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against Metastatic Head and Neck Cancer
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In solid tumors, chimeric antigen receptor (CAR)-modified
T cells must overcome the challenges of the immunosuppres-
sive tumormicroenvironment.We hypothesized that pre-treat-
ing tumors with our binary oncolytic adenovirus (CAd), which
produces local oncolysis and expresses immunostimulatory
molecules, would enhance the antitumor activity of HER2-spe-
cific CAR T cells, which alone are insufficient to cure solid
tumors. We tested multiple cytokines in conjunction with
PD-L1-blocking antibody and found that Ad-derived
IL-12p70 prevents the loss of HER2.CAR-expressing T cells at
the tumor site. Accordingly, we created a construct encoding
the PD-L1-blocking antibody and IL-12p70 (CAd12_PDL1).
In head and neck squamous cell carcinoma (HNSCC) xenograft
models, combining local treatment with CAd12_PDL1 and
systemic HER2.CAR T cell infusion improved survival
to >100 days compared with approximately 25 days with either
approach alone. This combination also controlled both pri-
mary and metastasized tumors in an orthotopic model of
HNSCC. Overall, our data show that CAd12_PDL1 augments
the anti-tumor effects of HER2.CAR T cells, thus controlling
the growth of both primary and metastasized tumors.
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INTRODUCTION
Solid tumors express a range of inhibitory cytokines1 and immune
checkpoint ligands2 that impair the sustained activation and persis-
tence of adoptively transferred chimeric antigen receptor (CAR)-ex-
pressing T cells. For optimal effector function, T cells require receptor
activation (signal 1), co-stimulation (signal 2), and cytokine engage-
ment (signal 3).3 Although CAR T cells can specifically target tumor
antigens to receive signal 1 and contain embedded costimulatory
sequences (signal 2), the immunosuppressive tumor microenviron-
ment inhibits sustained activation of effector T cells by expressing
immune checkpoint ligands that block co-stimulation (signal 2)
and counteract pro-inflammatory cytokines (signal 3).1

We have developed a system in which co-infection of an oncolytic
adenovirus (Onc.Ad) with a helper-dependent Ad (HDAd) (combi-
natorial Ad vector [Cad]) produces local oncolysis and expression
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of multiple transgene products without loss of oncolytic titer.4

HDAd has a cargo capacity of up to 34 kb, and here we show that
we can exploit the CAd system to simultaneously disrupt the
tumor microenvironment while producing checkpoint inhibitors
(to augment signal 2) and stimulatory cytokines (to provide signal 3),
thereby enabling adoptively transferred CAR T cells to target both
local and metastatic disease. Local production of checkpoint inhibi-
tors and stimulatory cytokines may have several advantages over
systemic administration. Although checkpoint blockade with mono-
clonal antibodies has demonstrated success in multiple clinical trials,5

systemic administration of these antibodies has been associated with
systemic adverse events and even with enhanced tumor growth.6,7

Likewise, many methods to provide exogenous signal 3 have been
tested, including intravenous administration of pro-inflammatory re-
combinant cytokines (rCytokines) such as interleukin-2 (IL-2) or IL-
15.8 However, there have been clinical toxicities associated with high
circulating levels of rCytokines following their systemic
administration.9

Head and neck squamous cell carcinomas (HNSCCs) are commonly
locoregional diseases presenting at or near the body surface, making
them amenable to direct intratumoral administration of Ad vectors.10

Although numerous clinical trials have demonstrated the safety and
feasibility of Ad virotherapy for HNSCC, Ads alone are unable to
cure bulky and metastatic disease. Additionally, although immune
checkpoint ligands (e.g., PD-L1) and receptors (e.g., CTLA-4) have
been identified on tumors in HNSCC patients,11 a recent clinical trial
showed that treatment with pembrolizumab (anti-PD-1 IgG) alone is
insufficient to cure HNSCC, leading to questions about its clinical
value in this setting.12,13
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Figure 1. HNSCC Lines Resist HER2.CAR T Cells In Vivo

(A) The ability of HER2.CAR T cells to lyse HNSCC lines was assessed using a 4-hr 51Cr release assay. Data are presented as means ± SD (n = 3 donors). *p < 0.002,

**p < 0.005, ***p < 0.001. (B) FaDu and SCC-47 expressing ffLuc were cultured with increasing doses of HER2.CAR T cells. Viable cancer cells were analyzed at 120 hr by

luciferase assay, and percent viability was calculated. Data are presented asmeans ± SD (n = 4). *p < 0.001. (C) FaDu and SCC-47 cells were transplanted into the right flanks

of NSG mice (pink, female; blue, male). A total of 1� 106 HER2.CAR T cells were systemically administered after the tumor volume reached 100 mm3. Tumor volumes were

measured at different time points. (D) Kaplan-Meier survival curve after administration of HER2.CAR T cells. The end point was established at a tumor volume of >1,500mm3.

Data are presented as means ± SD (n = 8–10).
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In this study, we show that local CAd treatment can simultaneously
provide oncolysis, checkpoint inhibition, and a proinflammatory
cytokine to head and neck tumors, thereby enhancing the antitumor
efficacy of systemic CAR T cell therapy for HNSCC.We validated our
combination approach using HER2.CAR T cells because these were
recently reported to be safe in patients with osteosarcoma and
glioblastoma14,15 and because recent preclinical and clinical data
implicate HER2 as a therapeutic target in HNSCC with ongoing
clinical trials of HER2-directed therapy.16 We demonstrate that the
combination of CAd and HER2 CAR T cells produces anti-tumor
activity even against otherwise resistant metastatic disease.

RESULTS
HNSCC Lines Resist Killing by HER2.CAR T Cells In Vivo

Over-activation of ErbB family receptors, including HER2, is one
mechanism by which HNSCCs resist conventional treatment because
increased HER2 expression is linked to worse prognosis, increased
recurrence, and decreased survival in HNSCC patients.16 HNSCC is
genetically classified into human papillomavirus (HPV)� and
HPV+ subclasses,17 and we found that both groups express HER2
(Figure S1). To discover whether HER2 expression on HNSCCs
was sufficient for recognition and killing by CAR T cells, we co-
cultured HNSCC lines with T cells expressing a second-generation
HER2-specific CAR with CD28.z-signaling domains (HER2.CAR
T cells14,15). We evaluated the short-term (4-hr Cr release assay)
and long-term (5-day co-culture) cytotoxicities of these HER2.CAR
T cells to FaDu (HPV�) and SCC-47 (HPV+) (Figures 1A and 1B).
We confirmed that HER2.CAR T cells had a dose-dependent killing
effect in both assays, indicating that HNSCC lines express sufficient
levels of HER2 for HER2.CAR T cell recognition and killing.

We showed that, in the absence of tumor, 1 � 106 HER2.CAR T cells
expanded minimally in NOD.Cg-PrkdcscidIL2rgtm1Wjl/Sz (NSG) mice
after systemic injection (Figure S2) and did not produce xenogeneic
graft versus host disease, an effect that may confound the assessment
of specific anti-tumor activity. We next evaluated the anti-tumor
efficacy of HER2.CAR T cells by subcutaneously transplanting
FaDu or SCC-47 tumor cells. After the tumor volume reached
100 mm3, we injected 1� 106 HER2.CAR T cells systemically and fol-
lowed the tumor volume (Figure 1C). Although HER2.CAR T cells
effectively killed the HNSCC lines in vitro, they had minimal anti-tu-
mor effects and no benefit to survival in vivo (Figure 1D). These
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Figure 2. HDAd-Derived Cytokines Minimally Enhance the Anti-tumor Effect of HER2.CAR T Cells In Vitro and In Vivo

(A) Schematic structure of HDAd encoding a cytokine expression cassette (HDAdCyto). A549 cells were infected with 100 vps/cell of HDAdCyto. Media were collected 48 hr

post-infection, and cytokine levels in the media were measured by ELISA. Data are presented as means ± SD (n = 4). *p < 0.05, **p < 0.001. (B) HER2.CAR T cells expanded

with IL-2 were cultured in the presence of 10 ng/mL recombinant cytokines for 30min, and phosphorylation of STATs was analyzed by flow cytometry. The experiments were

repeated with HER2.CAR T cells derived from a second donor with similar results. (C) FaDu or SCC-47 expressing ffLuc cells were infected with 100 vps/cell of HDAdCyto.

HER2.CAR T cells were added 24 hr post-infection (effector:target ratio of 1:40). Cells were harvested 120 hr post-co-culture, and viable cancer cells were analyzed by

luciferase assay. Data are presented as means ± SD (n = 4). *p < 0.001. (D) SCC-47 cells were transplanted into the right flanks of NSG female mice. A total of 1� 108 vps of

HDAdCyto were injected intra-tumorally. A total of 1 � 106 HER2.CAR T cells were systemically administered 3 days post-injection of HDAds, and tumor volumes were

measured at different time points. Data are presented as means ± SD (n = 3).
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results suggest that additional immunomodulation is required to
enhance the anti-tumor effect of HER2.CAR T cells in vivo.

HDAd-Derived Cytokines Minimally Enhance the Anti-tumor

Effect of HER2.CAR T Cells In Vitro and In Vivo

Although co-expressing a cytokine with CAR has been shown to
enhance the anti-tumor effects of CAR T cells (“armored” CAR
T cells) in vivo,18,19 constitutive and systemic cytokine expression
by expanded armored CAR T cells may cause off-target toxicity. To
address whether local provision of cytokine at the tumor site similarly
enhances anti-tumor activity of CAR T cells, we generated HDAds20

expressing IL-2, IL-7, IL-12p70, IL-15, or IL-21 (HDAdCyto) to exog-
enously provide local cytokine to HER2.CAR T cells.
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We first confirmed that the HDAd expressed the encoded
cytokine in vitro (Figure 2A). We also confirmed that the expanded
HER2.CAR T cells used in the experiments responded to these
cytokines and phosphorylated signal transducers and activators
of transcription (STATs) (Figure 2B). IL-7, IL-12p70, IL-15, and
IL-21 specifically phosphorylated the appropriate STATs of
HER2.CAR T cells (IL-7 and IL-15, STAT5; IL-12p70, STAT4;
IL-21, STAT3), indicating that HER2.CAR T cells respond as antic-
ipated to these cytokines.21,22 Of note, HER2.CAR T cells had no
additional STAT5 phosphorylation in the presence of IL-2. Because
we expanded HER2.CAR T cells with recombinant human IL-2,
IL-2-dependent STAT5 phosphorylation may already have been at
maximum levels.
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We then determined which HDAdCyto enhanced HER2.CAR T cell
killing in vitro (Figure 2C). Although HDAdCyto did not improve
HER2.CAR T cell killing of FaDu in co-culture, IL-12p70, IL-15, and
IL-21 consistently and significantly (p < 0.001) improved the anti-tu-
mor effects of HER2.CART cells co-culturedwith SCC-47 (Figure 2C).
To confirm that local IL-12p70, IL-15, or IL-21 expression improves the
anti-tumor activity of HER2.CART cells in vivo, we evaluated the anti-
tumor effects ofHDAdCyto andHER2.CART cells in an SCC-47 xeno-
graftmousemodel (Figure 2D).We found that onlyHDIL-12 improved
theanti-tumor effects ofHER2.CARTcells comparedwithmice treated
with control HDAd (Ad0) in vivo. However, the improvement of
HER2.CAR T cell activity by IL-12 in vivo was modest, implying that
increased local provisionof cytokine (signal 3) alonemaybe insufficient
to produce durable responses against HNSCC tumors.

HDAd-Derived IL-12p70- and PD-L1-Blocking Antibody

Maintains HER2.CAR Expression of Adoptively Transferred

HER2.CAR T Cells In Vivo

We next repeated the co-culture experiments in the presence of
HDAd-expressing PD-L1-blocking antibody (HDAdPDL17) and
HDAdCyto because both FaDu and SCC-47 upregulate PD-L1 in
the presence of interferon g (IFNg) produced by effector T cells (Fig-
ure S3A). We found that, in conjunction with PD-L1-blocking anti-
body, IL-12p70 and IL-21 dramatically improved HER2.CAR T cell
killing in SCC-47 co-culture (Figure S3B), indicating that the additive
anti-tumor effects of cytokine (signal 3) are enhanced by blockade of
the PD-1:PD-L1 interaction (to augment signal 2).

To determine whether cytokine and PD-L1-blocking antibody
together enhanced the anti-tumor activity ofHER2.CART cell in vivo,
we screened HDAdCyto and HDAdPD-L1 in FaDu (HPV�) and
SCC-47 (HPV+) xenograft mouse models. We found that the combi-
nation of HDAdIL-12p70 with HDAdPD-L1 significantly improved
the anti-tumor effects of adoptively transferred HER2.CAR T cells
in both FaDu and SCC-47 xenograft models (Figure 3A).

To address how HDAd derived IL-12p70 enhanced HER2.CAR T cell
activity in vivo, we first measured the expansion of firefly luciferase
(ffLuc)-labeled HER2.CAR T cells at tumor sites (Figure 3B). We
found that ffLuc activity was identical irrespective of treatment group
in both FaDu and SCC-47 xenograft models, suggesting that ffLuc-
transduced T cells expand and persist at tumor sites at a similar level
regardless of the treatment group. When we phenotyped HER2.CAR
T cells from the tumor sites 22 days following adoptive transfer (Fig-
ure 3C), however, we found that HER2.CAR T cells from tumor sites
treated with HDAdIL-12p70 maintained pre-infusion levels
of HER2.CAR expression at 70%–90%. In contrast, HER2.CAR pos-
itivity decreased from 90% (pre-infusion; Figure S4A) to 20% in
HER2.CAR T cells from tumors treated with any other HDAdCyto.
There were only minor (and statistically non-significant) differences
in the CD4 and CD8 ratio, memory phenotype, and PD-1, LAG3, or
TIM3 expression levels of HER2.CAR T cells between the HDAdCyto
conditions (Figure S4B). We next isolated HER2.CAR T cells from
FaDu and SCC-47 tumors 22 days post-infusion and extracted
DNA and RNA from these T cells to quantify the HER2.CAR copy
number at the DNA and RNA levels (Figure 3D). Only HER2.CAR
T cells from tumor sites treated with HDAdIL-12p70 maintained
HER2.CAR copy numbers at their pre-injection levels. Hence,
HDAd-derived IL-12p70 sustains the presence of HER2.CAR-encod-
ing and -expressing T cells at tumor sites, thus maintaining the anti-
tumor effects of HER2.CAR T cells in vivo.

Benefits of Combining Helper-Dependent and Onc.Ads (CAd)

Having identified the optimal cytokine and checkpoint components
of the HDAd vector, we constructed a single HDAd encoding both
IL-12p70 and PD-L1-blocking antibody expression cassettes
(HDAd12_PDL1) and confirmed that it expressed both transgenes
at levels similar to HDAd expressing a single transgene (Figure 4A).
One drawback of the HDAd system, however, is that it lacks the abil-
ity to replicate and destroy infected cancer cells (oncolysis). Because
we have previously shown that tumor cells co-infected with Onc.Ad
and HDAd (CAd) replicate both Onc.Ad and HDAd,4,7, we hypoth-
esized that combining HDAd12_PDL1 with Onc.Ad would lead to
cycles of production and release of both the oncolytic and the immu-
nogenic components (IL-12p70 and PD-L1-blocking antibody).

First we tested the antitumor efficacy of Onc.Ad5/3D24 because this
oncolytic virus has been clinically tested in patients with solid tumors,
including HNSCC.23 We injected the virus locally into both FaDu
and SCC-47 xenograft models and found that it had minimal anti-tu-
mor effects (Figure S5), suggesting that, like CAR T cells, oncolysis
alone is insufficient to cure bulky HNSCCs. Next we confirmed that
co-infection of Onc.Ad with HDAdIL12_PDL1 (CAd12_PDL1;
Onc.Ad:HDAd = 1:104) amplified IL-12p70 and PD-L1-blocking
antibody expression in co-infected FaDu and SCC-47 cells in vitro
(Figure 4B). To test whether increased transgene expression was
dependent on the amplification of HDAd vector DNA, we quantified
both HDAd and Onc.Ad vector copies using primer sets for each
backbone (Table S1) 48 hr post-infection (Figure 4C). Cells infected
with CAd12_PDL1 had 100-fold more HDAd vector copies than cells
infected with HDAd alone. To verify whether CAd12_PDL1 induces
both the amplification of HDAd and the lytic effects of Onc.Ad,
cellular lysis of CAd12_PDL1 was evaluated using an MTS cell prolif-
eration assay 96 hr post-infection (Figure 4D). CAd12_PDL1 had
dose-dependent lytic effects in infected FaDu and SCC-47 cell lines,
although it was not as potent as Onc.Ad alone, likely because the ratio
of Onc.Ad to HDAd in the CAdVEC treatment was just 1:10.4,7

Benefits of Combining CAd and CAR T Cells In Vivo

We evaluated the anti-tumor effects of combinatorial treatment with
CAd12_PDL1 and HER2.CAR T cells in FaDu and SCC-47 xenograft
models (Figure 5A). Combinatorial treatments with HER2.CAR
T cells and Onc.Ad, CAd12, or CAdPDL1 were used as controls.
CAd12_PDL1 and HER2.CAR T cells significantly extended the me-
dian survival of mice from 21 days (FaDu, no treatment) or 24 days
(SCC-47, no treatment) to more than 100 days (Figure 5B; Table 1).
Combinatorial treatment with CAd12_PDL1 and HER2.CAR T cells
also significantly extended the median survival compared with mice
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Figure 3. HDAd-Derived IL-12p70 and PD-L1-Blocking Antibody Increase the Anti-tumor Efficacy of Adoptively Transferred HER2.CAR T Cells In Vivo

FaDu or SCC-47 cells were transplanted into the right flanks of NSG mice. A total of 1 � 108 vps of HDAdCyto and HDAdPDL1 (1:1) were injected intra-tumorally. A total of

1� 106 HER2.CAR T cells expressing firefly luciferase (ffLuc) were systemically administered 3 days post-injection of HDAds. (A) Tumor volumes were measured at different

time points. Data are presented as means ± SD (n = 4). *p < 0.001. (B) Bioluminescence of HER2.CAR T cells was monitored at different time points. Data are presented as

means ± SD (n = 4). (C) T cells at the tumor site were isolated 22 days post-infusion, and HER2.CAR levels on T cells were analyzed by flow cytometry. The experiments were

repeated with similar results. (D) T cells from tumor sites treated with HDAd0, HDAdIL-7, HDAdIL-12, or HDAdIL-21 co-injected with HDAdPDL1 were isolated 22 days post-

injection and purified by a CD3MACS column. To achieve sufficient T cells for analysis, cells from each groupwere pooled before analysis. DNA and RNAwere extracted from

purified T cells, and HER2.CAR copy numbers at DNA and RNA levels in each sample were quantified. The experiments were repeated with similar results.
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Figure 4. Co-infection of Onc.Ad with HDAd Expressing Both IL-12p70 and PD-L1 Mini-Antibody Amplifies IL-12p70 and PD-L1-Blocking Antibody

Expression with Oncolysis In Vitro

(A) Schematic structure of HDAd encoding human IL-12p70 and anti-PD-L1 mini-antibody expression cassettes (HDAdIL12_PDL1). A549 cells were infected with 100 vps/

cell of HDAdEGFP, HDAdIL-12, HDAdPD-L1, or HDAdIL12_PDL1. Media were collected 48 hr post-infection. Medium samples were subjected to IL-12p70 ELISA and

western blotting for PD-L1mini-antibody, which was detected by anti-HA antibody. (B) FaDu and SCC-47 cells were infected with a total of 10 vps/cell of HDAdIL12_PDL1 or

Onc.Ad or with CAd12_PDL1 (Onc.Ad:HDAd, 1:10). Medium samples were collected 48 hr post-infection. The levels of IL-12p70 and PD-L1 mini-antibody in medium

samples were quantified by IL-12p70 ELISA assay and western blotting for PD-L1mini-antibody, respectively. Data are presented asmeans ± SD (n = 4). *p < 0.001. (C) DNA

samples were extracted 48 hr post-infection, and Onc.Ad and HDAd vector copy numbers were measured by qPCR. Data were normalized with human genomic GAPDH.

Data are presented as means ± SD (n = 4). *p = 0.008. CAdVEC: Onc.Ad:HDAdIL12_PDL1, 1:10. (D) FaDu and SCC-47 cells were infected with increasing doses of

HDAdIL12_PDL1 or Onc.Ad or with CAdVEC (Onc.Ad: HDAdIL12_PDL1, 1:10). Viable cells were analyzed at 96 hr by MTS assay. Data are presented as means ± SD (n = 6).
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treated with HER2.CAR T cells and Onc.Ad (oncolysis), HER2.CAR
T cells and CAd12 (oncolysis + IL-12p70), or HER2.CAR T cells and
CAdPDL1 (oncolysis + PD-L1-blocking antibody) in both animal
models, indicating that all components (oncolysis, IL-12p70, and
PD-L1-blocking antibody) are required to maximize the anti-tumor
effects of HER2.CAR T cells. HER2.CAR T cells were detected at
tumor sites for more than 100 days in surviving mice (Figure 5C; Fig-
ure S6) and maintained their HER2.CAR expression (Figure S7).
IFNg and IL-12p70 were also detected in the blood of surviving
mice (Figure 5D). These results indicate that, in the presence of the
combination of oncolysis, IL-12p70, and PD-L1-blocking antibody,
HER2.CAR T cells persist long-term and that their continued trans-
gene expression at the tumor sites correspondingly prolonged control
of tumor growth. Mice treated with these combined therapies had no
weight loss or other visible adverse events (Figure S8), suggesting that
the treatments, including the oncolysis and transgene products, had
minimal toxicity in mice.

Combination of CAd12_PDL1 and HER2.CAR T Cells Controls

Both Primary andMetastasizedHNSCCTumors in anOrthotopic

Mouse Model

Nearly 50% of HNSCC patients have lymphatic metastasis, contrib-
uting to continued poor disease prognosis.24 To address whether
CAd12_PDL1 treatment at the primary tumor site can augment the
anti-tumor effects of systemically administered HER2.CAR T cells
and control the growth of both primary and metastasized tumors,
Molecular Therapy Vol. 25 No 11 November 2017 2445

http://www.moleculartherapy.org


Figure 5. CAd12_PDL1 Enhances the Anti-tumor Effects of HER2.CAR T Cells In Vivo

FaDu or SCC-47 cells were transplanted into the right flanks of NSGmice (pink, female; blue, male). A total of 1� 108 vps of Onc.Ad, CAdPDL1, CAdIL-12, or CAd12_PDL1

(Onc:HD, 1:20) were injected intra-tumorally. A total of 1 � 106 HER2.CAR T cells expressing ffLuc were systemically administered 3 days after injection of Ads. (A) Tumor

volumes were measured at different time points. (B) Kaplan-Meier survival curve after administration of Ad gene therapy. The end point was established as a tumor volume

of >1,500 mm3. Data are presented as means ± SD (n = 8–10). *p < 0.003, **p < 0.007, ***p < 0.01, and ****p < 0.001. (C) The bioluminescence of HER2.CAR T cells was

monitored at different time points. Data are presented as means ± SD (n = 8–10). (D) Serum samples were collected at 0, 3, 10, 24, 45, 66, 87, and 108 days after injection of

Ads, and IFNg and IL-12p70 levels in serum were measured by ELISA. Data are presented as means ± SD (n = 8–10).
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Table 1. Median Survival of Animals

Control
Onc.Ad +
CART

CAdPDL1 +
CART

CAd 12 +
CART

CAd 12 _ PDL1 +
CART

FaDu 21 days 32 days 27 days 84 days >105 days

SCC-47 24 days 27 days 27 days 63 days >105 days

CART, chimeric antigen receptor T cell.
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we evaluated the anti-tumor effects of combinatorial treatment in an
orthotopic HNSCCmodel that produces lymph node (LN)metastases
(Figure S9A).17,25,26 We transplanted FaDu into the tongues of NSG
mice, and 6 days later injected 1 � 108 viral particles (vps) of
CAd12_PDL1 into the tongue. Three days after CAd12_PDL1 treat-
ment, we injected 1 � 106 ffLuc-labeled HER2.CAR T cells intrave-
nously (i.v.) (Figure 6A) andmonitored the distribution ofHER2.CAR
T cells (Figure 6B). HER2.CAR T cells infiltrated both primary and
metastasized tumors by 3 days post-injection in the presence and
absence of CAd treatment, indicating that HER2.CAR T cells can
target both primary and metastasized tumors independent of CAd.
Although T cell signals persisted at tumor sites in mice treated with
HER2.CAR T cells alone, similarly to mice who also received a
CAd12_PDL1 injection (Figure 6B), all mice receiving HER2 CAR
T cells alone were terminated by day 60 because of weight loss. In
contrast, there was no weight loss because of tumor growth in mice
treated with combinatorial treatment (Figure S10). These results sug-
gest that CAd-derived transgenes at the primary tumor can promote
the activation of adoptively transferred HER2.CAR T cells, which
can then control the growth of both primary andmetastasized tumors.

To address how each component of combinatorial treatment controls
primary and metastasized tumor growth, we next transplanted FaDu
labeled with ffLuc into the tongues of NSGmice andmonitored tumor
growth by ffLuc activity (Figure 6C). Mice were treated with a single
agent or a combination. Mice treated with both CAR T cells and CAd
had significantly reduced ffLuc activity at primary and metastasized
tumors 10 days post-CAd injection compared with control animals
and with those receiving single-agent treatments. Dual treatment
also extended the median survival from 13 days (untreated group)
to more than 100 days (Figure 6D), and these mice showed control
at both primary andmetastatic sites. HER2.CAR T cells were detected
at both tumor sites 120 days post-infusion and maintained their
HER2.CAR expression (Figure 6E). Notably, both Onc.Ad and
HDAd vector DNAs were detected in primary tumors (tongue) of
mice receiving CAd12_PDL1 but were undetectable in the LN area
(Figure S9B), suggesting that the HER2.CAR T cells, unlike locally in-
jected CAd, play a major role in the control of LNmetastases and that
CAd-derived immunostimulatory transgene expression is required
for these HER2.CAR T cells to control LN metastases.

DISCUSSION
Here we demonstrate that CAd12_PDL1 augments the anti-tumor ef-
fects of adoptively transferred HER2.CAR T cells HNSCC xenograft
and orthotopic mouse models, leading to control of both bulky
(xenograft) and metastasized (orthotopic) tumor growth.

To date, local Onc.Ad treatment has been unable to eradicate tumors
in HNSCC patients because locally injected Ads have limited distribu-
tion to metastasized tumors.10 In contrast, CAR T cells can home to
both primary and metastasized tumors, potentially overcoming the
limited systemic anti-tumor effects of locally administered Ad-based
cancer immunotherapies. But although both Onc.Ad5/3D2423 and
HER2.CAR T cells14,15 effectively kill HNSCC lines in vitro, neither
treatment had substantial anti-tumor effects on HNSCC tumors
in vivo when used alone or in combination, consistent with their
limited activity in clinical trials.

Compared with B cell malignancies, solid tumors, including
HNSCCs, pose unique challenges for CAR T cell therapy because
they express a range of inhibitory cytokines and immune checkpoint
ligands such as PD-L1.1 We thus developed a binary Onc.Ad system
in which a single package of an Onc.Ad with HDAd (CAd or
CAdVEC) produces local oncolysis and expresses multiple transgene
products without loss of oncolytic titer.4 HDAd has a cargo capacity
of up to 34 kb and therefore can express multiple immunomodulatory
molecules in a single vector, and co-infected Onc.Ad replicates both
Onc.Ad and HDAd. We demonstrated that local CAd expressing
PD-L1-blocking antibody (CAdPDL1) can boost the anti-tumor ac-
tivity of adoptively transferred HER2.CAR T cells compared with
treatment with either treatment alone in prostate and cervical carci-
noma xenograft models;7 however, we found this approach to be
insufficient for HNSCC xenograft tumors.

Several cytokines, including IL-7, IL-15, and IL-21, maintain the
memory phenotype of CAR T cells when used for ex vivo expansion
or given to mice in conjunction with CAR T cells. These effects are
mediated by phosphorylation of STAT proteins, including STAT5
and STAT3.21,27–29 Thus, we hypothesized that adding an HDAd ex-
pressing a cytokine to provide signal 3 (HDAdCyto) to our CAdPDL1
(which augments signal 2) would further enhance HER2.CAR T cell
activity locally and precipitate superior systemic CAR T cell killing.
22 days post-injection, all cytokines tested (IL-2, IL-7, IL-12p70,
IL-15, and IL-21) showed similar effects on T cell proliferation, mem-
ory phenotype, and exhaustion marker expression. However, in vivo,
IL-12p70 best augmented the antitumor activity of HER2.CAR T cells
in the presence of PD-L1-blocking antibody, and only IL-12p70 pre-
vented the loss of CAR encoding and expressing T cells at tumor sites,
indicating that maintenance of CAR expression likely contributes to
increased in vivo tumor killing in the presence of IL-12p70. Of the
cytokines tested in this study, only IL-12p70 phosphorylates
STAT4, suggesting that STAT4 may be a key signaling pathway in
HER2.CAR T cell activation and/or attenuation of epigenetic
silencing of HER2.CAR genes encoded in HER2.CAR T cells in vivo.
Because IL-12p70 polarizes naive T cells toward the TH1 subset in
the presence of IFNg,30 which is produced by CAR T cells, additional
polarization of HER2.CAR T cells toward the TH1 subset or main-
tenance of the TH1 subset at the tumor site may contribute to
Molecular Therapy Vol. 25 No 11 November 2017 2447
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Figure 6. Combinatorial Treatment Can Control Both Primary and Metastasized Tumors in an Orthotopic HNSCC Model

(A) Schematic flow of HNSCC orthotopic animal experiment. (B) FaDu cells were transplanted into the tongues of NSG mice. A total of 1 � 108 vps of CAd12_PDL1

(Onc:HD, 1:20) were injected into the tongues. A total of 1 � 106 HER2.CAR T cells expressing ffLuc were systemically administered 3 days after injection of CAd. The

bioluminescence of HER2.CAR T cells at the tumor area was monitored at different time points. Data are presented as means ± SD (n = 5). (C) FaDu cells expressing ffLuc

were transplanted into the tongues of NSG mice. A total of 1 � 108 vps of CAd12_PDL1 (Onc:HD, 1:20) were injected into the tongue. A total of 1 � 106 HER2.CAR T cells

were systemically administered 3 days after injection of CAd. Bioluminescence of FaDu cells was monitored at different time points. Data are presented as means ± SD

(n = 6–8). *p = 0.017, **p < 0.005. (D) Kaplan-Meier survival curve after administration of Ad gene therapy. The end point was established as an animal body weight < 80%.

Data are presented as means ± SD (n = 6–8). *p < 0.003. (E) T cells were isolated from tongue and lymph node sites 120 days post-infusion, and HER2.CAR expression was

analyzed by flow cytometry.
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anti-tumor activity. Clinical trials with recombinant IL-12 for pa-
tients with advanced cancers revealed a modest clinical response
and severe toxicity when high doses (500 ng/kg) were used.31 The
serum concentration of recombinant IL-12 over a 24-hr period
2448 Molecular Therapy Vol. 25 No 11 November 2017
ranged from approximately 10 ng/mL to 2 ng/mL.31 Because
CAd12_PDL1-derived IL-12 is produced and concentrated at the tu-
mor site, this results in low level blood concentrations (0.1 ng/mL).4,32

We have previously demonstrated such benefits for local CAd
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production of anti-PD-L1 immunoglobulin G (IgG),7 suggesting that
intratumoral CAd treatment can provide the benefits of systemic re-
combinant cytokine and antibody treatments while minimizing their
associated toxicities.

Because lymphatic metastases contribute to the poor disease prog-
nosis of HNSCC patients,24 we used an orthotopic model with both
local and metastatic disease to discover whether treating the primary
tumor with CAd12_PDL1 prior to systemic HER2.CAR T cell infu-
sion affected both primary tumor and LN metastases.17 Combinato-
rial treatment improved both primary and metastatic tumor growth,
whereas only the primary tumors were controlled inmice treated with
CAd12_PDL1 alone. LN metastases of HNSCC tumors may express
high levels of HER2,33 and HER2.CAR T cells homed both to primary
and metastasized tumors independent of CAd treatment but were
insufficiently potent to control metastatic tumor growth. Only
when HDAd-encoded transgenes were amplified during oncolysis
of local tumor in the CAd system was there sufficient augmentation
of HER2-CAR T for them to eliminate distant metastatic disease.

Overall, we demonstrate that local provision of different functional
immunomodulatory molecules as a CAd package augments the anti-
tumor effects of adoptively transferred CAR T cells and controls the
growth of both bulky and metastasized tumors. Because intratumoral
injection of adenoviruses has been tested in patients with a range of
solid tumors,34 our CAd concept could readily be applied to other solid
tumors and used with CARs targeting different surface molecules.

MATERIALS AND METHODS
Adenoviral Vectors (HDAds and Onc.Ads)

HDAd without a transgene (HDAd0) was produced as described else-
where.35 HDAd containing the PD-L1-blocking antibody transgene
driven by the cytomegalovirus (CMV) promoter (HDAdPD-L1)
was produced as described elsewhere.7 Cytokine expression cassettes
containing the cytokine transgene (IL-2, IL-7, IL-12p70, IL-15, or
IL-21) driven by the EF1 promoter (HDAdCyto) were inserted into
the pHDD28E4 vector. The IL-12p70 and PD-L1 mini-antibody
expression cassettes were cloned into pHDD25E4. After confirmation
of sequence and expression, all HDAds were rescued with chimeric
helper virus 5/3 as described elsewhere.20,36 Onc.Ad5/3D24 plasmid
DNA was a kind gift from Dr. David Curiel at Washington Univer-
sity,37 and Onc.Ad5/3D24 was produced as described elsewhere.4,38

Cell Lines

The human head and neck squamous cell carcinoma line FaDu and
human triple negative breast cancer cell line MDA-MB468 were ob-
tained from the ATCC (Manassas, VA) in 2016. The cell lines were
authenticated utilizing short tandem repeat (STR) profiling by the
ATCC. MDA-MB468 expressing human HER2 was produced as
described elsewhere.39 DHEP3 was a kind gift from Dr. Julio
Aguirre-Ghiso at the Icahn School of Medicine at Mount Sinai.
SCC-47, SCC-90, SCC-152, and SCC-154 were kind gifts from Dr.
Susanne Gollin at the University of Pittsburgh. MDA686tu and
MDA1586 were kind gifts from Dr. Jeffrey Myers at the M.D. Ander-
son Cancer Center. Cells were cultured under the recommended
conditions.

Primary Cells

For the generation of CAR-modified T cells, we obtained peripheral
blood from healthy donors through an institutional review board
(IRB)-approved protocol at Baylor College of Medicine. Human
peripheral blood mononuclear cells (PBMCs) were isolated using
Ficoll-Paque Plus according to the manufacturer’s instructions (Axis-
Shield). The vector encoding the HER2-directed CAR incorporating
the CD28 costimulatory endodomain (second-generation HER2.28z.
CAR), the fusionproteinEGFP-ffLuc, and themethodology for the pro-
duction of retrovirus andCART cells have been described previously.14

Briefly, PBMCs were activated with OKT3 (1 mg/ml) (Ortho Biotech)
and CD28 antibodies (1 mg/mL) (Becton Dickinson) and fed every
2 days with medium supplemented with 100 U/mL of recombinant
human IL-2 (NIH). On day 3 post-OKT3/CD28 T blast generation,
activated T cells (0.2 � 106/mL) were added to an HER2.28z.CAR
retrovirus-coated plate and centrifuged at 400� g for 5 min.

Co-culture Experiments

FaDu and SCC-47 cells genetically modified to express ffLuc were
seeded in 12-well plates and infected with 100 vps per cell of HDAds
as described in the figure legends. HER2.CAR T cells were added 24 hr
post-infection at a 1:40 effector-to-target ratio and cultured for 5
additional days. Residual live cancer cells (ffLuc activity) were
measured by plate reader (Life Technologies).

Flow Cytometry

The following monoclonal antibodies conjugated with fluorochrome
were used: anti-human CD3, CD4, CD8, CD25, CD197, CD45RO,
PD-1, TIM3, LAG3, PD-L1, phospho-STAT1 (Y701), phospho-
STAT3 (Y705), phospho-STAT4 (Y693), phospho-STAT5 (Y694),
recombinant human HER2-Fc chimera, and anti-Fc (for detection
of HER2.CAR) (BD Biosciences, BioLegend, and R&D Systems). Cells
were stained with these antibodies (Abs) for 30 min at 4�C. Live/dead
discrimination was determined via inclusion of 7-aminoactinomycin
D (7AAD; BD Pharmingen). Stained cells were analyzed using a Gal-
lios flow cytometer with Kaluza software (BD Biosciences) according
to the manufacturer’s instructions.

Cytokine ELISA Assay

Forty thousand cells per well were seeded into 24-well plates. Cells
were infected with HDAds or CAd (Onc.Ad:HDAd = 1:10) at the
doses indicated in the figure legends and incubated at 37�C for
48 hr. Cytokine levels in media were measured using a BD cytokine
multiplex bead assay according to the manufacturer’s instructions
(BD Biosciences).

MTS Assay

Ten thousand cells per well were seeded into 96-well plates. Cells were
infected with Onc.Ad, HDAd, or CAd (Onc.Ad:HDAd, 1:10) at the
doses indicated in the figure legends and incubated at 37�C for
96 hr. Cell viability was analyzed by MTS assay according to the
Molecular Therapy Vol. 25 No 11 November 2017 2449
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manufacturer’s instruction (Promega). Cell viability was normalized
to that of untreated cells.

Animal Experiments

All experiments involving mice were performed at Baylor College of
Medicine in compliance and with approval from the Institutional Ani-
mal Care and Use Committee (IACUC). After counting, 1 � 106 har-
vested FaDu or SCC-47 cells were re-suspended in 100 mL of PBS and
subcutaneously injected into 5- to 6-week-old NSG male and female
mice. After the tumor size reached 100 mm3, 1 � 108 vps of Onc.Ad,
HDAds, orCAd (Onc.Ad:HDAd, 1:20; optimized ratio for animal exper-
iments4) were intra-tumorally injected in a volume of 20 mL. Three days
after injection of Ads, mice received 1� 106 HER2.CAR T cells intrave-
nously. Tumor size was followed, and volumeswere calculated using the
formula width2� length� 0.5. To track the migration and survival of
HER2.CAR T cells in vivo, T cells were genetically modified to express
EGFP.ffLuc.7 Biodistribution of HER2.CAR T cells was assessed using
an in vivo imaging system (Xenogen).7 For cytokine detection in serum
samples, serum was collected at the times described in Results.

For the orthotopic model, 0.5 � 106 FaDu cells or ffLuc-expressing
FaDu cells were re-suspended in a volume of 50 mL of PBS and
injected into the tongues of 5- to 6-week-old NSG female mice. Six
days post-transplantation, a total of 1 � 108 vps of CAd12_PDL1
(Onc.Ad:HDAd, 1:20) were injected in a volume of 20 mL into the
tongue. Three days after injection of Ads, mice received 1 � 106

HER2.CAR T cells intravenously. Tumors were assessed using an
in vivo imaging system (Xenogen). Biodistribution of HER2.CAR
T cells genetically modified to express EGFP.ffLuc was assessed using
an in vivo imaging system (Xenogen).

Isolation of Tumor-Infiltrating HER2.CAR T Cells

After rinsing the collected tumors with PBS, the tumors were minced
and incubated in RPMI medium containing collagenase type IV
(5 mg/mL) and type I (1 mg/mL) (Thermo Fisher Scientific) at
37�C for 2 hr.40 Cells were passed through a 70-mm cell strainer
(BD Pharmingen). Human T cells were isolated using Ficoll-Paque
Plus according to the manufacturer’s instructions (Axis-Shield) and
stained with the described antibodies.

Quantification of HER2.CAR Copies at DNA and RNA Levels in

Tumor-Infiltrating T Cells

HER2.CAR T cells were isolated from pooled tumors (n = 4) 22 days
post-infusion and purified with a CD3 MACS column (Miltenyi
Biotec). DNA and RNA were extracted from purified CD3+ cells as
described elsewhere.4 HER2.CAR copies were quantified and normal-
ized with human genomic glyceraldehyde 3-phosphate dehydrogenase
(GAPDH;DNAsamples) or humanb-actin (RNAsamples) (Table S1).

Quantification of Vector Genome DNA in Ad-Infected Cells

Cells were infected with 10 vps/cell of Onc.Ad, HDAds, or CAd
(Onc.Ad:HDAd, 1:10) and harvested 48 hr post-infection. Tumors
were injected with a total of 1 � 108 vps of Onc.Ad, HDAds, or CAd
(Onc.Ad:HDAd, 1:20) andharvested at the indicated time points. Total
2450 Molecular Therapy Vol. 25 No 11 November 2017
DNA was extracted from infected cells or tumors, and vector copies
were quantified with primer sets (Table S1) as described elsewhere.7

Immunohistochemistry

Tongues and LN areas were collected from FaDu orthotopic mice
14 days post-injection of CAd12_PDL1 and fixed in 10% neutral buff-
ered formalin (Thermo Fisher Scientific). Paraffin-embedded tissues
were stained with anti-human CD3 and p53 antibodies (Leica Bio-
systems) by the Human Tissue Acquisition and Pathology Core at
Baylor College of Medicine.

Statistical Analysis

Data were analyzed by one-way ANOVA followed by Rank’s pro-
tected least significant difference test (SigmaPlot).
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