency of GD2-Targeted CARs Compared to Conventional Costimulatory Molecules

(A) Vector design for GD2 CAR-T cells using various costimulatory signaling domains. (B) Transduction efficiency of GD2 CAR-T cells (n = 4) as measured by CD3+CD34+

expression by flow cytometry. (C and D) IncuCyte coculture of CAR-modified T cells with GD2+ HT144-EGFPluc tumor cells using IncuCyte live-cell imaging at effector-to-

tumor (E:T) ratios of 1:10 (C) and 1:100 (D), where EGFPluc cell count was measured on day 7. Cocultures with iMC-GD2.z were stimulated with and without 10 nM Rim. (E)

IL-2 production was measured from 1:100 E:T coculture supernatants after 48 hr of culture initiation (see also Figure S2).
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Both MyD88 and CD40 play important, cell-intrinsic roles in T cell
survival, differentiation, and effector function. CD40 signaling has
been shown to contribute to memory formation and can rescue
T cells from exhaustion.17,18 TLRs are expressed in lymphocytes
and ligation by TLR agonists [e.g., poly(I:C) and CpG oligodeoxynu-
cleotides] can directly costimulate multiple T cell subsets, enhancing
survival and effector functions and promoting proliferation following
TCR cross-linking.19–24 Using MyD88-deficient mice, previous re-
ports have shown that MyD88 provides T cell-intrinsic anti-apoptotic
signals in both CD4+25,26 and CD8+ T cells27 that support survival
and accumulation of antigen-specific T cells during clonal expansion.
Our data concur with these previous studies, where activation of iMC
alone (i.e., without TCR or CAR cross-linking) in gene-modified
T cells allows antigen-independent survival, but not proliferation,
and in tumor-free animals, promotes CAR-T cell engraftment.

We assessed the impact of iMC activation in primary human T cells
using both gene expression analysis and phosphorylation of signaling
molecules. The synergistic activity of MyD88 and CD40 suggests that
the pathways induced following oligomerization are complementary
2184 Molecular Therapy Vol. 25 No 9 September 2017
and provide a potentially unique and potent signal in transduced
T cells. Using GD2-targeted CARs constructed with conventional
costimulatory domains (e.g., CD28, 4-1BB, and OX40), we performed
a side-by-side stress test comparison (using limiting numbers of
T cells). Here, we observed that activation of iMC by Rim induced
higher levels of IL-2 production, as well as other cytokines (i.e.,
IL-6, IFN-g, and TNF-a) (Figure S2), resulting in enhanced anti-tu-
mor effects. As an adaptor molecule, MyD88 is an essential signaling
component for TLRs 1, 2, 4, 6, 7, 8, and 9, which can impact NF-kB,
IRF3, and IRF7.28,29. Previous studies have shown that IRF7/IFN-b
enhances the anti-tumor activity of CAR-T cells,30 suggesting that
activating these IFN-related pathways with MyD88 may further
improve CAR-T function. In addition, CD40 seems to augment this
activity through a variety of TNF receptor associated factor
(TRAF)-mediated pathways that can overlap with (i.e., NF-kB) or
complement MyD88 signaling (i.e., p38, ERK, JNK).31 Indeed, iMC
activation in concert with CAR-T ligation enhances secretion of a
broad range of cytokines, suggesting that the molecule is a broad
enhancer of T cell activity (Figure S3). While an in vivo comparison
between iMC and standard costimulatory domains needs to be
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assessed, the increased potency on T cell survival and proliferation
may make iMC a suitable technology for targeting solid tumors,
where the inhibitory “hostile” tumor microenvironment can suppress
T cell function.

Enhancing potency of CAR-T cells carries a risk of increasing toxicity.
Synthetic biology is now being widely employed to design safety and
control mechanisms to address acute and off-tumor toxicities.32 Reg-
ulatable switches, like iMC, have the potential to provide essential
costimulation for CAR-T persistence when the dimerizing ligand is
provided but may also allow a reduction or elimination of CAR-T
cells if drug is withheld. For antigenic targets that are shared on
normal cells (e.g., CD19), these types of control systems may be
important in minimizing long-term side effects (e.g., B cell aplasia)
if an acceptable anti-tumor response has been reached. It is worth
noting that as iMC functions as an independent costimulatory mod-
ule, it may be employed to augment other T cell therapies apart from
CARs, including antigen-specific cytotoxic T lymphocytes (CTLs), tu-
mor-infiltrating lymphocytes (TILs), or TCRab gene-modified
T cells, providing a flexible control system for maintaining and ampli-
fying targeted T cell therapies.

Overall, this study demonstrates that the chimeric MyD88/CD40 pro-
tein can provide a potent costimulatory signal that enhances T cell
survival and augments T cell proliferation in the context of TCR or
CAR signaling. Additionally, this costimulatory pathway can be acti-
vated in vivo using a highly specific, synthetic, small molecule dime-
rizing ligand, Rim. The separation of the cytolytic signal 1 (CD3z)
domain from costimulatory signal 2 (iMC) provides a potential
mechanism by which T cells may be expanded in response to an
administered ligand and tumor antigen, or potentially contracted
by ligand withdrawal, where insufficient costimulation could result
in T cell anergy. Studies are currently underway to better understand
how iMC can be used to control CAR-T cell therapies and maximize
therapeutic efficacy.
MATERIALS AND METHODS
Mice

NSG mice were obtained from Jackson Laboratory and maintained at
the Bellicum Pharmaceuticals vivarium. These studies were approved
by Bellicum Pharmaceuticals’ Institutional Animal Care and Use
Committee (IACUC), comprising both internal and external re-
viewers from Baylor College of Medicine and the University of Texas
Health Science Center.
Cell Lines, Media, and Reagents

HEK293T, Capan-1, HPAC, HT144, KG-1, THP-1, U-937 (all from
ATCC), and MOLM-13 (from DSMZ) were cultured in media per
the suppliers’ recommendation. T cells were generated from periph-
eral blood mononuclear cells (PBMCs) obtained from the Gulf Coast
Blood Bank and were cultured in 45% RPMI 1640 and 45% Click’s
media (Invitrogen) supplemented with 10% fetal bovine serum
(FBS), 2 mM GlutaMAX (T cell media; TCM), and 100 U/mL IL-2.
Clinical-grade Rim was diluted in ethanol as a 100-mMworking solu-
tion for in vitro assays and further into 0.9% saline for animal studies.

Retroviral and Plasmid Constructs

iMC comprising the myristoylation-targeting sequence (M) from
v-Src,13 a TIR domain-deleted version of the TLR adaptor molecule,
MyD88, the CD40 cytoplasmic region, and two tandem ligand-bind-
ing FKBP domains were cloned in frame with truncated CD19
(DCD19) in the SFG retroviral backbone using Gibson assembly
(New England Biolabs) to generate SFG-iMC-2A-DCD19 (iMC).
Similarly, a control vector was generated containing only the myris-
toylation sequence and tandem FKBP domains. Additional retroviral
vectors were constructed using a synthetic DNA approach (Integrated
DNA Technologies) to generate MyD88- or CD40-only constructs,
termed iMyD88 or iCD40, respectively. A first-generation PSCA
CAR was synthesized containing the murine bm2B3 scFv, the immu-
noglobulin G1 (IgG1) CH2CH3 spacer region, the CD28 transmem-
brane domain, and the CD3z cytoplasmic domain (PSCA.z), as pre-
viously described.33 Subsequently, to reduce basal iMC activity,
bicistronic vectors were generated encoding a non-myristoylated
iMC and the anti-PSCA CAR. Here, the CAR comprises the anti-
gen-specific scFv (A11).16 the QBEnd-10 minimal epitope (CD34
epitope),34 a CD8a stalk and transmembrane domain (CD8stm),
and the cytoplasmic CD3z domain (iMC-PSCA.z). An additional
iMC-enabled CAR targeting CD123 was generated by replacing the
variable light (VL) and variable heavy (VH) domains with the 32716
scFv.35 GD2 vectors encoding CD28, 4-1BB, and OX40 endodomains
were constructed with the 14 g2a scFv.36 Tumor cells were transduced
with the SFG-EGFPluciferase (EGFPluc) retrovirus or transfected
with expression plasmids expressing GFP or RFP. For in vivo biolu-
minescence studies, either tumor cells or CAR-T cells were trans-
duced with the EGFPluc retrovirus.

Transduction of T Cells

Retrovirus was produced by transient transfection of 293T cells using
GeneJuice (EMDMillipore) withMoloney murine leukemia virus gag
and pol polyproteins (MoMLV gag-pol; PegPam3-e plasmid), an
RD114 envelop (RDF plasmid), and the retroviral vector, and the su-
pernatant was collected after 48–72 hr. To transduce T cells, 5 � 105

PBMCs were stimulated with 0.5 mg/mL each of anti-CD3 and anti-
CD28 antibodies (Miltenyi Biotec) bound to non-tissue culture-
treated plates in the presence of 100 U/mL IL-2. Activated T cells
were subsequently transduced using the Retronectin (Takara Bio)
and spinfection technique and were expanded for 10–14 days post-
transduction unless otherwise stated. For transductions with multiple
vectors, the protocol was identical to the above except the wells were
coated with equal amounts of each retroviral supernatant.

Immunophenotyping

Gene-modified T cells were analyzed for iMC transgene expression
10–14 days post-transduction by using anti-CD3-PerCP.Cy5 and
anti-CD19-phycoerythrin (PE) antibodies (BioLegend). To detect
CAR-transduced cells, T cells were also stained with an Fc-specific al-
lophycocyanin (APC)-conjugated monoclonal antibody (Jackson
Molecular Therapy Vol. 25 No 9 September 2017 2185
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ImmunoResearch Laboratories), which recognizes the IgG1 CH2CH3
component of the receptor. T cells were also analyzed for CD4, CD8,
and CD25 (BioLegend) following activation with 10 nM Rim and Ca-
pan-1 tumor cells. T cells modified with the bicistronic iMC-CAR.z
constructs were analyzed with PE-conjugated anti-CD34 QBEnd-10
antibody (Abnova) to determine transduction efficiency. Phenotypic
analysis of T cells isolated from animals was assessed by nine-color
flow cytometry using the following antibody panel: anti-murine
CD45-BV510, anti-CD3-APC/Cy7, anti-CD4-PerCP-Cy5.5, anti-
CD8-BV711, anti-CD34-PE, anti-CD45RA-fluorescein isothiocyanate
(FITC), anti-CD62L-APC, anti-CD95-ECD, and anti-PD-1-BV421
(BD Biosciences). Flow cytometry was performed using LSRII (Becton
Dickinson) or Gallios (Beckman Coulter) flow cytometers and the data
were analyzed using Kaluza (Beckman Coulter) software.

Cytokine Production

Production of IFN-g, IL-2, and IL-6 by T cells modified with iMC or
control vectors was analyzed by ELISA or cytometric bead array as
recommended (eBioscience or Becton Dickinson). In some experi-
ments, cytokines were analyzed using a 27-cytokine/chemokine
(Milliplex MAP; Millipore) multiplex array system with a multiplex
reader (Bio-Plex MAGPIX; Bio-Rad).

Immunoblotting and Milliplex MAP Assay

Primary human T cells transduced with either FKBP or iMC were
cultured for the indicated time points in a 37�Cwater bath with either
10 nM Rim, 250 nM each of phorbol 12-myristate 13-acetate (PMA)
and ionomycin, or media alone. Western blots were performed by
probing with antibodies specific for p-RelA (S536), p-Akt (S473),
p-p38 (T180/Y182), p-JNK (T183/Y185), p-ERK1/2(T202/Y204)
(Cell Signaling Technology), or total b-tubulin (Santa Cruz Biotech-
nology). Bound antibodies were detected by horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG antibody (Pierce), followed
by enhanced chemiluminescence (ECL) (Pierce) and detection on a
Gel Logic 6000 Pro imaging system (Carestream Health). Addition-
ally, cell lysates were processed and analyzed per the manufacturer’s
protocol using a BioPlex MAGPIX Multiplex Reader (Bio-Rad) to
detect phosphorylation of the signaling molecules described above
(custom Milliplex Magnetic Bead MAPmate kit; Millipore). Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was used as a control
for total protein content. The fold increase in phosphorylation was
calculated by the “net mean fluorescence intensity (MFI)” of Rim
treatment at a given time point divided by the net MFI of the corre-
sponding non-stimulated time point.

Gene Expression Analysis

Non-transduced or FKBP- or iMC-modified T cells were derived
from PBMCs isolated from three healthy donors using the T cell gen-
eration protocol described above. T cells were stimulated with and
without 10 nM Rim for 24 hr and were then harvested for mRNA
extraction (by RNeasy; QIAGEN) and hybridization on Human
Genome U133 Plus 2.0 arrays at the Baylor College of Medicine Ge-
nomics and RNA Profiling Core. Signaling data were derived from the
image files using ArrayStar software (version 12.0.0). Genes that
2186 Molecular Therapy Vol. 25 No 9 September 2017
showed a Benjamini-Hochberg false discovery rate (FDR) of <0.05
and a >2-fold increase between datasets were used to perform gene
ontology using Molecular Signatures Database (MSigDB)37 using
C2 CP:KEGG gene sets, C3 transcription factor targets, and C7
immunological targets gene sets. Induced network module analysis
was performed using the ConsensusPathDB-human database.38

Cytotoxicity and Coculture Assays

Cytotoxicity against PSCA+ tumor cells was measured in the 24-hr
dissociation-enhanced lanthanide fluorescence immunoassay
(DELFIA) assay (PerkinElmer) as recommended (Clontech Labora-
tories). Coculture assays were performed with GFP-modified tumor
cells at various E:T with or without 10 nM Rim and in the absence
of exogenous IL-2. After 7 days, all residual cells were harvested
from the well, counted, and stained with CD3-, CD19-, and CAR-spe-
cific antibodies and analyzed by flow cytometry. Additional coculture
assays were performed using real-time fluorescent microscopy
(IncuCyte; Essen Biosciences).

In Vivo Studies

To evaluate the efficacy of iMC-modified CAR-T cells in vivo against
PSCA+ tumors, NSG mice were engrafted with 2� 106 HPAC tumor
cells resuspended in Matrigel (BD Biosciences) and injected subcuta-
neously (s.c.). After 7–10 days, mice were injected i.v. with a single
dose of 1 � 106 T cells per animal. Rim was administered via i.p.
injections at a dose of 5 mg/kg. Tumor size was measured both by cal-
ipers and by BLI using an In Vivo Imaging System (IVIS;
PerkinElmer). To assess CAR-T cell persistence and expansion
in vivo, CAR-T cells were cotransduced with EGFPluc and measured
using in vivo BLI, as above. Additional experiments were performed
using a CD123-targeted CAR and EGFPluc-modified CD123+ THP-1
cells. Here, 1 � 106 tumor cells were injected i.v. and after 7 days, the
mice were treated with 2.5 � 106 non-transduced or CAR-T cells via
tail vein injection. Some groups also received an i.p. injection of Rim
at 1 mg/kg (adjusted to more closely match Rim pharmacokinetics in
humans) on day +1 and +15 after T cell injection. BLI was measured
weekly; on day 28, mice were euthanized and splenocytes were as-
sessed for CAR-T frequency by qPCR.

VCN Assay

CAR-T cell biodistribution was determined by isolating tissues and
blood from treated mice and performing VCN analysis by qPCR.
gDNA was isolated from each tissue specimen (<25 mg) using
DNeasy Blood and Tissue Kits (QIAGEN). TaqMan PCR primers
and fluorescent probe were designed to distinguish between
MyD88 and CD40 (forward: GGGCATCACCACACTTGAT;
reverse: GCCTTATTGGTTGGCTTCTTG; 6-carboxyfluoroscein
(FAM) probe: FAM/ATATGCCTG/ZEN/AGCGTTTCGATGCCT).
The retrovirus parent plasmid was used as a standard by serially
diluting into gDNA isolated from non-transduced T cells.

Statistics

Data are presented as means ± SEM. Data were analyzed usingMann-
Whitney statistical comparisons to determine significant differences
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between groups. One-way ANOVA followed by Bonferroni’s multi-
ple-comparisons test was used to compare multiple treatment groups.
Two-way ANOVA followed by Bonferroni’s test was used to assess
statistical significance of differences in tumor growth between multi-
ple treatment groups at different time points. Survival was recorded
by Kaplan-Meier graphs, with significance determined by the log-
rank test. Data were analyzed using GraphPad Prism software
(version 5.0; GraphPad Software).
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