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Oncolytic vaccinia virus (VV) therapy has shown prom-
ise in preclinical models and in clinical studies. However, 
complete responses have rarely been observed. This 
lack of efficacy is most likely due to suboptimal virus 
spread through the tumor resulting in limited tumor 
cell destruction. We reasoned that redirecting T cells to 
the tumor has the potential to improve the antitumor 
activity of oncolytic VVs. We, therefore, constructed a VV 
encoding a secretory bispecific T-cell engager consisting 
of two single- chain variable fragments specific for CD3 
and the tumor cell surface antigen EphA2 (EphA2-T-cell 
engager-armed VV (EphA2-TEA-VV)). In vitro, EphA2-
TEA-VV’s ability to replicate and induce oncolysis was 
similar to that of unmodified virus. However, only tumor 
cells infected with EphA2-TEA-VV induced T-cell activa-
tion as judged by the secretion of interferon-γ and inter-
leukin-2. In coculture assays, EphA2-TEA-VV not only 
killed infected tumor cells, but in the presence of T cells, 
it also induced bystander killing of noninfected tumor 
cells. In vivo, EphA2-TEA-VV plus T cells had potent anti-
tumor activity in comparison with control VV plus T cells 
in a lung cancer xenograft model. Thus, arming onco-
lytic VVs with T-cell engagers may represent a promising 
approach to improve oncolytic virus therapy.

Received 11 April 2013; accepted 26 September 2013; advance online  
publication 10 December 2013. doi:10.1038/mt.2013.240

INTRODUCTION
Oncolytic vaccinia viruses (VVs) are promising anticancer agents 
owing to their ability to infect, replicate in, and lyse tumor cells and 
spread to other tumor cells in successive rounds of replication.1,2 
Oncolytic VVs’ major mode of action is the destruction of tumor 
cells, which may then induce antigen-specific T-cell responses 
against the tumor thereby targeting metastatic disease even after 
local injection of virus. Oncolytic VV therapy has shown prom-
ise in preclinical models and in clinical studies. Complete clini-
cal responses have, however, been rarely observed.3–10 This is most 
likely due to the limited virus spread through the tumor and lim-
ited activation of antitumor T-cell responses by oncolytic VVs.1–10

T cells play a critical role in controlling tumor growth. There is 
increasing evidence that T cells are able to control tumor growth 
and survival in cancer patients, both in early and late stages of 
the disease. For example, adoptive transfer of T cells has been 
demonstrated to effectively treat disseminated tumors, including 
Hodgkin’s lymphoma, nasopharyngeal carcinoma, neuroblastoma, 
and melanoma.11–15 However, tumor-specific T-cell responses are 
difficult to induce and sustain in cancer patients and are limited 
by numerous immune escape mechanisms of tumor cells selected 
during immunoediting.16,17 T-cell engager (CD3-scFv, single- chain 
variable fragment) provides an alternative approach to engage T 
cells for cancer therapy. CD3-scFv has been used in bispecific T-cell 
engagers (BiTEs) that consist of a CD3-scFv and a scFv specific 
for a tumor cell surface antigen.18–26 Clinical studies have shown 
that infusion of CD19-specific BiTEs results in highly effective kill-
ing of tumor cells in patients with non-Hodgkin’s lymphomas and 
B-cell precursor acute lymphoblastic leukemia.24–26

In this article, we report the development of a T-cell engager-
armed oncolytic VV (TEA-VV) encoding secretory bispecific 
T-cell engagers (TEs) that bind both to human CD3 and a tumor 
cell surface antigen EphA2 (EphA2-TEA-VV). Upon infection of 
EphA2-positive tumor cells, EphA2-TEA-VVs activated T cells 
and induced T-cell killing of viral infected and noninfected tumor 
cells, indicative of “bystander killing”. In vivo, EphA2-TEA-VV 
plus T cells had greater antitumor activity than that of unarmed 
VV plus T cells in a lung cancer xenograft model.

RESULTS
TEs induce killing of tumor cells
To investigate the ability of TEs to induce bystander killing of 
tumor cells, we first generated recombinant lentiviral vectors 
expressing a secretory bispecific EphA2-specific TEs (EphA2-TE; 
Lv-EphA2-TE), a membrane-bound CD3-specific TE (Lv-mTE), or 
GFP (Lv-GFP) (Supplementary Figure S1A). The EphA2-positive 
lung cancer cell line A549 was transduced with Lv-EphA2-TE, 
Lv-mTE, or Lv-GFP. Virus-infected A549 (GFP+) cells were mixed 
with noninfected A549 (GFP−) cells and cocultured with nonstimu-
lated peripheral blood mononuclear cells (PBMCs). After 48 hours, 
the presence of tumor cells was determined using immunofluo-
rescence and fluorescence-activated cell sorting (FACS) analysis 
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(Supplementary Figure S1B–D). Flow analysis demonstrated that 
Lv-EphA2-TE induced killing of both virus-infected A549 (GFP+) 
and noninfected A549 (GFP−) cells, whereas Lv-mTE only induced 
killing of virus-infected A549 (GFP+) cells. These results indicate 
that the lentivirus encoding the secretable EphA2-TE induced 
bystander killing of noninfected tumor cells.

Generation of EphA2-TEA-VV and GFP-VV
We generated double-deleted VVs (vvDD, Western Reserve strain) 
expressing EphA2-scFv-CD3-scFv (EphA2-TEA-VV) or GFP 
(GFP-VV) (Figure 1a). To investigate whether EphA2-TEA-VV–
infected tumor cells express secretory bispecific EphA2-TE, A549 
cells were transduced with EphA2-TEA-VV or GFP-VV at a multi-
plicity of infection (MOI) of 5. After 24 hours, media were collected 
and mixed with unstimulated human PBMCs followed by FACS 
analysis using EphA2-FITC (EphA2 protein labeled with fluores-
cein isothiocyanate) as a probe to detect CD3-bound EphA2-TE. 
CD4- and CD8-positive T cells were positive for EphA2-FITC 
indicating that EphA2-TEs are secreted from infected A549 cells 
and are able to bind CD3 and EphA2 (Figure 1b).

EphA2-TEs expression does not impair the ability of 
VV to replicate and induce tumor cell lysis
To demonstrate that EphA2-TEs do not impair the ability of 
EphA2-TEA-VV to replicate, CV-1 cells, A549 tumor cells, 
and normal human skin fibroblasts were infected with EphA2-
TEA-VV, GFP-VV, or parental VV (VSC20). Infection of CV-1 
(Figure 2a) and A549 (Figure 2b) with EphA2-TEA-VV, 
GFP-VV, or VSC20 yielded similar amounts of virus at various 
time points. By contrast, all three viruses replicated poorly in 
normal human skin fibroblasts (Figure 2c). Thus, EphA2-TEs do 
not interfere with VV replication. Next, we compared the abil-
ity of EphA2-TEA-VV or GFP-VV to induce tumor cell lysis in 
the absence of human T cells. A549 cells were transduced with 
EphA2-TEA-VV or GFP-VV at increasing MOIs (0, 0.01, 0.1, 
1, or 5) and 48 hours post virus infection, A549 cell viability 
was determined using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 
assay. A549 cells were killed with increasing MOIs regardless 
of the VV used (Figure 3a). There was no difference between 
EphA2-TEA-VV and GFP-VV, indicating that the expression of 

Figure 1  The EphA2-TEA-VV express functional EphA2-T-cell engagers. (a) Scheme of expression cassettes encoding EphA2-scFv-CD3-scFv 
(EphA2-TEA-VV) or GFP (GFP-VV). (b) EphA2-TEA-VV–infected cells secrete bispecific EphA2-scFv-CD3-scFv with the ability of binding to T cells and 
EphA2. A549 tumor cells (1 × 106/2 ml/well in 6-well plate) were infected with EphA2-TEA-VV or GFP-VV at a multiplicity of infection of 5. The cul-
ture media was collected after 24 hours of incubation and added to 1 × 106 unstimulated peripheral blood mononuclear cells (PBMCs), followed by 
staining with EphA2-FITC, CD8-PE, and CD4-APC. EphA2-FITC, EphA2 protein labeled with fluorescein isothiocyanate; EphA2-TEA-VV, EphA2-T-cell 
engager-armed vaccinia virus; PE, phycoerythrin; scFv, single-chain variable fragment.
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EphA2-TEs does not interfere with the ability of VV to induce 
tumor cell lysis.

EphA2-TEA-VVs redirect human T cells to EphA2-
positive A549 cells
To determine whether EphA2-TEA-VVs redirect human T cells 
to A549 cells, cells were infected with EphA2-TEA-VV at increas-
ing MOIs (MOI 0.001, 0.01, 0.1, or 1). Next, human unstimulated 
T cells isolated from PBMCs using CD4/CD8 microbeads were 
added to A549 cells at a T-cell to A549 ratio of 5:1. At 24, 48, 72, 
or 96 hours post virus infection, A549 viability was determined 
using MTS assay. A549 cells infected only with EphA2-TEA-VVs 
served as controls. EphA2-TEA-VV by itself induced cell killing 
in a dose-dependent manner. However, even at the highest MOI 
tested, 15% of tumor cells were still alive 96 hours postinfec-
tion. Adding human T cells to the culture significantly (P < 0.05) 
increased antitumor effects with all tumor cells being killed within 
96 hours postinfection at MOIs of 0.1 and 1 (Figure 3b).

To confirm that the enhanced lytic activity of EphA2-TEA-VV 
depends on the secretion of EphA2-TEs, A549 cells were infected 
with EphA2-TEA-VV or GFP-VV at an MOI of 0.1. Human T 
cells were added as described above, and 24 or 48 hours post virus 
infection, A549 cell viability was determined using MTS assay. 
Only EphA2-TEA-VV displayed enhanced oncolytic activity in 
the presence of human T cells at 24 (EphA2-TEA-VV vs. GFP-VV, 
75 vs. 100%) and 48 hours (EphA2-TEA-VV vs. GFP-VV, 35 
vs. 81%) (Figure 3c). This finding was confirmed for a panel of 
EphA2-positive cancer cell lines (H1299, H1975, U373, and LM7) 
(Supplementary Figure S2A).27

EphA2-TEA-VVs activate T cells
To determine whether EphA2-TEs secreted by EphA2-TEA-VV 
not only redirect T cells to tumor cells but also activate human T 
cells, A549 cells were infected with EphA2-TEA-VV or GFP-VV 
at an MOI of 1 or 0.1. Unstimulated human PBMCs were added 
as described above, and 24 or 48 hours post virus infection, cell 
culture media were collected to determine the presence of pro-
inflammatory cytokines using enzyme-linked immunosorbent 
assay. Unstimulated human PBMCs were activated by EphA2-TEs 
as judged by the production of proinflammatory cytokines such 
as interferon-γ (IFN-γ) and interleukin-2 (IL-2) in the cell culture 
supernatant of EphA2-TEA-VV–infected A549 and T cells, com-
pared with that of GFP-VV–infected A549 and T cells (P < 0.05). 
T cells produced little to no IFN-γ and IL-2 in response to GFP-
VV–infected A549 cells (Figure 4). These results were confirmed 
for EphA2-positive cell lines H1299 and U373 (Supplementary 
Figure S2B) and indicate that T-cell activation depends on the 
expression of EphA2-TEs by tumor cells.

To confirm that T-cell activation depends on the presence of 
EphA2 on the cells surface of tumor cells, we took advantage of 
K562, which are EphA2 negative, and K562-EphA2, which were 
genetically modified to express EphA2. A549 tumor cells were 
infected with EphA2-TEA-VV or GFP-VV at an MOI of 5. After 
24 hours, supernatants were collected and added to a coculture of 
human PBMCs with K562-EphA2 or K562 (effector cell: tumor 
cell = 5:1). Only the combination of K562-EphA2 and super-
natants of EphA2-TEA-VV–infected A549 cells induced T-cell 

activation as judged by IFN-γ and IL-2 secretion, demonstrat-
ing that T-cell activation and tumor cell recognition not only 
depends on the presence of EphA2-TEs but also on the expression 
of EphA2 on tumor cells (Supplementary Figure S3A). This was 
confirmed in a cytotoxicity assay (Supplementary Figure S3B).

EphA2-TEA-VVs induce bystander killing of 
noninfected tumor cells
We next investigated the ability of EphA2-TEA-VVs to induce 
bystander killing of tumor cells. First, A549 cells were trans-
duced with EphA2-TEA-VVs or GFP-VVs at various MOIs. The 
cell culture medium was collected and filtered with a 0.22 µm fil-
ter after 48 hours of culture. Then, noninfected A549 cells were 
cocultured with unstimulated PBMCs in the presence of the cell 
culture medium collected from the culture of VV-infected A549 
cells. Forty-eight hours later, tumor killing was measured using 
MTS assay. A549 cells were only killed in the presence of cell cul-
ture medium of EphA2-TEA-VV–infected A549 cells, indicating 
bystander killing of tumor cells (Figure 5).

Figure 2   In vitro replication of EphA2-TEA-VV in CV-1 cells and nor-
mal human cells. The replication of EphA2-TEA-VV, GFP-VV, and vSC20 
in (a) CV-1, (b) A549 tumor cells, and (c) normal human fibroblast are 
shown. Cells were infected at a multiplicity of infection of 0.1, and after 
1, 2, or 3 days, viral titers were determined using plaque assays in CV-1 
cells. EphA2-TEA-VV, EphA2-T-cell engager-armed vaccinia virus; pfu, 
plaque-forming units.
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EphA2-TEA-VVs have enhanced antitumor activity in 
A549 xenograft tumor model
To investigate the antitumor effects of EphA2-TEA-VV in vivo, 
we initially used a subcutaneous A549 tumor model. To estab-
lish A549 tumors, 2 × 106 A549 cells were mixed with unstimu-
lated PBMCs from healthy donor and inoculated subcutaneously 
(s.c.) into the right flank of SCID-Bg mice, followed by an intra-
peritoneal (i.p.) injection of 1 × 108 plaque-forming units (pfu) 
of EphA2-TEA-VV or GFP-VV on day 0. A549/unstimulated 
PBMC–injected mice receiving phosphate-buffered saline (PBS) 
and mice that were only injected s.c. with A549 served as control. 
GFP-VVs moderately inhibited tumor growth compared with that 
in control mice. By contrast, mice that received EphA2-TEA-VVs 
showed a significant decrease in tumor growth, compared with 
mice that received GFP-VV or PBS (Figure 6a, EphA2-TEA-VV 
vs. GFP-VV P < 0.0001). This resulted in a significant increase in 
survival of mice that received both EphA2-TEA-VV and human 
PBMCs (Figure 6b, EphA2-TEA-VV vs. GFP-VV P < 0.001).

To determine whether EphA2-TEA-VV activated T cells within 
tumor, mice were injected with an admixture of A549 cells and car-
boxyfluorescein succinimidyl ester-labeled PBMCs followed by an 
i.p. injection of 1 × 108 pfu of EphA2-TEA-VV or GFP-VV on day 
0. Tumor infiltrating cells were isolated on day 5 and subjected to 

FACS analysis. Only EphA2-TEA-VV induced PBMC activation as 
judged by intracellular staining for IFN-γ (n = 7, EphA2-TEA-VV 
vs. GFP-VV, 5.19 ± 0.94 vs. 2.43 ± 1.19%, P < 0.01) and IL-2 (n = 7, 
EphA2-TEA-VV vs. GFP-VV, 3.70 ± 0.88 vs. 1.60 ± 0.86%, P < 0.01) 
(Figure 6c). However, there was no difference in the mean fluores-
cence intensity of carboxyfluorescein succinimidyl ester between 
EphA2-TEA-VV– and GFP-VV–injected animals, indicating that 
the observed cytokine production was not sufficient to induce T-cell 
proliferation.

To further investigate the antitumor effects of EphA2-TEA-VV 
in a systemic model, luciferase-expressing A549 cells (A549.eGFP.
ffluc) were injected intravenously (i.v.) into SCID-Bg mice on day 0. 
On day 7, an admixture of 10 × 106 untreated PBMCs and/or 1 × 108 
pfu of EphA2-TEA-VVs or GFP-VVs were administered i.v. The 
mice that received only PBMCs served as control. Quantification 
of bioluminescent imaging showed that VVs or GFP-VVs plus 
PBMCs only moderately inhibited tumor growth compared with 
controls. By contrast, mice that received EphA2-TEA-VVs plus 
PBMCs showed a significant decrease in tumor growth, compared 
with mice that received VVs or PBMCs, or GFP-VVs plus PBMCs 
(Figure 7, EphA2-TEA-VV plus PBMCs vs. GFP-VV, EphA2-
TEA-VV, and GFP-VV plus PBMCs, P < 0.05). Thus, in both ani-
mal models, EphA2-TEA-VV plus PBMCs resulted in enhanced 
antitumor activity in comparison with GFP-VV plus PBMCs.

Figure 3   Lytic activity of EphA2-TEA-VV or GFP-VV against EphA2-positive A549 tumor cells. (a) A549 tumor cells were infected with increasing 
doses (multiplicity of infection (MOI) of 0.01, 0.1, 1, or 5) of EphA2-TEA-VV or GFP− VV. Cell viability at 48 hours postinfection was determined using 
MTS assays. EphA2-TEA-VV or GFP-VV exhibited comparable tumor lytic activity against A549 cells in the absence of human T cells. (b) Human T cells 
enhanced the oncolytic activity of EphA2-TEA-VV against EphA2-positive A549 cells. A549 tumor cells were infected with increasing MOIs (0.001, 
0.01, 0.1, or 1) of EphA2-TEA-VV. Infected A549 cells were either cultured alone or in the presence of CD4/CD8 bead-isolated human T cells (T cells: 
A549 tumor cells = 5:1). Cell viability was determined using MTS assays at 24, 48, 72, and 96 hours postinfection. (c) A549 tumor cells were infected 
with EphA2-TEA-VV or GFP-VV at an MOI of 0.1. Infected A549 cells were either cultured alone or in the presence of CD4/CD8 bead-isolated human 
T cells (T cells: A549 cells = 5:1). Cell viability at 24 or 48 hours postinfection was determined using MTS assays (EphA2-TEA-VV vs. GFP-VV, *P < 0.05). 
EphA2-TEA-VV, EphA2-T-cell engager armed vaccinia virus.
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DISCUSSION
Oncolytic VVs have demonstrated promising results in the treat-
ment of cancer in preclinical models and early clinical trails.1–10 

However, complete clinical responses were rarely observed, 
highlighting the need for further improvement of oncolytic VV 
therapy. In this study, we generated a novel T-cell engager-armed 
oncolytic VV (TEA-VV) designed to engage T cells for cancer 
therapy. To our knowledge, this is the first example to evaluate a 
TEA oncolytic VV in preclinical cancer models.

To enhance the antitumor efficacy of VVs, oncolytic VVs 
have been engineered to express a variety of transgenes encod-
ing cytokines, chemokines, prodrug-converting enzymes, and 
antiangiogenic agents.3–10,28–33 One major aim of these modifica-
tions was to induce bystander killing of tumor cells that are not 
infected and/or killed by oncolytic VVs. For example, expression 
of a prodrug-converting enzyme by VVs is capable of convert-
ing a systemically administrated nontoxic prodrug to an active 
pharmacological agent within the tumor. Such an oncolytic VV 
(vvDD-CDSR) is currently under investigation in an early phase 
clinical trail. The most successful transgene so far has been the 
cytokine granulocyte macrophage colony-stimulating factor 
(GM-CSF).3–9 The GM-CSF–expressing VV JX-594 has shown 
exciting results in phase I/IIa clinical trials targeting hepatocel-
lular cancers as local therapy and a variety of solid tumors as sys-
temic therapy. Based on these results, JX-594 is currently being 
evaluated in global phase III clinical trials. However, the exact 
mechanism of how GM-CSF enhances the antitumor activity of 
VVs remains elusive. For example, whereas some studies have 

Figure 5  EphA2-TEs induce bystander killing of tumor cells. A549 
cells were infected with EphA2-TEA-VV or GFP-VV at various multiplicity 
of infections (MOIs), and after 24 hours, supernatants were collected and 
used in a coculture assay of unstimulated peripheral blood mononuclear 
cells (PBMCs) and A549 cells (PBMCs: A549 cells ratio = 5:1). After 48 
hours, tumor cell killing was measured by MTS assay (EphA2-TEA-VV vs. 
GFP-VV, *P < 0.05). EphA2-TEs, EphA2-T-cell engagers; EphA2-TEA-VV, 
EphA2-T-cell engager-armed vaccinia virus.
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shown that GM-CSF activates innate immunity and induces 
the generation of an adaptive antitumor response, other studies 
have highlighted the role of GM-CSF in inducing proliferation 

of monocyte-derived suppressor cells, which suppress antitu-
mor immune responses.34 Compared with these approaches, 
our TEA-VV platform provides a straightforward mechanism 

Figure 6  Administration of EphA2-TEA-VV in combination with peripheral blood mononuclear cells (PBMCs) results in an enhanced antitu-
mor response and improved survival in A549 subcutaneous (s.c.) tumor model. 2 × 106 A549 cells were mixed with 1 × 107 unstimulated PBMCs 
and inoculated s.c. into the right flank of SCID mice on day 0, immediately followed by intraperitoneal (i.p.) injection of 1 × 108 plaque-forming units 
(pfu) EphA2-TEA-VV, GFP-VV, or phosphate-buffered saline (PBS). (a) Tumor size was measured using a caliper (EphA2-TEA-VV n = 13 vs. GFP-VV n = 
12, *P < 0.001). (b) Kaplan–Meier survival showed a significant survival advantage of mice treated with EphA2-TEA-VVs plus PBMCs (EphA2-TEA-VV n 
= 13 vs. GFP-VV n = 12, *P < 0.0001). (c–e) 2 × 106 A549 cells were mixed with 1 × 107 CFSE-labeled unstimulated PBMCs and inoculated s.c. into the 
right flank of SCID mice on day 0, immediately followed by i.p. injection of 1 × 108 pfu EphA2-TEA-VV, GFP-VV, or PBS. Five days later, tumor tissues 
were dissected, and single cells suspensions were prepared for intracellular staining of interferon-γ (IFN-γ) and interleukin-2 (IL-2). (c) Representative 
fluorescence-activated cell sorting analysis of CFSE+ cells. (d,e) Summary data of all mice showing a significant increase of IFN-γ (n = 7, EphA2-TEA-VV 
vs. GFP-VV, 5.19 ± 0.94 vs. 2.43 ± 1.19%, P < 0.01) or IL-2 (n = 7, EphA2-TEA-VV vs. GFP-VV, 3.70 ± 0.88 vs. 1.60 ± 0.86%, P < 0.01) secreting PBMCs 
in EphA2-TEA-VV treated mice. EphA2-TEA-VV, EphA2-T-cell engager armed vaccinia virus.
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by which TEA-VV exert its potent effects by utilizing adaptive 
immunity in a tumor antigen-specific manner. TEs expressed by 
TEA-VV are capable of engaging endogenous T cells and tumor 
cells, resulting in antigen-specific tumor lysis. In addition, we 
show that TEs induce the secretion of proinflammatory cyto-
kines in vitro and in vivo that should reverse the immune inhibi-
tory milieu, which exist in the majority of solid tumors.16,17

Although EphA2-TEA-VV induced the production of IFN-
γ and IL-2, we did not observe significant T-cell proliferation in 
vitro and in vivo. However, EphA2-TEA-VVs induced significant 
T-cell proliferation if the cell culture medium was supplemented 
with 100 U/ml human IL-2 (Supplementary Figure S4). Thus, 
the amount of IL-2 produced by T cells after EphA2-TEA-VV-
activation (1 ng/ml of IL-2, equivalent to ~1 U/ml, Figure  4c,d) 
is not sufficient to induce T-cell proliferation. Currently, TEA-
VVs only provide T-cell activation by binding to CD3. Additional 
genetic modification of TEA-VVs with transgenes that encode 
costimulatory molecules or cytokines35–41 should result in 

TEA-VVs that not only activate T cells but also induce robust 
T-cell proliferation.

Limitations of systemic cancer treatments are their adverse 
effects, pharmacological half-life, and/or limited tissue distribu-
tion. For example, although BiTEs have been shown to be effec-
tive for the treatment of CD19-positive malignancies, BiTEs have 
a very short half-life, necessitating continuous infusion.18–26,42 In 
addition, BiTEs do not actively accumulate at tumor sites, and 
systemic adverse events have been reported including within 
the central nervous system. These limitations could be poten-
tially overcome by the use of oncolytic virus as a delivery system, 
because transgene expression from the VVs will occur mainly 
within the tumor.34 Following virus infection of a cell, a cascade 
of virus protein, called early or late protein, is produced under 
the transcriptional control of early or late promoter individually. 
Generally, late promoters are activated after DNA replication of 
the virus in the cell, therefore allowing transgene expression selec-
tively within the tumors. In this study, we choose the late vaccinia 

Figure 7 Administration of EphA2-TEA-VV in combination with peripheral blood mononuclear cells (PBMCs) results in an enhanced antitu-
mor response in A549 intravenous (i.v.) lung cancer model. (a) 2 × 106 A549.eGFP.FFLuc were injected i.v. into SCID mice on day 0 and treated with 
a single injection of mixed 1 × 107 unstimulated PBMCs and 1 × 108 plaque-forming units EphA2-TEA-VV or GFP-VVs i.v. on day 7. Tumor progression 
was followed by in vivo bioluminescence imaging. Images of representative animals are shown. (b) Solid lines represent each group of mice (EphA2-
TEA-VV n = 5 vs. GFP-VV n = 5, *P < 0.05). EphA2-TEA-VV, EphA2-T-cell engager armed vaccinia virus.
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viral promoter F17R, because studies have demonstrated that 
the F17R promoter is only activated after VV infection in tumor 
cells.43 Thus tumor selective expression of transgene from VV will 
be further enhanced by the use of F17R promoter. The late expres-
sion of the T-cell engager will also allow for sufficient viral replica-
tion before T-cell activation and mediated tumor lysis.

We evaluated the therapeutic effects of EphA2-TEA-VVs in 
two murine xenograft models. EphA2-TEA-VVs plus human 
PBMCs induced complete remissions in all treated animals in the 
s.c. A549 model. Because the ability of human PBMCs to migrate 
to s.c. tumor sites in mice is limited, we injected s.c. an admixture of 
tumor cells and PBMCs as routinely done for the preclinical evalu-
ation of BiTEs.18–21 To evaluate the antitumor activity of EphA2-
TEA-VVs after i.v. administration of PBMCs, we used the systemic 
A549 lung cancer model. While in the systemic model, EphA2-
TEA-VVs plus human PBMCs had potent antitumor response, all 
tumors progressed. This difference in efficacy in the two models is 
most likely due to several reasons. First, the systemic A549 model 
is a very aggressive tumor model, and we treated mice on day 7 
after tumor cell injection. Second, TEA-VV exerts its antitumor 
effects in part by activating human T cells, which in the used xeno-
graft model (SCID-Beige mice) persist only for 7–10 days postin-
fusion.44 As discussed above, introduction of additional transgenes 
into TEA-VVs to provide costimulatory signals and/or cytokines 
are potential strategies to improve T-cell activation and persistence 
in vivo.35–41 While we choose a xenograft model to demonstrate the 
benefit of arming VVs with TEs, we are currently developing an 
immune competent animal model to perform detailed mechanistic 
studies. Insight from this model will most likely enable to further 
improve the antitumor activity of TEA-VVs.

In conclusion, our findings provide preclinical evidence for 
the therapeutic potential of TEA-VVs. In this study, our EphA2-
TEA-VVs activated human PBMCs and enhanced antitumor 
activity in preclinical models. Our T-cell engager arming strategy 
may be applicable to a broad range of oncolytic viruses currently 
under investigation, including oncolytic adenoviral vector, herpes 
simplex virus, reovirus, myxoma virus, poliovirus, vesicular sto-
matitis virus, measles virus, and Newcastle disease virus.

MATERIALS AND METHODS
Tumor cell lines. The non-small-cell lung cancer cell line A549 was pur-
chased from the American Type Culture Collection (Manassas, VA). A549 
cell line expressing the eGFP-Firefly luciferase (A549.eGFP.ffluc) fusion 
gene was generated as previously described with a retrovirus vector encod-
ing the eGFP.ffluc.44 Cell lines were grown in Roswell Park Memorial 
Institute (Thermo Scientific HyClone, Waltham, MA; Lonza, Basel, 
Switzerland) supplemented with 10% fetal calf serum ((FCS) HyClone, 
Logan, UT) and 2 mmol/l GlutaMAX-I (Invitrogen, Carlsbad, CA). Cells 
were maintained in a humidified atmosphere containing 5% CO2 at 37°C. 
The “Characterized Cell Line Core Facility” at MD Anderson Cancer 
Center, Houston, TX, performed cell line validation.

Mononuclear cells. Blood samples from healthy donors were obtained 
in accordance to protocols approved by the Institutional Review Board 
of Baylor College of Medicine. Peripheral blood was processed over 
Ficoll gradients, and the resulting PBMCs were cultured in Roswell Park 
Memorial Institute 1640 (Thermo Scientific HyClone, Waltham, MA; 
Lonza, Basel, Switzerland) supplemented with 10% heat-inactivated FCS 
and 2 mmol/l GLUTAMAX.

Production of VV. We generated double-deleted VVs (vvDD, Western 
Reserve strain) expressing EphA2-scFv-CD3-scFv (EphA2-TEA-VV) or 
GFP (GFP-VV) by recombination with a pSEL shuttle plasmid encoding 
CD3 scFv18–26 or EphA2-scFv27 or GFP into the TK gene of the VSC20 
strain of WR VV (Figure 1).45–50 The inserted TEs were expressed under 
the transcriptional control of the F17R late promoter to allow for suffi-
cient viral replication before T-cell activation.34 All VVs used in this study 
were derived from the WR strain. Two low pathogenic mutants contain-
ing deletions in the TK and VGF genes (vvdd) have been previously 
described. Viral stocks were prepared as previously reported. Briefly, 
dividing CV-1 cells were infected with 200 pfu (MOI: ~0.0005) of VSC20, 
GFP-VV, or TEA-VV in 1 ml of minimum essential medium-2.5% FCS 
for 2 hours at 37°C. Dulbecco's modified Eagle's medium-10% FCS was 
added, and cells were incubated until harvesting at 24, 48, and 72 hours 
after infection. After a single freeze-thaw cycle, virus was quantified by 
plaque titering on CV-1 cells as described previously.50

Flow cytometry. For immunophenotyping, cells were stained with fluo-
rescein-conjugated monoclonal antibodies (Becton Dickinson, San Jose, 
CA) directed against CD3-, CD4-, CD8-, or FITC-labeled EphA2 protein. 
Isotype controls were immunoglobulin G1–fluorescein isothiocyanate 
(IgG1-FITC; BD) and IgG1–phycoerythrin (IgG1-PE; BD). Cells were col-
lected and washed once with PBS containing 1% FBS (Sigma, St. Louis, 
MO; FACS buffer) before the addition of antibodies. Cells were then incu-
bated for 30 minutes on ice in the dark, washed once, and fixed in 0.5% 
paraformaldehyde/FACS buffer before analysis. For each sample, 10,000 
cells were analyzed using FACSCalibur instrument (BD, Becton Dickinson, 
Mountain View, CA) with the Cell Quest Software (Becton Dickinson) or 
with FCS Express software (De Novo Software, Los Angeles, CA).

Enzyme-linked immunosorbent assay. Tumor cells were infected with 
either EphA2-TEA-VV or GFP-VV at different MOIs followed by cocul-
turing with unstimulated PBMCs. At different time points, supernatants 
were collected and run on enzyme-linked immunosorbent assay with 
DuoSet enzyme-linked immunosorbent assay development kit (R&D sys-
tems, Minneapolis, MN) according to the manufacturer’s guidelines.

MTS assay. Tumor cells were plated in a 96-well tissue culture plate at 1 × 104 
cells per well (100 µl) and incubated overnight at 37°C. The tumor cells were 
infected with VVs at indicated MOIs in 2.5% FBS medium for 2 hours fol-
lowed by culturing in complete medium. All samples were measured in 
triplicate. Unstimulated human PBMCs were incubated at 37°C for 2 hours 
to remove adherent cells. In some experiments, unstimulated nonadher-
ent human PBMCs or CD4/8 microbead-selected T cells were added to the 
culture at effector: target ratio of 5:1. Plates were incubated at 37°C for 48 or 
72 hours. The nonadherent human PBMCs or CD4/8 microbead-selected T 
cells were removed, and the wells were washed gently twice with PBS. The 
viability of tumor cells was then determined using a MTS formazan viabil-
ity assay (Promega, Madison, WI). Optical density of the wells was read at 
490 nm on a plate reader (Molecular Devices VERSAmax, Sunnyvale, CA 
(Molecular Devices)). The mean viability of the virus infected tumor cells 
for each viral dilution was calculated as a percentage relative to the control 
wells treated with media alone (100% survival) ± SEM.

A549 tumor models. All animal experiments followed a protocol approved 
by the Baylor College of Medicine Institutional Animal Care and Use 
Committee. Nine- to 12-week-old SCID Beige mice were purchased from 
Jackson, Bar Harbor, ME.

A549 i.v. lung model. 2 × 106 A549.eGFP.ffLuc cells in PBS were injected 
i.v. on day 0. To determine the antitumor efficacy of EphA2-TEA-VV, 
mice were treated with an i.v. administration of either 1 × 108 pfu GFP-VV 
or 1 × 108 pfu EphA2-TEA-VV mixed with 1 × 107 human unstimulated 
PBMCs on day 7 posttumor challenge. Animals receiving unstimulated 
PBMCs alone or PBS served as controls. Isoflurane anesthetized ani-
mals were imaged. A constant region-of-interest was drawn over the 
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chest of the animal, and the intensity of the signal was measured as total 
photons/s/cm2/steradian. Mice were euthanized when they met euthanasia 
criteria (weight loss, signs of distress) in accordance with the Center for 
Comparative Medicine at Baylor College of Medicine.

A549 s.c. tumor model. 2 × 106 A549 cells alone or mixed with unstimu-
lated PBMCs from healthy donors in 100 µl of PBS were injected s.c. on 
day 0, immediately followed by i.p. administration of either 1 × 108 pfu 
GFP-VV or 1 × 108 pfu EphA2-TEA-VV. Animals receiving PBS served as 
controls. Tumor size was measured using a caliper.

To monitor T cells within tumor tissue, 2 × 106 A549 cells were mixed 
with 1 × 107 carboxyfluorescein succinimidyl ester-labeled unstimulated 
PBMCs and inoculated s.c. into the right flank of SCID mice on day 0, 
immediately followed by i.p. injection of 1 × 108 pfu EphA2-TEA-VV, GFP-
VV, or PBS. Five days later, tumor tissues were dissected, and single cells 
suspensions were prepared for intracellular staining of IFN-γ and IL-2.

Statistical analysis. All in vitro experiments were performed in trip-
licate. Measurement data were presented as mean ± SD. The differences 
between means were tested by nonparametric Mann–Whitney U test or 
Bonferroni’s multiple comparison t-test. The significance level used was P 
< 0.05. For the mouse experiments, tumor radiance data were log-trans-
formed and summarized using mean ± SD at baseline and multiple subse-
quent time points for each group of mice. Changes in tumor radiance from 
baseline at each time point were calculated and compared between groups 
using t-test. Survival determined from the time of tumor cell injection was 
analyzed by the Kaplan–Meier method and by the log-rank test.

SUPPLEMENTARY MATERIAL
Figure  S1.  EphA2-specific T-cell engagers induce tumor cells killing.
Figure  S2.  T cells recognize EphA2-TEA-VV–infected EphA2-positive 
H1299, H1975, U373, or LM7 tumor cells.
Figure  S3. T cells recognize EphA2-TEA-VV–nfected EphA2 express-
ing K562-EphA2 cells, but not parental, EphA2-negative K562 cells.
Figure  S4. EphA2-TEA-VVs induced significant T-cell proliferation in 
the presence of 100 U/ml human IL2.
Supplementary Materials and Methods.
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