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Abstract

T cells expressing chimeric antigen receptors (CART) have shown significant promise in clinical 

trials to treat hematologic malignancies, but their efficacy in solid tumors has been limited. 

Oncolytic viruses have the potential to act in synergy with immunotherapies due to their 

immunogenic oncolytic properties and the opportunity of incorporating therapeutic transgenes in 

their genomes. Here, we hypothesized that an oncolytic adenovirus armed with an EGFR-

targeting, bispecific T-cell engager (OAd-BiTE) would improve the outcome of CART-cell therapy 

in solid tumors. We report that CART cells targeting the folate receptor alpha (FR-α) successfully 

infiltrated preestablished xenograft tumors but failed to induce complete responses, presumably 

due to the presence of antigen-negative cancer cells. We demonstrated that OAd-BiTE-mediated 

oncolysis significantly improved CART-cell activation and proliferation, while increasing cytokine 

production and cytotoxicity, and showed an in vitro favorable safety profile compared with EGFR-
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targeting CARTs. BiTEs secreted from infected cells redirected CART cells toward EGFR in the 

absence of FR-α, thereby addressing tumor heterogeneity. BiTE secretion also redirected CAR-

negative, nonspecific T cells found in CART-cell preparations toward tumor cells. The 

combinatorial approach improved antitumor efficacy and prolonged survival in mouse models of 

cancer when compared with the monotherapies, and this was the result of an increased BiTE-

mediated T-cell activation in tumors. Overall, these results demonstrated that the combination of a 

BiTE-expressing oncolytic virus with adoptive CART-cell therapy overcomes key limitations of 

CART cells and BiTEs as monotherapies in solid tumors and encourage its further evaluation in 

human trials.

Introduction

Adoptive cell therapy (ACT) with T cells expressing a chimeric antigen receptor (CART) 

has shown exceptional success in treating hematopoietic tumors, leading to sustained 

remissions in patients with refractory or relapsed B-cell malignancies (1–5). A major 

challenge facing the field is to reproduce this clinical success in solid tumors (6).

A key limitation of CART therapy in solid tumors is the immunosuppressive tumor 

microenvironment (7–9), which preferentially recruits regulatory T cells, tumor-associated 

macrophages (TAM), and myeloid-derived suppressor cells (MDSC; refs. 10, 11), which can 

mediate CART-cell inhibition. Malignant cells can directly inhibit T-cell function through 

expression of the cognate ligands of surface inhibitory receptors such as CTLA-4, PD-1, 

LAG-3, and TIM-3 expressed on tumor-infiltrating lymphocytes (TIL; refs. 12–14). These 

conditions can lead to T-cell hypofunction, restricting CART-cell persistence within the 

tumor and limiting the benefits of engineered T-cell therapies (15).

Another important hurdle encountered with CART cells is tumor immune evasion due to 

antigen loss. CD19-negative relapses have emerged as a major problem in patients with 

hematologic malignancies treated with CD19-directed immunotherapies (5, 16). The 

possibility of tumor escape is increased in solid tumors, which are generally composed of 

heterogeneous populations of cells with variable antigen expression (17–19). Tumor cells 

use a variety of mechanisms to escape immune recognition, including antigen mutation, 

downregulation or deletion of target antigens, and selective survival of antigen-negative 

tumor cells (20). Therefore, developing strategies to revert tumor immunosuppression while 

overcoming antigen loss would represent a significant advance in the field.

Oncolytic adenoviruses (OAd) may mitigate these challenges to T-cell therapy in the tumor 

microenvironment. By selectively infecting and replicating in malignant cells, OAds may 

provide the dual benefit of debulking the tumor through selective lysis and providing a viral 

danger signal that could create a more appropriate environment for T-cell expansion and 

functionality (21, 22). OAds can be genetically modified to selectively express a therapeutic 

transgene in the tumor microenvironment (23–26).

Bispecific T-cell engagers (BiTE) are immunotherapeutic molecules consisting of an anti-

CD3 single-chain variable fragment (scFv) fused to an antitumor-associated antigen scFv via 

a flexible linker. Blinatumomab, a BiTE targeting CD19, was approved by the FDA for 
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treatment of acute lymphoblastic leukemia, and several other BiTEs targeting various 

antigens are currently under clinical investigation (27). However, exogenous administration 

of BiTEs to treat solid tumors has several drawbacks, including limited capacity to penetrate 

into the tumor and a short serum half-life, thus requiring continuous systemic infusions that 

can lead to increased toxicities (28).

We have reported the generation of ICO15K-cBiTE, an OAd that secretes an EGFR-

targeting BiTE (OAd-BiTE) upon infection of malignant cells (25). We showed that the 

OAd-BiTE induces robust and specific T-cell activation and proliferation upon infection of 

cancer cells, enhancing the antitumor efficacy of the virus in mouse xenograft models of 

cancer.

Here, we tested the hypothesis that combining CART cells targeting folate receptor alpha 

(FR-α) with OAd-BiTE could improve CART-cell therapy. We showed that the dual 

treatment resulted in increased T-cell activation, proliferation, and cytotoxicity in vitro and 

enhanced antitumor efficacy due to improved T-cell activation in xenograft mouse models. 

Therefore, the combination therapy of CART cells and an OAd-BiTE has the potential to 

overcome the limitations of CARs and BiTEs as monotherapies in solid tumors.

Materials and Methods

Cells

SKOV3, HCT116, Panc-1, and NCI-H226 were obtained from ATCC and were 

authenticated in 2016 by the University of Arizona Genetics Core using the PowerPlex 16 

system (Promega). C30 were kindly provided by Daniel Powell (Ovarian Cancer Research 

Center, Center for Cellular Immunotherapies, University of Pennsylvania, Philadelphia, PA). 

All cells were regularly validated to be Mycoplasma free. Primary human keratinocytes and 

fibroblasts were purchased from the Dermatology Core Facility at the University of 

Pennsylvania.

SKOV3, NCI-H226, and C30 cells were maintained in RPMI-1640 (Gibco) supplemented 

with 10%FBS (Gibco), andHCT116 and Panc-1 cells were maintained in DMEM-F12 

supplemented with 10% FBS.

Generation of CART cells

Primary lymphocytes from normal donors were provided by the University of Pennsylvania 

Human Immunology Core. T cells were maintained in RPMI 1640 media supplemented with 

10% FBS, penicillin (100 U/mL; Gibco), streptomycin sulfate (100 mg/mL; Gibco), and 10 

mmol/L Hepes (Gibco). Tcells were stimulated, expanded, and transduced as previously 

described (29). Briefly, CD4+ and CD8+ T cells were cultured separately with CD3/CD28-

activating Dynabeads (Invitrogen) at a bead-to-cell ratio of 3. Approximately 24 hours after 

activation, T cells were transduced with lentiviral vectors at an MOI of 5, by adding the 

virus supernatant to T-cell cultures. For CD8+ T cells, human IL2 (Prometheus) was added 

every other day to a final concentration of 50 IU/mL. Beads were removed from cultures at 

day 5, and T cells were counted and fed every day after day 5. T cells were cryopreserved 

when returning to the resting state, as determined by decreased growth kinetics and cell size.
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For bioluminescence assays, control cells were transduced with lentiviral vectors (pTRPE) 

encoding GFP and Click Beetle Red (CBR) luciferase, connected by a T2A signal peptide 

(GFP-T2A-CBR), as previously described (30). CART cells expressing CBR were obtained 

by cotransduction with concentrated lentiviral supernatants containing CAR and GFP-T2A-

CBR. CARs targeting CD19 (CD19-BBz) and FR-α (FR-CART) have been described 

previously (31, 32). Cetux-CAR was generated through de novo synthesis of a codon-

optimized scFv derived from the variable light and variable heavy domains of the 225 mAb 

(cetuximab) and linked by a (GGGGS) 3× linker (Supplementary Table S1). Subcloning of 

the 225 scFv was performed by BamHI and BspEI digestion and subsequent ligation into a 

pTRPE-BBz CAR plasmid backbone.

Oncolytic adenoviruses

The OAds ICOVIR15K and ICOVIR15K-cBiTE (OAd-BiTE) were generated and titered as 

previously described (25, 33). Briefly, OAds were propagated in A549 cells and double 

purified by cesium chloride gradient centrifugation. Physical titer (viral particles (VP)/mL) 

was determined by optical absorbance at 260 nm after dissociation of viral particles in lysis 

buffer (10 mmol/L Tris, 1 mmol/L EDTA, 0.1% SDS, pH 8.0) for 5 minutes at 56°C.

Flow cytometry

For all experiments, T-cell suspensions were stained with fixable live/dead violet stain 

(Invitrogen), followed by surface antibody staining. The Foxp3/Transcription Factor 

Staining Buffer set (Thermo Fisher Scientific) was used for intracellular staining according 

to the manufacturer’s instructions. The following antibodies against human molecules were 

used: anti-CD45–PerCpCy5.5 (cat. #45–9459-42), anti-CD4-PE (cat. #12–0048-42), anti-

TIM3-PerCp-eF710 (catalog # 46–3109-42), and anti-Ki67-FITC (cat. #11–5699-42) from 

Thermo Fisher/eBioscience; anti-CD4-BV510 (cat. #317444), anti-EGFR–PE (cat. 

#352904), anti–PD-1–BV711 (cat. #329928), anti-INFγ–PE (cat. #502509), and anti-TNFα-

AF700 (cat. #502928) from BioLegend; anti-CD45–APC-H7 (cat. # 560178), anti-EpCam–

BV605 (cat. #563410), and anti-CD25–PECy7 (cat. # 335789) from BD Bioscience; anti-

CD8–APC-H7 (cat. # 560179), anti-FOLR1–AF700 (cat. #FAB5646N) from R&D; and 

anti–LAG-3–FITC (cat. #ALX-804–806F-C100, Enzo Life Sciences). An antibody against 

mouse CD45-BV650 (cat. #563410, BD Bioscience) was used to exclude mouse immune 

cells from analysis. Expression of CAR proteins was detected using biotinylated goat anti-

mouse IgG (Jackson ImmunoResearch, cat. #115–035-003) followed by streptavidin-APC 

(BD Bioscience; cat. #554067). All experiments were conducted on a BD LSRFortessa flow 

cytometer (Becton Dickinson) and analyzed with FlowJo v9.7 (Tree Star).

In vitro coculture experiments

All coculture experiments were performed with a CD4+ cell-to-CD8+ cell ratio of 1, with 

50% CAR+ population. Tumor cells (1 × 105) were seeded in 48-well plates and infected 

with OAd or OAd-BiTE at an MOI of 1, with the exception of SKOV3, which were infected 

at an MOI of 10. After 24 hours, 3 × 105 T cells were added at an effector-to-target ratio of 

3. For cytokine production assays, supernatants were collected 48 hours after coculture and 

assessed for human IFNγ using the DuoSet ELISA Development Kit (R&D Systems), as per 

the manufacturer’s protocol. For T-cell activation assays, cells were collected at 48 hours 
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and stained for CD45, CD4, CD8, CAR, and CD25 as described above. For T-cell 

proliferation assays, cells were collected before coculture and after 5 days of incubation with 

tumor cells and stained for CD45, CD4, CD8, and CAR as described above. Absolute T-cell 

counts were determined using CountBright fluorescent beads (Invitrogen).

Cytotoxicity assays

Cytotoxic killing of target cells was assessed using the xCELLi-gence Real-Time Cell 

Analyzer System (ACEA Biosciences). Target tumor cells were plated (1 × 104 cells/well) 

and infected with OAd or OAd-BiTE (MOI = 10 for SKOV3 and MOI = 1 for all other cell 

lines). After overnight cell adherence, T cells were added at the indicated E:T ratios. Cell 

index (relative cell impedance) was monitored every 20 minutes for 5 days and normalized 

to the maximum cell index value immediately prior to effector-cell plating. Shaded lines 

reflect the mean of triplicate wells ± SD. Cytotoxic killing of keratinocytes was analyzed by 

a flow cytometry-based assay as previously described (31). Briefly, target cells (2 × 105 

keratinocytes in 24 well/plates and 1 × 105 SKOV3 in 48 well/plates) were infected with 

OAd-BiTE at an MOI of 10. After 24 hours, control T cells or CART cells were added at the 

indicated E:T ratios. Eighteen hours after coculture, supernatants and adherent cells were 

collected and stained with live/dead violet and anti-human CD45. Live tumor cells (i.e., 

CD45–) were counted using CountBright absolute counting beads (Thermo Fisher 

Scientific).

Gene-expression analysis by RT-PCR

Quantitative (q)RT-PCR was used to analyze expression of FR-α and EGFR. RNA from 

frozen cell pellets was extracted with RNea-syMini kit (Qiagen) and reverse transcribed with 

the High Capacity RNA-to-cDNA Kit (Applied Biosystems), according to the 

manufacturer’s instructions. qRT-PCR was performed using TaqMan Universal PCR Master 

Mix in a ViiA 7 Real Time PCR system. The following probes were purchased from Applied 

Biosystems: FOLR1 (Hs01124179_g1), EGFR (Hs01076090_m1), and GAPDH 

(Hs02786624_g1). Target gene expression was calculated by the 2ΔΔCr method for relative 

quantification after normalization to Gapdh expression.

Xenograft models

The University of Pennsylvania Institutional Animal Care and Use Committee approved all 

animal experiments. NOD/scid/IL2rγ–/– (NSG) mice were purchased from The Jackson 

Laboratory and bred and housed in the vivarium at the University of Pennsylvania in 

pathogen-free conditions. Xenograft tumors were established by subcutaneous injection of 

indicated tumor cells into the flanks of NSG mice. For Panc-1, a solution of 50% Matrigel 

(BD Biosciences) and 50% PBS was used. After mean tumor volume reached 100 mm3, 

mice were treated with one intratumoral injection of OAd-BiTE (1 × 109vp) or PBS. After 3 

or 5 days, mice were treated with one intravenous injection of 1 × 107 CART cells (50% 

CAR+, 1:1 CD4:CD8). In HCT116 tumors, a second CART-cell injection was performed 

after one week. Tumors were measured once or twice a week with calipers, and volumes 

were calculated as V = ½ × length (L) × width (W) × W. The endpoint was established at a 

tumor volume ≥1,500 mm3.
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Bioluminescent imaging

T cells expressing CBR luciferase were used to detect trafficking of the T cells to the tumor. 

Anesthetized mice were imaged using a Xenogen Spectrum system and Living Image v4.2 

software. Mice were given an intraperitoneal injection of 150 mg/kg D-luciferin (Caliper 

Life Sciences, Hopkinton, MA) and imaged at the peak of photon emission (5 minutes). 

Tumor radiance was measured by drawing a region of interest around the tumor contour.

Immunohistochemistry and RNA in situ detection

Tumors were harvested at the experimental endpoint and embedded in paraffin. For CD8 and 

adenovirus detection, sections were stained with anti-CD8 (Thermo Fisher Scientific; 

RB-9009-PO) and anti-OAd (Santa Cruz Biotechnology; SC-430), followed by a 

biotinylated anti-rabbit secondary (Vector Labs, BA-1000). For RNA in situ detection, 

RNAscope (ACD Bio) was used according to the manufacturer’s instructions. Stained slides 

were digitally scanned at 20× magnification on an Aperio CS-O slide scanner (Leica 

Biosystems). The proportion of cells staining positive for CD8 was analyzed using the 

Nuclear Staining Algorithm (Leica Biosystems).

Ex vivo studies

Panc-1 tumors were harvested at day 12 (for CD19-CART) or 15 (for FR-CART) after T-cell 

injection. Single-cell suspensions from tumors were prepared by mechanical disaggregation 

in RPMI without serum using the gentleMACS Dissociator (Miltenyi) and the gentleMACS 

C tubes at 1,200 rpm for 59 seconds. Cell suspensions were filtered with 100 mm Falcon cell 

strainers (Thermo Fisher Scientific) to ensure a single-cell suspension and stained for 

viability, followed by staining for murine CD45 and human CD45, CD4, CD8, EpCAM, 

CD25, Ki67, PD-1, LAG-3, and TIM-3, as already described.

Statistical analyses

All statistics were performed using GraphPad Prism v6. For comparisons of two groups, 

two-tailed unpaired t tests were used. One-way ANOVA with Tukey post hoc test was used 

for comparison of three or more groups in a single condition. Statistical analysis for tumor 

volume was performed using two-way repeated-mea-sure ANOVA. Kaplan-Meier survival 

data were analyzed using a log rank (Mantel-Cox) test.

Results

CART-cell therapy of solid tumors induces tumor escape

To assess the killing capacities of CART cells in vitro, we cocultured control cells 

(untransduced, UTD) or FR-α-specific CART cells (Fig. 1A) with a panel of cancer cell 

lines with variable levels of FR-α expression. SKOV3 (ovarian), HCT116 (colon), and 

Panc-1 (pancreatic) cells showed high, intermediate, and low FR-α expression, respectively, 

whereas NCI-H226 (lung squamous carcinoma) and C30 (ovarian) were FR-α-negative (Fig. 

1B). CART cells exhibited dose-dependent and antigen-specific cytotoxicity. However, total 

tumor cell clearance was observed only in the cell line expressing the highest FR-α, SKOV3 

(Fig. 1C).
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We hypothesized that CART cells may kill tumor cells with high CAR-targeted antigen 

expression but would fail to eliminate cells with low FR-α densities. To test this, tumor cells 

were cocultured with UTD or FR-CART cells, and FR-α expression was assessed in 

surviving cells 24 or 72 hours after coculture. As a control, the expression of EGFR, a 

tumor-associated antigen not targeted by the CAR, was also evaluated. EGFR is expressed in 

SKOV3, HCT116, Panc-1, and NCI-H226 but is absent in C30 cells (Fig. 1B). SKOV3 and 

HCT116 cells that escaped CART-cell therapy showed lower FR-α expression compared 

with tumor cells cocultured with control T cells (Fig. 1D and E), indicating that tumor cells 

with reduced FR-α expression were not killed as effectively by FR-CART cells. No 

difference in EGFR expression was observed in surviving tumor cells after CART-cell 

treatment compared with UTD cell treatment (Fig. 1E).

We next addressed whether the heterogeneity of FR-α antigen expression would impact the 

in vivo efficacy of FR-CART cells. NSG animals bearing SKOV3 tumors were treated with 

two doses of CART cells or left untreated. CART-cell treatment significantly delayed tumor 

growth, but eventually, tumors grew exponentially (Fig. 1F). To understand why tumors 

escaped CART-cell therapy, tumors were resected 32 days after treatment and expression of 

FR-α, EGFR, and CD3 were determined by RNAscope (Fig. 1G). Several areas of the tumor 

expressed FR-α and contained large numbers of CD3+ T cells, suggesting that, despite 

successfully infiltrating the tumors, CART cells had become hypofunctional. We also found 

areas of the tumors with no FR-α expression in both treated and untreated tumors, 

suggesting that heterogeneity of antigen expression could also be a mechanism for tumor 

escape. EGFR was expressed in tumor areas with no FR-α expression, suggesting an 

opportunity to combine EGFR-and FR-α-targeting therapies to minimize tumor escape.

A BiTE-armed oncolytic adenovirus improves tumor killing of CART cells

We hypothesized that combining CART cells with a BiTE-armed oncolytic virus could 

enhance tumor killing by using a multimodal killing mechanism. To test this, FR-CART 

cells were used in combination with OAd-BiTE, an oncolytic adenovirus encoding an 

EGFR-targeting BiTE that can potentially replicate in any cancer cell with a deregulated 

retinoblastoma pathway. The EGFR-targeting BiTE gene is under the control of the major 

late promoter, securing BiTE expression only upon successful replication of the adenovirus 

in cancer cells (Fig. 2A).

To assess the efficacy of the combination of CART cells and OAd-BiTE, FR-α+/EGFR+ 

tumor cells (SKOV3, HCT116, and Panc-1) were infected with viruses at low MOI and 

cocultured with UTD or CART cells. C30 tumor cells were used as controls, and the parental 

virus (OAd; Fig. 2A) was used as a control for virus oncolysis. Similarto Fig. 1C, CART 

cells alone reduced tumor cell growth but, except for SKOV3 cells, tumor cell lines were 

able to escape therapy and proliferate (Fig. 2B). OAd-BiTE in combination with UTD cells 

improved the overall killing of EGFR+ cells compared with the combination of the parental 

virus and UTD cells. The combination of OAd-BiTE with CART cells reduced the time of 

killing of all FR-α+/EGFR+ cells compared with all other tested treatments. C30 cells were 

eliminated in the presence of both viruses, but no T cell-mediated killing was observed in 
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these cells, indicating that both CART-and BiTE-mediated killing of cancer cells were 

antigen-specific.

Several studies have addressed the benefit of simultaneously targeting two antigens with 

pooled or bispecific CART cells (34–36). We, therefore, compared the killing kinetics of the 

OAd-BiTE with FR-CAR cells to that of cetuximab-based EGFR-targeting CART cells 

(Cetux-CART) pooled with FR-CART cells. Cetux-CART cells efficiently killed cancer 

cells, but pooling cetux-CARTs with FR-CARTs did not enhance the overall efficacy of the 

former (Fig. 2C; Supplementary Fig. S1A and S1B). The combination of OAd-BiTE and 

FR-CART cells outperformed the killing kinetics of single-targeting or pooled CART cells.

One of the main challenges of CART cells for the treatment of solid tumors is the selection 

of cancer-specific targets to avoid the on-target, off-tumor side effects observed in clinical 

trials (37). Because EGFR is expressed in a wide variety of healthy tissues, we compared the 

safety profile of both strategies in vitro. To this end, primary cells (fibroblasts and 

keratinocytes) and tumor cell lines were left uninfected or infected with OAd-BiTE and 

cocultured with control T cells or with EGFR-or FR-α-targeting CART cells. Cytotoxicity 

and T-cell activation were evaluated. Low-affinity anti-EGFR CART cells (C10-CART) were 

included as a control for improved safety profile (38). As previously demonstrated (39), 

cetux-CART cells eradicated normal primary cells and tumor cell lines and produced type I 

cytokines in response to endogenous levels of EGFR in normal tissues (Fig. 2D–F; 

Supplementary Fig. S1). C10-CART cells were not activated by primary cells, although this 

came at the expense of antitumor potency, as C10-CART cells could only kill EGFRhi-

expressing Panc-1 cells (Supplementary Fig. S1A–S1C). The OAd-BiTE did not increase 

UTD-or FR-CART cell–mediated lysis of primary cells. Similarly, T cells were not activated 

by OAd-BiTE-infected fibroblasts or keratinocytes but produced cytokines in the presence of 

infected cancer cells (Fig. 2F; Supplementary Fig. S1F). Overall, the combination of OAd-

BiTE and FR-CART cells resulted in improved killing of cancer cells and showed a 

favorable safety profile.

OAd-BiTE–mediated oncolysis enhances activation and proliferation of CART cells

CART-cell preparations used in clinical trials contain a high percentage (50%–95%) of 

CAR- (i.e., untransduced) cells that do not recognize tumor antigens but could be redirected 

toward tumor cells in the presence of the OAd-BiTE. To investigate whether OAd-BiTE-

mediated oncolysis of FR-α+EGFR+ tumor cells could enhance the effector function of 

CART-cell preparations, HCT116, SKOV3, and Panc-1 tumor cells were left untreated 

(mock) or infected with either OAd or OAd-BiTE at low MOI, and cocultured with either 

UTD or CART cells. The combination therapy increased activation (measured by %CD25+) 

of both CD4+ and CD8+ T cells after 48 hours compared with CART-cell preparations alone 

or in combination with the OAd (Fig. 3A). This increased activation was primarily due to the 

BiTE-mediated activation of the UTD cells within the CART-cell preparation (Fig. 3B).

Next, we assessed cytokine production and proliferation after coculture with tumor cells. 

Infection of tumor cells with the parental virus had no effect on the cytokine production or 

proliferation of UTD or CART cells (Fig. 3C and D). UTD cells cocultured with OAd-BiTE-

infected tumor cells had similar proliferation rates and IFNγ secretion to CART cells alone, 
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indicating that both CARs and BiTEs can redirect T cells toward tumor antigens efficiently. 

We also observed a significant increase in IFNγ production by CART preparations exposed 

to OAd-BiTE-infected tumor cells, as well as an increase in T-cell proliferation. Overall, 

these results indicated that OAd-BiTE–mediated oncolysis of FR-α+/EGFR+ tumor cells 

enhance effector T-cell function of CART-cell preparations, in part, by activation of the 

CAR–T-cell fraction.

OAd-BiTE–mediated oncolysis activates CART cells in the absence of FR-α

We next hypothesized that BiTEs secreted from adenovirus-infected cells could address FR-

α expression heterogeneity by redirecting CART cells to EGFR-expressing tumor cells. To 

demonstrate this, NCI-H226 cells were used as a model for FR-α loss while EGFR 

expression still occurs, and C30 cells were used as an antigen-negative control. Infection of 

NCI-H226 cells with OAd-BiTE induced activation of both CAR+ and CAR– T cells, as 

evidenced by CD25 expression (Fig. 4A and B) and the presence of the BiTE-induced IFNγ 
production and proliferation of CART-cell preparations in the absence of FR-α expression 

on tumor cells (Fig. 4C and D). When T cells were cocultured with C30 cells, no activation 

or proliferation were observed in any of the coculture groups. This demonstrated that the T-

cell activation observed in the absence of the CAR-targeted antigen was EGFR-specific and 

that the dual-antigen targeting of the combination therapy could lead to activated T cells in 

the absence of one antigen.

Combined CART cells and OAd-BiTE enhances antitumor effects in vivo

To determine whether OAd-BiTE improves the antitumor efficacy of CART cells in vivo, 
NSG mice bearing subcutaneous HCT116 tumors were treated with OAd-BiTE or PBS (Fig. 

5). Three and 7 days later, animals received an intravenous injection of 1 × 107 Tcells (50% 

CAR+). In this fast-growing tumormodel, treatment with OAd-BiTE showed no antitumor 

effect compared with saline-treated animals. CART cells alone resulted in moderate 

antitumor effect, as tumors initially decreased in size but eventually reoccurred and grew 

aggressively (Fig. 5A). The combination of OAd-BiTE and CART cells significantly 

decreased tumor volume when compared with single-agent therapies and significantly 

improved survival, as all animals treated with CART cells and OAd-BiTE survived until the 

experimental endpoint of 41 days, in contrast to treatment with OAd-BiTE alone (median 

survival 20 days) or CART cells alone (median survival 38 days, Fig. 5B).

To investigate the mechanism behind the synergistic antitumor effects of the combined 

treatment, the presence of OAd-BiTE and T cells in the tumor was evaluated by histologic 

analysis. All tumors treated with CART cells had high T-cell infiltration (Fig. 5C and D), 

and no differences in the levels of tumor-infiltrating CD8+ T cells in the tumors treated with 

CART cells alone or CART cells and OAd-BiTE were observed (Fig. 5C). Isolated virus 

replication foci were observed around necrotic areas in tumors treated with OAd-BiTE, 

indicating that virus oncolysis had some effect but was not the main mechanism behind the 

enhanced antitumor effect observed with the combination therapy (Fig. 5E).

In order to confirm these results, we performed a biodistribution assay using T cells 

modified to express CBR luciferase and the FR-CAR (CART-Luc). As control cells, CBR-
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expressing T cells without the CAR (T-Luc) were used. Quantification of bioluminescence 

in tumors indicated that treatment with OAd-BiTE significantly enhanced T-cell 

accumulation in the tumors treated with control T cells, as we have previously demonstrated 

(ref. 25; Fig. 5F). CART-Luc cells accumulated in the tumors significantly better than 

control T-Luc cells, indicating that tumor specificity is key for T-cell persistence. However, 

the presence of OAd-BiTE did not enhance the accumulation of FR-CART cells in the 

tumors, confirming the histology results observed in the antitumor efficacy experiment. 

Overall, these results indicated that in this aggressive tumor model, OAd-BiTE worked 

synergistically with CART cells to control tumor growth without affecting CART-cell 

accumulation.

Combined CART cells and OAd-BiTE improves T-cell activation in vivo

To test whether the combination therapy could further enhance the effect of CART cells as a 

monotherapy on tumors expressing lower CAR-targeted antigen, we used a xenograft mouse 

model of pancreatic cancer. NSG mice bearing Panc-1 tumors were treated with a single 

dose of OAd-BiTE or PBS intratumorally, followed by a single dose of FR-CART cells 3 

days later. Treatment with FR-CART cells showed an initial antitumor effect, but it was 

insufficient to induce tumor regression, and eventually, tumors progressed rapidly (Fig. 6A). 

In contrast, the combination of CART cells with OAd-BiTE induced a robust antitumor 

effect, with 100% of the tumors regressing after treatment. In this slow-growing tumor, 

treatment with OAd-BiTE as a single agent was able to control tumor growth. However, 

80% of the treated tumors were progressing by the end of the experiment. To better 

understand the contribution of each element of the combination therapy to the observed 

antitumor effect, we repeated this experiment, including control CD19-CART cells and the 

parental virus (OAd). CD19 is not expressed in Panc-1 tumors, and thus this control mimics 

a lack of antigen expression due to tumor heterogeneity or antigen loss. Panc-1 tumors grew 

exponentially in untreated animals and those treated with CD19-CART cells. Treatment with 

the parental virus in combination with CD19-CART cells induced a modest but significant 

delay in tumor growth compared with nontreated tumors (Fig. 6B; Supplementary Fig. S2). 

The combination of OAd-BiTE with CD19-CART cells delayed tumor growth at a similar 

rate to FR-CART cells, indicating that in the absence of the targeted-tumor antigen, OAd-

BiTE can redirect CAR-T cells toward EGFR and efficiently mediate tumor control. 

Combining FR-CART cells with OAd further enhanced antitumor effects, although 

differences were not significant compared with CART cells alone. The combination of CAR-

T cells with the OAd-BiTE further increased the antitumor activity, and it was the only 

treatment leading to tumor regression. These results indicated that each element of the 

combination therapy (i.e., CAR, BiTE, and oncolysis) contributed to tumor regression.

We next assessed whether the treatment with OAd-BiTE could enhance T-cell trafficking to 

tumors with low expression of the target antigen (Panc-1). Biodistribution studies in mice 

showed enhanced FR-CART–cell accumulation (>6-fold) at the tumor site in the presence of 

OAdBiTE at early time points after injection (Fig. 6C). In the absence of CART-cognate 

antigen expression, the OAd-BiTE treatment further increased the accumulation of CART 

cells in the tumor, as the bioluminescence signal in tumors treated with CD19-CART cells 

increased 14-fold in the presence of OAd-BiTE.
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Finally, we hypothesized that the enhanced antitumor effect observed in the combination 

therapy could also be due to increased activation of the T cells infiltrating the tumors in the 

presence of the OAd-BiTE. To test this, Panc-1 tumor–bearing mice were treated with FR-

CART cells in the presence or absence of OAd-BiTE, and tumor-infiltrating T cells were 

isolated from tumors 15 days after T-cell injection. T cells isolated from the tumors treated 

with the combination therapy showed increased expression of Ki67, a proliferation marker, 

and of the activation markers CD25, TIM-3, and LAG-3 (Fig. 6D). This in vivo experiment 

was repeated using CART cells targeting CD19 to mimic CART cells unable to find their 

cognate antigen, and the OAd was used as a control to better distinguish the role of the BiTE 

from the role of the oncolysis. Tumors treated with CD19-CART cells in the presence of 

OAd-BiTE showed an increased percentage of CD45+-infiltrating T cells versus EPCAM+ 

tumor cells when compared with tumors treated with OAd or without virus (Fig. 6E). These 

results indicate that in the absence of cognate antigen, the accumulation of CART cells can 

be enhanced by the presence of a BiTE targeting a different antigen. The phenotypic 

characterization of CAR TILs revealed a significantly higher frequency of Ki67, PD-1, 

LAG-3, and TIM-3 expression on TILs in the presence of OAd-BiTE when compared with 

CD19-CART cells alone, confirming and extending the results with FR-CART cells. The 

role of oncolysis in T-cell activation could not be analyzed due to the low numbers of T cells 

found in the tumors treated with the OAd.

The enhanced early T-cell accumulation at the tumor site of CART cells, including those 

unable to recognize their cognate antigen, and the enhanced T-cell activation in vivo 
explains, at least in part, the enhanced antitumor effect and prolonged survival observed with 

the combination therapy.

Discussion

CART cells face several hurdles in solid tumors, including tumor-antigen heterogeneity and 

an immunosuppressive tumor microenvironment (20). In this work, we aimed to address 

some of these limitations by combining anti–FR-α CART cells with an oncolytic adenovirus 

expressing a BiTE targeting the EGFR. Our studies demonstrate that the combined action of 

virus, BiTE, and CART cells leads to a synergistic control of the tumor growth and increased 

overall survival without compromising safety.

The combination of CART cells with OAd-BiTE enhanced the activation, proliferation, and 

killing activity of CART-cell preparations in vitro. These enhanced effector functions are 

due, in part, to the BiTE-mediated engagement of the untransduced (CAR-) T cells present 

in the CART-cell preparations. The MOI of lentiviral vectors that can be used to generate 

CART-cell products for clinical applications is restricted for safety reasons, resulting in 

preparations with 5% to 45% CAR+ T cells. Our results demonstrated that redirection of the 

UTD cells within CART-cell preparations toward tumor antigens can maximize the 

antitumor effects of the CART therapy. Our study reports a strategy that exploits the effector 

potential of CAR-negative cells found in CART-cell preparations. We also show that BiTE 

expression by an OAd can redirect CAR+ T cells toward a secondary tumor antigen (i.e., 

EGFR) in the event of loss or lack of expression of the CAR-targeted antigen (i.e., FR-α).
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Consistent with the enhanced tumor cell killing shown in vitro, the combination of CART 

cells and OAd-BiTE also displayed an improved antitumor effect in vivo when compared 

with each monotherapy. We found that human CART cells alone were able to accumulate to 

high numbers in the tumor tissue and initially induced tumor regression. However, despite 

persisting in the tumor microenvironment, CART cells lost their capacity to control tumor 

growth during the course of the treatment. These findings are consistent with previous 

reports indicating that CART cells undergo rapid loss of functional activity in solid tumors 

as a result of a multifactorial process, which includes the expression of T-cell-inhibitory 

enzymes and surface inhibitory receptors and loss of CAR expression by the T cells (15, 40). 

Here, we demonstrated that in the presence of OAd-BiTE, T cells showed enhanced in vivo 
activation 15 days after T-cell administration. We observed an increased percentage of T 

cells expressing the proliferation marker Ki67. Different factors can account for this 

increased T-cell activation and proliferation. In the presence of the EGFR-targeting BiTE, 

CART cells can be activated through CD3 in the event of CAR expression loss by T cells or 

lack of FR-α expression by tumor cells. OAds can induce tumor debulking, which may 

create a more suitable environment for T-cell activation. In this regard, OAds can also 

activate the innate immune response through the release of tumor antigens, pattern 

recognition receptor ligands, and danger signals. One of the main limitations of this study is 

that the use of NSG mice precludes the study of the effects of the interaction between the 

OAd and the tumor immune cells, which could further enhance the antitumor effects of the 

combination therapy.

Solid tumors exhibit antigen heterogeneity, making it challenging to identify a universal 

target expressed throughout the whole tumor. Here, we showed that after exposure to CART 

cells targeting FR-α, cancer cells with low or undetectable FR-α expression but high EGFR 

expression were selected in vitro. Similarly, we found that tumor xenografts contained areas 

with low or undetectable FR-α expression, suggesting that tumor heterogeneity could have a 

key role in tumor escape. In agreement with this observations, Hedge and colleagues reports 

that exposure to HER2-specific CART cells select a tumor cell population with dim to 

undetectable HER2 expression, but with increased IL13Ra2 expression (36). In our study, 

we chose two different target antigens, FR-α and EGFR, which are often coexpressed in a 

high percentage of solid tumors. On top of targeting two antigens, the addition of an OAd 

increases the chances of targeting the entire range of tumor cells, as the OAd (ICO15K) can 

potentially kill any cancer cell with aderegulated retinoblastoma pathway. OAds kill cancer 

cells by oncolysis, adding a different mechanism of cell killing and reducing the chances of 

tumor escape.

Tumor cells expressing the CAR-targeted antigen can also escape T-cell therapy by losing 

the expression of the antigen, especially when targeting nondriving or nononcogenic 

proteins. Various mutations in the CD19 locus, in addition to alternative splice variants of 

CD19, have been associated with the development of CART19-resistant acute lymphocytic 

leukemia (ALL; ref. 16). Diminished CD22 surface expression on B-cell ALL cells has also 

been recently identified as a mechanism for relapse following CD22-CAR therapy (41). The 

simultaneous targeting of different tumor antigens has been reported as a promising solution 

for antigen loss in hematologic malignancies and solid tumors, with dual and bispecific 

CART cells providing superior potency than pooled combination of CART cells (34, 36, 41). 
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A main drawback of these approaches and other targeted therapies is that selecting safe solid 

tumor targets can be challenging due to on-target, off-tumor side effects (42). One advantage 

of our therapy is the restricted BiTE expression from the oncolytic virus in cancer cells. The 

combination of OAd-BiTE with FR-CART showed a favorable in vitro safety profile in 

keratinocytes and fibroblasts compared with EGFR-targeting CART cells alone or in 

combination with FR-CARTs. Thus, the localized BiTE expression in the tumor 

microenvironment adds a level of selectivity which is lacking in CART cells or BiTEs as 

monotherapies.

Oncolytic viruses have gained attention in the past years due to their synergistic potential 

with existing immunotherapies (22, 43). OAds have recently been evaluated in combination 

with CART cells in preclinical studies. Nisho and colleagues showed that the combination of 

CART cells targeting GD2 with a non-armed OAd have transient beneficial effects, but that 

arming the virus with therapeutic transgenes is needed to increase the antitumor effects (44). 

Specifically, OAd-mediated delivery of RANTES and IL15 increases T-cell accumulation in 

the tumor and prolongs survival of tumor-bearing animals. Another study demonstrates that 

a helper-dependent adenovirus expressing a PD-L1–blocking mini-body (CAd-VECPDL1) 

in combination with an OAd improves the antitumor effects of anti-HER2 CART cells (45).

In summary, we have shown that anti-FR-α CART cells and a BiTE-expressing OAd 

displayed synergistic antitumor effects in vivo by enhancing T-cell activation, which resulted 

in prolonged survival of tumor-bearing mice. These data provide the rationale to test this 

combination therapy in human trials in patients with solid tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tumors escape CART-cell therapy against FR-α by selection of antigen-negative 

populations. A, Schematic representation of the FR-CAR. The CAR consists of 

Mov19scFvthat binds to FR-α, the ICOS transmembrane (TM) and intracellular domains, 

and the human CD3Z chain. B, Expression of FR-α and EGFR was measured by qRT-PCR 

for the indicated cell lines. The mean ± SD of triplicates is shown. C, A real-time 

cytotoxicity assay (xCelligence) was used to evaluate the lysis of the indicated tumor cells 

when treated with control cells (UTD) or CART cells at the indicated E:T ratios over a 100-
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hour period. D and E, Tumor cells were cocultured with UTD or CART cells (E:T = 3:1). 

After 24 hours, FR-α and EGFR expression was analyzed in surviving tumor cells by (D) 

flow cytometry or (E) qRT-PCR to detect relative expression of FR-α and EGFR for the 

indicated cell lines in the presence or absence of CART cells. The mean ± SD from two 

independent experiments is shown. F and G, NSG mice bearing SKOV3 tumors were left 

untreated or treated with two intravenous injections of 4 × 106 CART cells (n = 5 per group). 

F, Tumor volume was monitored. The mean tumor volume ± SEM is shown. Representative 

results from two independent experiments are shown. *, P < 0.05 by two-way ANOVA with 

Tukey post hoc test. G, Tumors were obtained at the end point and FR-α (red), EGFR (red), 

and CD3 (green) expression in tumors was analyzed by RNAscope. Representative images 

from the CART cell-treated group are shown. Two different areas of the same tumor are 

shown for FR-α. EGFR expression in an area negative for FR-α expression in consecutive 

sections is shown.
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Figure 2. 
A BiTE-armed oncolytic adenovirus improves tumor killing of CART cells without 

compromising their safety profile. A, Schematic representation of the oncolytic viruses 

(OAd and OAd-BiTE). B-D, A cytotoxicity assay was used to evaluate the lysis of target 

cells over a 140-hour period. The mean ± SD of duplicates is shown. Representative of two 

to four independent experiments. E, Target cells were infected with virus and 24 hours later 

T cells were added at the indicated E:T ratios. Specific cytolysis was determined by flow 
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cytometry 48 hours after T-cell addition to the cultures. F, Intracellular cytokine staining for 

TNFα and IFNγ in T cells after coculture with human primary or tumor cells for 20 hours.
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Figure 3. 
OAd-BiTE-mediated oncolysis enhances the activation and proliferation of CART-cell 

preparations. FR-α+EGFR+ tumor cells were infected with OAd, OAd-BiTE, or left 

uninfected (mock), and after 24 hours, CART or UTD cells were added (E:T = 2). A and B, 

T cells were collected 48 hours after T-cell coculture and stained with antibodies against 

CD45, CD4, CD8, CAR, and CD25. B, CAR and CD25 expression on CART-cell 

preparations after coculture with tumor cells. C, Supernatants were obtained 48 hours after 

coculture, and IFNγ production was analyzed by ELISA. D, T-cell proliferation following 

coculture with tumor cells. The mean ± SD is shown in C and D. Representative of one of 

three independent experiments.
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Figure 4. 
OAd-BiTE-mediated oncolysis activates CART cells in the absence of FR-α. NCI-H226 and 

C30 tumor cells were infected with OAd, OAd-BiTE, or left uninfected, and after 24 hours, 

CART cells were added (E:T = 2). A and B, T cells were collected 48 hours after T-cell 

coculture and stained with antibodies against CD45, CD4, CD8, CAR, and CD25. B, CAR 

and CD25 expression on UTD or CART-cell preparations after coculture with NCI-H226. C, 

Supernatants were obtained 48 hours after coculture, and cytokine production was analyzed 

by ELISA. D, T-cell proliferation following coculture with tumor cells. The mean ± SD is 

shown in C and D. Representative of one of two independent experiments.
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Figure 5. 
Combination of OAd-BiTE and CART cells shows synergistic antitumor effects in vivo. A–
E, NSG mice bearing 15-day established HCT116 tumors were treated with OAd-BiTE (1 × 

109vp) or PBS. 3 and 7 days after virus treatment, animals were treated with 10 × 106 CART 

cells. A, The mean tumor volume ± SEM (n = 5 per group) is plotted. *, P< 0.05 by two-way 

ANOVA with Tukey post hoc test B, Kaplan-Meier survival curves of the experiment 

described in A. Representative of two independent experiments. **, P < 0.01 by long-rank 

(Mantel-Cox) test. C, The immune infiltrate in the tumors described in A was evaluated by 
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immunohistochemistry for human CD8+ T cells at day 41 after treatment. The percentage of 

nuclei that stained positive for CD8+ T cells in the tumor was quantified. Representative 

images for (D) CD8 and (E) adenovirus immunohistochemical stains are shown. F, T-cell 

accumulation in HCT116 tumors. NSG mice bearing HCT116 tumors were treated with 

OAd-BiTE (1 × 109vp) or PBS. Three and 10 days after virus treatment, animals were left 

untreated or treated with an intravenous injection of 10 × 106 control T-Luc cells (40% CBG
+) or CART-Luc cells (50% CAR+, 40% CBG+). A total of 5 mice per group were used for 

the indicated treatments. Bioluminiscence was analyzed at the indicated time points.
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Figure 6. 
Combination of OAd-BiTE and CART cells shows enhanced antitumor effects with 

improved T-cell activation in vivo. NSG mice bearing 30-day established Panc-1 tumors 

were treated with OAd-BiTE (1 × 109vp) or PBS. Five days later, animals were treated with 

an intravenous injection of 1 × 107 FR-CART cells. A, The mean tumor volume ± SEM (n = 

5 per group) is plotted. *, P < 0.05 by two-way ANOVA with Tukey post hoc test. B, 

Percentage of Panc-1 tumor growth indicated as the change in tumor volume on day 21 

versus baseline (n = 5–7 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way 

ANOVA with Tukey post hoc test. C, T-cell accumulation in Panc-1 tumors as measured by 
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bioluminescence. Mice bearing Panc-1 tumors were treated with OAd-BiTE or PBS. Three 

days later, animals were treated with 1 × 107 FR-CART-Luc or CD19-CART-Luc cells. Five 

animals were used for each indicated group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by 

two-way ANOVA with Tukey post hoc test. D and E, Proliferation of tumor-infiltrating T-

cells (as indicated by Ki67 staining) and T-cell phenotype were evaluated by flow cytometry 

at day 15 (D) or 12 (E) after treatment. **, P < 0.01; ***, P < 0.001 by unpaired t test (for 

comparison of two groups) or one-way ANOVA with Tukey post hoc test (for comparison of 

more than two groups).
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