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ABSTRACT
◥

Antigen-specific immunotherapy can be limited by induced
tumor immunoediting (e.g., antigen loss) or through failure to
recognize antigen-negative tumor clones. Melanoma differentia-
tion–associated gene-7/IL24 (MDA-7/IL24) has profound tumor-
specific cytotoxic effects in a broad spectrum of cancers. Here we
report the enhanced therapeutic impact of genetically engineering
mouse tumor-reactive or antigen-specific T cells to produce human
MDA-7/IL24. While mock-transduced T cells only killed antigen-
expressing tumor cells, MDA-7/IL24-producing T cells destroyed
both antigen-positive and negative cancer targets. MDA-7/IL24-
expressing T cells were superior to their mock-engineered counter-
parts in suppressing mouse prostate cancer and melanoma growth
as well as metastasis. This enhanced antitumor potency correlated
with increased tumor infiltration and expansion of antigen-specific
T cells as well as induction of a Th1-skewed immunostimulatory

tumor environment. MDA-7/IL24-potentiated T-cell expansion
was dependent on T-cell–intrinsic STAT3 signaling. Finally,
MDA-7/IL24-modified T-cell therapy significantly inhibited pro-
gression of spontaneous prostate cancers in Hi-Myc transgenic
mice. Taken together, arming T cells with tumoricidal and immune-
potentiating MDA-7/IL24 confers new capabilities of eradicating
antigen-negative cancer cell clones and improving T-cell expansion
within tumors. This promising approach may be used to optimize
cellular immunotherapy for treating heterogeneous solid cancers
and provides a mechanism for inhibiting tumor escape.

Significance: This research describes a novel strategy to over-
come the antigenic heterogeneity of solid cancers and prevent
tumor escape by engineering T lymphocytes to produce a broad-
spectrum tumoricidal agent.

Introduction
Melanoma differentiation associated gene-7/IL24 (mda-7/IL24) is a

unique IL10 family gene member that demonstrates profound anti-
cancer, antiproliferative, and cytotoxic effects in a broad spectrum of
histologically distinct human cancers without harming normal
cells (1, 2). Other attributes of this therapeutic gene product include
“bystander” antitumor activity (3), antiangiogenesis (4), immune
augmentation (5), inhibition of cancer-initiating/stem cells (6), and
synergy with other cancer treatment modalities, for example, radio-
therapy or chemotherapy (7, 8). A phase I clinical trial in advanced
cancers has established the safety and therapeutic efficacy of MDA-7/

IL24, when administered intratumorally by a nonreplication-
competent adenovirus (9), further supporting the potential for trans-
lation of MDA-7/IL24 into the clinic for therapy and its rational
integration with other treatment regimens.

Immunotherapy based on the adoptive transfer of naturally occur-
ring (e.g., tumor-infiltrating lymphocytes or TILs) or genetically
engineered T cells (e.g., chimeric antigen receptor or CAR) can
mediate cancer regression in patients with advanced disease (10, 11).
While CAR T-cell therapies have shown remarkable success in the
treatment of certain hematologic malignancies, such as relapsed or
refractory lymphoblastic leukemia and non-Hodgkin lymphoma, their
therapeutic effect in solid tumors has been limited. Accumulating
clinical and preclinical evidence suggests that this partially results from
heterogeneous expression of tumor antigens, immune evasion caused
by immuno-editing, for example, selection of nonimmunogenic or
antigen loss cancer cell variants (12, 13), a lack of sufficient specificity
or numbers of TILs (14), and the impact of an immunosuppressive
tumor microenvironment (TME) that limits T-cell function and
persistence (15, 16). In fact, immunotherapeutic targeting of
tumor-associated antigens can promote the recurrence of the anti-
gen-negative tumor variants (17, 18). Given the well-documented
highly selective tumoricidal activity of MDA-7/IL24 that is indepen-
dent of antigen recognition, strategically equipping T lymphocytes
with MDA7/IL24-mediated multivalent cancer-killing features may
help overcome the barriers to T-cell–based immunotherapy.

In this study, we rigorously evaluated the therapeutic activity of
tumor-reactive or antigen-specific T cells that were genetically engi-
neered to carry humanMDA-7/IL24 using multiple clinically relevant
mouse syngenic tumor models, including a spontaneous prostate
cancer in a transgenic strain of mice. We show that T lymphocytes
with a high specificity of tumor recognition can serve as an excellent
platform to deliverMDA-7/IL24 to the tumor sites. More importantly,
MDA-7/IL24 engineering confered T cells with superior anticancer
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activity in eradicating established tumors and metastases, which is
attributed to synergistic tumor destruction by tumor-reactive or
antigen-specific T cells and therapeutic MDA-7/IL24 as well as a
previously undocumented role of MDA-7/IL24 of promoting expan-
sion and persistence of T cells in the TME.

Materials and Methods
Mice and cell lines

OT-I mice, Pmel mice, B6.PL-Thy1a/CyJ (Thy1.1) mice were
purchased from the Jackson Laboratory. Male C57BL/6 mice were
purchased from Envigo. The Hi-Myc transgenic strain mice (19) were
kindly provided by Dr. Charles Sawyers (Memorial Sloan Kettering
Cancer Center, New York, NY). All experimental procedures were
conducted according to protocols approved by the VCU Institutional
Animal Care and Use Committee.

Mouse prostate tumor RM1 cells, mouse melanoma B16 cells, and
293T cells were purchased from ATCC. OVA or luciferase-expressing
RM1 cells were generated in our laboratory (20, 21). Cells were
maintained in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin (Hyclone). All cell lines were
routinely tested for Mycoplasma contamination using a PCR-based
Mycoplasma Detection Kit (ATCC).

Reagents and antibodies
OVA257–264 (SIINFEKL) and gp10025–33 (KVPRNQDWL) peptides

were purchased fromAnaSpec Inc. Recombinant human IL2, IL7, and
IL15 cytokines were kindly provided by the NCI (Rockville, MD). For
FACS analysis, mouse mAbs to CD4 (GK1.5), CD8a (53–6.7), CD3
(HL3), IFNg (XMG1.2), CD25 (PC61), CD90.1 (OX-7), isotype con-
trol rat IgG2b (RTK4530), and IgG1 (RTK2071) were purchased from
BioLegend; FoxP3 antibody (FJK-16s) was purchased from
eBioscience. For Western blotting analysis, anti-human MDA-7/IL24
antibody was purchased from GenHunter; anti-mouse MDA-7/IL24
antibodies were purchased from R&D Systems; phospho-STAT1
(Y701), phospho-STAT3 (Y705), total STAT1, and total STAT3
antibodies were purchased from Cell Signaling Technology. Cucurbi-
tacin I was purchased from Sigma Aldrich. BrdU Flow Kit was
purchased fromBDBiosciences. Polybrene was purchased from Sigma
Aldrich. CytoTox 96 Non-Radioactive Cytotoxicity Assay kits were
purchased from Promega. Cell Counting Kits 8 (CCK8) were pur-
chased from Abcam.

Preparation and expansion of T cells
Ex vivo expansion of tumor-sensitized T cells was performed as

previously described with modifications (22, 23). Briefly, spleen
and lymph nodes were collected from tumor-bearing mice and
dispersed into a single cell suspension in complete RPMI1640 media
at 2 � 106 cells/mL. Cells were then stimulated with Bryostatin 1
(5 nmol/L) and Ionomycin (1 mmol/L) plus IL2 (80 IU/mL) for 16–
18 hours followed by culture in RPMI1640 media containing IL7
and IL15 (10 ng/mL each) at 1–2�106 cells/mL for 5 days. For
ex vivo expansion of antigen-specific OT-I or Pmel T cells, cells
were stimulated with OVA257–264 peptide or gp10025–33 peptide
(1 mg/mL), respectively, for 16–18 hours, followed by culture in
RPMI1640 media containing IL7 and IL15 (10 ng/mL each) at 1–
2�106 cells/mL for 5 days.

Lentivirus packaging and cell transduction
The pLenti CMV Puro DEST (w118–1) vector (Addgene plasmid #

17452) encoding human MDA-7/IL24 or the empty vector together

with pMD2.G (Addgene plasmid # 12259) and psPAX2 plasmid
(Addgene plasmid # 12260) were cotransfected into 293T cells using
Fugene HD (Promega). Lentiviral supernatants containing control
lentivirus (LV-vec) or lentivirus expressing MDA-7/IL24 (LV-mda-7)
were collected 48 and 72 hours after transfection. Day 5 expanded
T cells were transduced with LV-vec or LV-mda-7 (2–3� 106 cells/mL
in 6-well plate at multiplicity of infection of 5 in the presence of
6 mg/mL polybrene) under centrifugation at 2,000 � g for 90 minutes
at 32�C. Transduced T cells were cultured in the presence of IL7 and
IL15 overnight before collection for studies.

Tumor studies
Tumors were established by subcutaneous (s.c.) injection of 2�105

tumor cells into the right dorsal flank.Mice were randomly assigned to
control and treatment groups and received whole body irradiation
(WBI, 4.5 Gy) followed by intravenous (i.v.) injection of tumor-
sensitized or antigen-specific T cells (107 in 200 mL PBS) at the
indicated time points. Tumor growth was monitored in a blinded
manner bymeasuring the perpendicular diameters of tumors. Animals
were euthanized when tumors reached the size of approximately
16-mm in diameter or when mice had lost 10% of their total
body weight. To establish experimental lung metastases, mice were
intravenously injected with 1�105 RM1-Luc cells on day 0. Mice were
treated with T cells on days 2 and 8. Lung metastases were monitored
using IVIS Spectrum imaging system (PerkinElmer). For analysis of
leukocyte infiltration into the tumor microenvironment, tumors,
or lungs were digested with collagenase D (1 mg/mL) and DNase I
(20 mg/mL) to prepare single-cell suspensions as described previous-
ly (24). Tumor draining lymph nodes (DLN) and spleens were
collected at indicated time points for immune analyses.

For treatment of Hi-Myc transgenic mice, 4-month-old male mice
received WBI and engineered tumor-sensitized T cells (1�107) that
were derived fromprostate cancer-bearing 6-month-oldHi-Mycmice.
Treatments continued weekly for a total of 4 times. Animals were
euthanized at 6 months old and prostate tissues were collected for
analyses.

In vivo bromodeoxyuridine incorporation assay
Bromodeoxyuridine (BrdU) incorporation into T cells was assessed

by following intraperitoneal (i.p.) injection of 1 mg BrdU 12 hours
before collection of lung tissues. Cell suspensions were fixed, permea-
bilized, and stainedwith FITC-conjugated anti-BrdUantibody accord-
ing to the manufacturer’s protocol. Frequency of BrdUþ cells was
determined by flow cytometric analysis using a FACSCalibur flow
cytometer (BD Biosciences).

Quantitative real-time PCR
Total RNA was extracted using TRIzol Reagent (Thermo Fisher

Scientific). Reverse transcription and real-time reverse transcription-
PCR were conducted using primers and carboxy fluorescein (FAM)-
labeled probe sets (Thermo Fisher Scientific; ref. 25). Gene expression
was quantified relative to the expression of b-actin. An analysis of
relative gene expression data was performed using the 2DDCt method.

Statistical analysis
Statistical analysis was performed using Sigmaplot 14.0 or GraphPad

Prism 5. Data are expressed as mean� SD values. Statistical differences
between groups within experiments were determined by the two-way
repeated measures ANOVA test or the Student t test. Survival mice
in the experimental groups were compared using the log-rank test.
Values of P < 0.05 were considered to be statistically significant.
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Results
MDA-7/IL24-engineering confers compacity for T cells to kill
both antigen-positive and antigen-negative cancer cells

Tumor-reactive T cells derived from RM1-OVA prostate tumor-
bearing mice were expanded ex vivo using a modified protocol
involving bryostatin/ionomycin/IL2 and common g-chain cytokines
(IL7/IL15; refs. 23, 26). Consistent with our previous reports, use of
g-chain cytokines resulted in a marked increase in the numbers of
CD8þ and CD4þ T cells (23- and 9-fold, respectively), which pref-
erentially exhibited a central memory phenotype (CD44þCD62Lhigh;
Supplementary Fig. S1A–S1D). ELISpot analysis showed that the
frequency of OVA-specific CD8þ T cells also increased during T-cell
expansion (Supplementary Fig. S1E). To genetically engineer T cells to
produce human MDA-7/IL24, we constructed a human mda-7/IL24-
encoding lentivirus, that is, LV-mda-7 (Supplementary Fig. S2A and
S2B). Expression and secretion ofMDA-7/IL24 protein was confirmed
by immunoblotting analysis of media of T-cell cultures (Fig. 1A;

Supplementary Fig. S2C). The concentration of MDA-7/IL24 in the
culture media 72 hours posttransduction was estimated to be 300 ng/
mL. The ratio of CD8þ to CD4þ T cells and the central memory
phenotype of T cells are comparable in T cells infected with LV-mda-7
or an empty virus, that is, LV-vec (Fig. 1B). Infection with LV-mda-7
did not significantly affect T-cell viability (Supplementary Fig. S2D).
Transduction of T cells with either LV-vec or LV-mda-7 did not trigger
the activation of T cells (Supplementary Fig. S2E).

We next examined the impact of cellular production of human
MDA-7/IL24 on effector function of T cells. Cytolytic assays
showed that RM1 prostate tumor or B16 melanoma-sensitized
T cells, upon engineering to produce human MDA-7/IL24 (referred
to T-mda-7 unless specifically indicated), were more effective than
mock-transduced T-cell counterparts (T-vec) in killing correspond-
ing cancer cell targets (Fig. 1C; Supplementary Fig. S3A).
Immunoblotting anlaysis showed that MDA-7/IL24 receptors
(i.e., IL20/22R) were present on RM1 and B16 tumor cells
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Figure 1.

MDA-7/IL24-producing T cells destroy both antigen-positive and antigen-negative tumor targets.A,RM1-OVA tumor-sensitized T cellswere transducedwith human
MDA-7/IL24-encoding lentivirus (LV-mda-7) or empty lentivirus (LV-vec). Culture media were collected 72 hours after infection to analyze MDA-7/IL24 levels by
immunoblotting. B, The frequency of CD62LlowCD44þ effector memory T cells (TEM) or CD62L

highCD44þ central memory T cells (TCM) was analyzed by flow
cytometry after T-cell expansion by IL7/IL15. C, RM1 (left) or B16 (right) tumor-sensitized T cells were transduced with LV-mda-7 and cocultured with RM1 or B16
tumor cells. Killing of tumor targets was assessed by LDH assay. D, LV-mda-7–engineered, OVA-specific OT-I cells (T-mda-7) were cocultured with RM1-OVA or
parental RM1 cells at a ratio of 20:1 or 10:1 for 24 hours. Nontransduced (control) or mock-transduced T cells (T-vec) were used as controls. Cytotoxicity was
determined by LDH assay. Data shown are representative of at least three independent experiments. � P < 0.05; �� P < 0.01, using Student t test.
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(Supplementary Fig. S3B). Recombinant human MDA-7/IL24
protein also induced cytotoxicity in RM1 and B16 tumor cells
(Supplementary Fig. S3C), which is consistent with our recent
reports of killing of human cancer cells by MDA-7/IL24 protein
following binding to its cognate receptors. (27, 28)

To examine whether genetic engineering with mda-7/IL24 enabled
antigen-specific T cells to more efficiently destroy antigen-negative
tumor cells, we compared the tumoricidal activity of OVA257–264-
specific OT-I cells that had been engineered to produce MDA-7/IL24
against antigen-negative parental RM1 cells or antigen-positive RM1-
OVA cells. While mock transduced OT-I cells only recognized and
killed RM1-OVA cells,MDA-7/IL24-secretingOT-I cells were capable
of killing both RM1-OVA and RM1 tumor cells (Fig. 1D). Similar
results indicated that OT-I cells carrying MDA-7/IL24 showed

increased cytotoxicity against antigen-positive targets (i.e., RM1-
OVA) as compared with mock-transduced OT-I cells (Fig. 1D).

MDA-7/IL24 production enhances adoptive T-cell therapy
against established mouse prostate cancer

We first evaluated the therapeutic activity of MDA-7/IL24-produc-
ing OT-I cells in the treatment of mouse prostate cancer. Adminis-
tration of LV-vec-modified OT-I cells to mice bearing RM1-OVA
tumors resulted in amodest growth inhibition of this aggressive tumor.
However, treatment with MDA-7/IL24-producing OT-I cells caused
profound tumor suppression compared with mock-transduced OT-I
cells, which was evident by significantly reduced tumor sizes as well as
prolonged life-span (Fig. 2A and B; Supplementary Fig. S4A) and
correlated with tumor-associated expression of human MDA-7/IL24

Days post tumor injection

0 20 30 40 50 60

S
ur

vi
va

l (
%

)

0

20

40

60

80

100

120

Control
T-vec
T-mda-7

IF
N

γ+ /C
D

8+  T
 c

el
ls

 (
%

)

0

10

20

30

40

50

60

IF
N

γ+ /C
D

4+  T
 c

el
ls

 (
%

)

0

5

10

15

20

25

30

35

R
el

at
iv

e 
ex

pr
es

si
on

0

2

4

6

8

10

12

D

Days post tumor injection

0 5 10 15 20

T
um

or
 v

ol
um

e 
(m

m
3
)

0

400

800

1,200

1,600 Control
T-vec
T-mda-7

A

**

ifng

C

**

B

C
D

8+
 T

 c
el

ls
 (

%
)

0

1

2

3

4

C
D

4+
 T

 c
el

ls
 (

%
)

0.0

0.4

0.8

1.2

1.6

**

**

E F

Gate on CD8+ cells

V
α2

Vβ5

T
-vec

T
-m

da-7

5.8%

11.1%

C
ontrol

**

MDA-7

Actin

0

2

4

6

8 **tnfa

0

2

4

6

8

10

12

14

16

18 *tbet

Figure 2.

MDA-7/IL24 engineering confers T cells with improved therapeutic activity in eradication of prostate cancer. A and B, C57BL/6 mice (n ¼ 5) were injected
subcutaneously with 2�105 RM1-OVA tumor cells on day 0. Mice received three doses of LV-mda-7–transduced OT-I cells (T-mda-7) on days 2, 4, and 7. Mice
receiving LV-vec–transduced OT-I cells (T-vec) or left untreated served as controls. Tumor progression (A) and survial of mice (B) were recorded. The levels of
human MDA-7/IL24 in tumor tissues after T-cell therapy was confirmed by immunoblotting (A, inset). C, Gene transcription of ifng, tnfa, and tbet was determined
by qRT-PCR. D, The frequency of tumor-infiltrating OT-I cells was examined by flow cytometry. E and F, Recruitment of endogenous CD4þ/CD8þ T cells as well as
their activation were also examined. Data shown are representative of four independent experiments with similar results. � , P < 0.05; �� , P < 0.01, using two-way
repeated measures ANOVA test (A), log-rank test (B), and Student t test (C, E, and F).
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protein following transfer of MDA-7/IL24-producing OT-I cells. In
addition, there was a significant elevation of ifng, tnfa, and tbet gene
transcription in the tumor upon treatment with MDA-7/IL24-pro-
ducing OT-I cells (Fig. 2C), suggesting a Th1-skewed tumor immune
environment.

We showed that engineering T cells to produce MDA-7/IL24
enhanced their in vivo persistance or expansion after adoptive transfer,
which was supported by a higher frequency of tumor-infiltrating
Va2þVb5þCD8þ OT-I cells in mice treated with T-mda-7 cells
compared with those treated with T-vec cells (Fig. 2D). Treatment
with T-mda-7 cells also promoted tumor infiltration by endogenous
T cells and their activation based on intracellular IFNg staining and
flow cytometry analyses (Fig. 2E and F). In addition, immune acti-
vation enhanced by MDA-7/IL24 modification appeared to be sys-
temic, because there was a higher frequency of OVA-specific T cells in
the lymphoid tissues such as spleen following T-mda-7 therapy
(Supplementary Fig. S4B).

MDA-7/IL24 engineering enhances the antimelanoma activity
of adoptively transferred T cells

We next used mouse B16 melanoma as an additional independent
model to test the therapeutic effect of MDA-7/IL24-producing T cells.
To evaluate the robustness of T-cell therapy, mice received tumor-
sensitized T-vec or T-mda-7 cells begining at different times (day 5 or
day 9) after innoculation of B16 melanoma (Fig. 3A). In the setting of
low tumor burden,MDA-7/IL24-producing T cells weremore efficient
than mock-transduced cells in suppressing tumor growth (Fig. 3A,
left). In the setting of high tumor burden, MDA-7/IL24-producing
T cells continued to display therepautic activity, whereas mock-
transduced T cells failed to control progression of B16 tumors
(Fig. 3A, right).

Consistent with our observations in the RM1 prostate cancer
model, MDA-7/IL24 modified T cells induced upregulation of
tumor-suppressive immune genes (i.e., ifng, tnfa, inos) and down-
regulation of arginase 1 that is known to facilitate tumor growth
(Fig. 3B; Supplementary Fig. S5A). Similarly, MDA-7/IL24 expres-
sion was associated with enhanced tumor infiltration by adoptively
transferred CD90.1þCD8þ T cells with an activated phenotype
(Fig. 3C and D) as well as endogenous CD8þ or CD4þ T cells
(Supplementary Fig. S5B). Furtheremore, the ratio between CD4
effector T cells (CD3þCD4þCD25þFoxp3�) and regulatory T cells
(Treg, CD3þCD4þCD25þFoxp3þ) or the ratio between CD8 T cells
(CD3þCD8þ) and Treg (CD3þCD4þCD25þFoxp3þ) significantly
increased in the tumors after treatment with MDA-7/IL24-
producing T cells (Fig. 3E). However, these changes were not
observed in spleens or DLNs (Supplementary Fig. S5C).

An independent experiment was performed using T cells from
Pmel-1 transgenic mice (Pmel cells) that express a TCR specific for a
MHC class I–restricted T-cell epitope of the melanoma antigen gp100,
i.e., gp10025–33 that is recognized byCD8

þT cells (29). Administration
of gp10025–33–specific T cells secreting MDA-7/IL24 resulted in a
profound tumor inhibition compared with mock-transduced T cells
(Fig. 3F), which was associated with enhanced T-cell activation in the
tumor sites, indicated by intracellular IFNg staining of tumor-
infiltrating CD8þCD90.1þ Pmel cells (Fig. 3G) and the frequency of
IFNg-producing T cells in the tumors (Fig. 3H).

MDA-7/IL24 engineering enhances T-cell therapy of cancer
metastases

We next studied whether MDA-7/IL24 engineering improves the
efficacy of T cells for eradicating tumor metastases. Experimental lung

metastases were established by intravenous injection of luciferase-
expressing RM1 cells, followed by treatment with tumor-sensitized
T cells that had been engineered with LV-vec or LV-mda-7. Biolu-
minescence imaging analysis showed that MDA-7/IL24-producing
T cells were the most efficient in reducing lung metastases among all
treatment groups (Fig. 4A). This superior antitumor activity ofMDA-
7/IL24-producing T cells was also validated by colony-forming assays
using lung cell suspensions prepared from treatedmice, as indicated by
significantly reduced numbers of colony-forming cells (Fig. 4B).
Although MDA-7/IL24 engineering did not alter the memory phe-
notype of T cells (Supplementary Fig. S6A), it increased the frequency
and activation of adoptively transferred as well as endogenous CD8þ

T cells (Fig. 4C and D) or CD4þ T cells with activated phenotypes
(Supplementary Fig. S6B) in the tumor sites. This increased presence of
T cells in the tumor sites correlated with elevated gene transcription of
ifng and tnfa that are known to mediate Th1 immunity (Fig. 4E). In
addition to the lungs with tumor lesions, MDA-7/IL24 engineering-
enhanced immune activation was also evident in lymphoid tissues
(Supplementary Fig. S6C and S6D).

Considering that tumor-sensitized T cells contained both CD8þ

and CD4þ T cells after ex vivo expansion (Fig. 1B), we sought to
define the relative contributions of CD8þ and CD4þ T cells to the
enhanced antitumor activity of MDA-7/IL24-producing T cells. Mice
with established RM1 tumor metastases were treated with MDA-7/
IL24-engineered T cells, sortedCD8þT cells, orCD4þT cells, followed
by colony-forming assays to assess metastatic burden in the lungs.
We showed that while CD8þ T cells were more effective than CD4þ

T cells in reducing colony formation, possibly due to their direct
cytolytic activity, T cells containing both subsets exhibited the highest
therapeutic potency (Fig. 4F).

STAT3 is involved in MDA-7/IL24-enhanced proliferation of
T cells

Given the increased tumor infiltration by T cells following
engineering to produce MDA-7/IL24, we tested the possibility of
MDA-7/IL24 to promote expansion of adoptively transferred T cells
using in vivo BrdU incorporation assays. Indeed, MDA-7/IL24-
engineered CD8þ T cells in lung metastases showed significantly
increased BrdU incorporation, indicating active proliferation when
compared with mock-transduced RM1 tumor–sensitized T cells
(Fig. 5A, left), which correlated with a much higher frequency
of tumor-infiltrating CD90.1þCD8þ T cells (Fig. 5A, right).
MDA-7/IL24 engineering also enhanced the proliferation of
CD90.1þCD4þ T cells in transferred tumor-sensitized T cells or
endogenous CD90.1�CD4þ T cells (Supplementary Fig. S7A).
However, the MDA7/IL24-enhanced T-cell incorporation of BrdU
proliferation was not evident in the lymphoid tissues (Supplemen-
tary Fig. S7B). Similar results were obtained in mice with RM1-
OVA tumor metastases that were treated with OVA-specific OT-I
cells producing MDA-7/IL24 (Fig. 5B).

To demonstrate the direct effect of MDA-7/IL24 production on T-
cell proliferation, ex vivo expanded OT-I cells engineered with LV-vec
or LV-mda-7 were stimulated with OVA257–264 peptide, followed by
3H-thymidine incorporation assays to examine T-cell proliferation.
MDA-7/IL24-producing OT-I cells proliferated more efficiently than
mock-transduced counterparts upon antigen stimulation (Fig. 5C).
Exogenous addition of MDA-7/IL24 protein to T-cell culture had the
similar proliferation-promoting effect (Fig. 5D). Considering that
MDA-7/IL24 has been reported to induce cell proliferation through
the STAT1 and STAT3 pathways (30, 31), we next examined the
phosphorylation of STAT1 or STAT3 in MDA-7/IL24-engineered
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T cells upon activation. We showed that production of MDA-7/IL24
increased the phosphorylation of STAT3, not STAT1, when compared
with that in mock-transduced T cells (Fig. 5E). Furthermore, phar-
macologic inhibition of the STAT3 pathway with Cucurbitacin I
abrogated MDA-7/IL24-facilitated T-cell proliferation (Fig. 5F).

Activated T cells induce mouse MDA-7/IL24 in cancer cells
qRT-PCR analyses revealed that treatment with human MDA-7/

IL24-producing murine T cells led to elevation of mRNA levels of
humanmda-7/IL24 in tumor tissues andDLNs, which was expected as
a result of T-cell trafficking to the tumor sites and homing to lymphoid
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Figure 3.

MDA-7/IL24-producing T cells display enhanced therapeutic efficacy against melanoma. A, C57BL/6 mice with established B16 melanoma (n ¼ 5) received 1�107

LV-mda-7-engineered, tumor-sensitized T cells 5 (left) or 9 (right) days after tumor cell inoculation. B, Gene transcription of ifng and tnfa was determined by
qRT-PCR. C, Tumor infiltration of adoptively transferred CD90.1þCD8þ T cells was assessed by flow cytometry. D and E, Number of CD90.1þCD8þIFNgþ cells in the
tumors (D) as well as the ratio (E) of CD4þ Teff/Treg (CD4þCD25þFoxP3�/CD4þCD25þFoxP3þ) or CD8þ/Treg (CD8þ/CD4þCD25þFoxP3þ) are shown. F, C57BL/6
micewith established B16 tumors received two doses of LV-vec or LV-mda-7–transduced, gp10025–33-specific Pmel cells on days 4 and 9 post tumor injection. Tumor
progression was monitored. G, Tumor-infiltrating CD90.1þCD8þ cells were analyzed by intracellular staining for IFNg . H, Number of CD90.1þCD8þIFNgþ cells
in the tumors is also shown. Data shown are representative of three independent experimentswith similar results. �, P <0.05; �� ,P <0.01; ��� ,P <0.001 using two-way
repeated measures ANOVA test (A) and Student t test (B, C, D, E, G, and H).
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Figure 4.

MDA-7/IL24-producing T cells show improved ability to eliminate lung metastases. C57BL/6 mice (n ¼ 5) were injected intravenously with luciferase (Luc)-
expressing RM1 prostate cancer cells (1�105) to establish experimental lungmetastases (day0). Micewere treatedwith RM1 tumor-sensitized T cells transducedwith
LV-vec or LV-mda-7 on days 2 and 8. Lung metastases were monitored by bioluminescent imaging. Representative images obtained three weeks after tumor
injection are shown (A). Lungs were also collected and subjected to clonogenic assays to examine metastatic burden (B). C and D, Changes of lung-infiltrating
CD90.1þ or CD8þCD90.1þ T cells (C) as well as endogenous (CD90.1�) or adoptively transferred (CD90.1þ) CD8þ T cells expressing IFNg (D) were analyzed by flow
cytometry. E,Gene transcription of ifng and tnfa in the lungswas assessed by qRT-PCR. F,Micewere established with lungmetastases from RM1 tumor cells (day 0),
followed by treatmentwith CD8þor CD4þ T cells sorted from LV-mda-7-engineered T cells, or amixture of both on day 2. Lungswere collected for clonogenic assays
two weeks after tumor injection. Data shown are representative of three independent experiments with similar results. � , P < 0.05 using Student t test.
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organs (Fig. 6A). Intriguingly, we found that in mice receiving human
MDA-7/IL24-producing T cells high levels of endogenous mouse
MDA-7/IL24 (FISP) were induced in the tumors (Fig. 6B), but not
in the DLNs (Fig. 6B), suggesting that tumor cells could be the source
of the mouse MDA-7/IL24 (FISP).

HumanMDA-7/IL24 andmouseMDA-7/IL24 share 61% similarity
based on sequence alignment. Previous studies support the antitumor
effects of both versions of MDA-7/IL24 (2). To understand the
underlying mechanism of induction of endogenous mouse MDA-7/
IL24 (FISP), we cocultured RM1 tumor cells with RM1 tumor–
sensitized T cells with or without human MDA-7/IL24 engineering.
While the presence of unstimulated T cells only slightly upregulated
mouse mda-7/IL24 (fisp) gene expression, activation of T cells with
anti-CD3/CD28 antibodies induced a sharp increase of mousemda-7/
IL24 (fisp) mRNA, regardless of T cells producing human MDA-7/
IL24 or not (Fig. 6C). When coculturing RM1 tumor cells with
activated T cells at various ratios, a dose-dependent induction of
mouse MDA-7/IL24 (FISP) was evident. However, this induction was
similar when coculturing with activated MDA-7/IL24-producing

T cells and mock-transduced T cells (Supplementary Fig. S8A). We
further validated these results using conditioned media from T-vec
or T-mda-7 cells with or without stimulation (Fig. 6D). Finally,
treatment of mouse tumor cells with human MDA-7/IL24 protein
or coculturing mouse tumor cells with conditioned media derived
from gamma-chain cytokines expanded T cells in the presence of
exogenous human MDA-7/IL24 failed to induce tumor-intrinsic
mouse MDA-7/IL24 (FISP; Supplementary Fig. S8B), suggesting that
activation of T cells rather than human MDA-7/IL24 contributes to
elevation of tumor-associated mouse MDA-7/IL24 (FISP). A similar
observationwasmadewhen coculturing B16 tumor cells with activated
Gp100-specific Pmel T cells, suggesting that it was not a tumor type–
specific effect (Supplementary Fig. S8C). To test the functional sig-
nificance of induced mouse MDA-7/IL24 (FISP) in cancer cells, we
infected mouse B16 melanoma or RM1 prostate cancer cells with
lentivirus expressing mouse MDA-7/IL24 (FISP). We showed
that overexpression of mouse MDA-7/IL24 (FISP) significantly
reduced viability of mouse tumor cells (Fig. 6E), supporting its
tumor-suppressive activity.
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MDA-7/IL24modification facilitates T-cell proliferation through the STAT3 signaling pathway.A andB,C57BL/6mice bearingRM1-OVA lungmetastases (n¼ 5)were
treated with tumor-sensitized T cells (A) or OVA-specific OT-I cells (B). Expansion of adoptively transferred T cells in vivo was examined by BrdU incorporation
assays three days later. C, Mock- or LV-mda-7–transduced OT-I cells were stimulated with OVA257–264 peptide and subjected to 3H-thymidine incorporation
assays. D, Proliferation of OT-I cells in the presence or absence of recombinant MDA-7/IL24 protein was also examined. E, Mock or LV-mda-7–engineered
T cells were stimulated by anti-CD3 and anti-CD28 antibodies for 48 hours. Phosphorylation of STAT1 or STAT3 was assayed by immunoblotting. F. Cucurbitacin I
(10 nmol/L) was added to T-cell culture to STAT3 during the last 16 hours of T-cell stimulation. T-cell proliferation was assessed by 3H-thymidine incorporation
assays. Data shown are representative of three independent experiments. � , P < 0.05; �� , P < 0.01, using Student t test.
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Human MDA-7/IL24-producing T cells exhibit superior
antitumor activity in a prostate cancer transgenic mouse model

Finally, we evaluated the therapeutic potency of human MDA-7/
IL24-producing T cells in treatment of Hi-Myc transgenic mice that
spontaneously develop prostate cancer due to prostate-specific expres-
sion of c-Myc driven by two androgen responsive elements and the
prostate-specific probasin promoter (19). These mice develop prostatic
intraepithelial neoplasia (PIN) as early as 6 to 8 weeks of age and

progress to develop invasive prostatic adenocarcinoma by 3 to 6months
of age (19, 32). Different cohorts of 4-month-old Hi-Myc mice with
presumedprostate cancerwere treatedwith tumor-sensitizedT cells that
had been engineered to produce humanMDA-7/IL24 (Fig. 7A). Exam-
ination of the prostates after euthanizing animals at 6 months showed
that T-mda-7 therapy was more effective than T-vec at inhibiting
prostate cancer progression, indicated by reduced weights of prostates
(Fig. 7B). Administration of MDA-7/IL24-producing T cells was
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Figure 6.

MDA-7/IL24 enhanced T-cell activa-
tion induces endogenous mouse
mda-7/IL24 (fisp) in cancer cells.
A, C57BL/6 mice bearing RM1 lung
metastases (n ¼ 5; day 0) were treat-
ed with LV-vec or LV-mda-7–trans-
duced, tumor-sensitized T cells on
days 2 and 8. Transcription of human
mda-7 gene in tumors or DLNs was
assessed by qRT-PCR.B,mRNA levels
ofmousemda-7/IL24 (fisp) in the lung
lesions or DLN were also examined.
C, RM1 tumor cells were cocultured
with human MDA-7/IL24–modified or
mock-treated T cells (1:20) in the pres-
ence or absence of anti-CD3 and anti-
CD28 antibodies. T cells were washed
off and tumor cells were subjected to
analysis of mouse mda-7/IL24 (fisp)
mRNA. D, RM1 tumor cells were cul-
tured in the presence of conditioned
media derived from T cells (T-CM)
with or without activation, followed
by examination of transcription of
mousemda-7/IL24 (fisp) in the tumor
cells. E,Mouse B16 (left) or RM1 (right)
tumor cells were transduced with a
viral vector encoding mouse mda-7/
IL24 (fisp). Cell proliferation was
assessed using a CCK-8 kit. The levels
of mouse MDA-7 in the culture media
was determined by immunoblotting.
Data shown are representative of at
least three independent experiments.
� , P < 0.05; �� , P < 0.01; NS, not
significant using Student t test; ND,
not detectable.
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associated with elevation of mRNA levels of human mda-7/IL24, tnfa,
and ifng in prostate tissues, indicating trafficking of human MDA-7/
IL24-producing T cells to the tumor lesions as well as their activated
status (Fig. 7C). Hematoxylin and eosin staining of prostate tissue
sections showed progressing adenocarcinoma in the control group,
which was modestly delayed by T-vec treatment. In contrast to the
pathology in these two groups, sharply reduced lesions were observed in
the prostates of T-mda-7–treated mice (Fig. 7D).

Discussion
It has been suggested that inadequate immune infiltration andT-cell

persistence, impaired antigen processing or presentation, and immu-
nosuppression in the TME may contribute to the limited therapeutic
outcomes of adoptive cell immunotherapies, for example, CAR-T
therapy, in the treatment of solid cancers. In fact, the recurrence of
CD19-negative leukemia has been reported following CAR-T-cell
therapy (17). In this study, we scrutinized amolecular targeted therapy
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Improved control of spontaneously developed prostate cancer by MDA-7/IL24-producing T cells. A, Schematic diagram of MDA-7/IL24-engineered T-cell
therapy in Hi-Myc transgenic mice. Different cohorts of 4-month-old Hi-Myc transgenic mice received tumor-sensitized T cells that had been transduced with
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experiments. �, P < 0.05; ��� , P < 0.001; NS, not significant using Student t test. ND, not detectable. E, A novel approach to improved T-cell therapy. Antigen-
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based on the distinct anticancer activity of the cytokine MDA-7/IL24
delivered by adoptive immunotherapy through tumor/antigen-
specific T cells. Using multiple preclinical cancer models including
transgenic mice that spontaneously develop prostate cancer, we dem-
onstrate that MDA-7/IL24-engineered T cells exhibit superior anti-
tumor activity by counteracting multiple immune-limiting factors in
the TME and targeting cancer cells beyond an antigen-specific fashion
(Fig. 7E).

MDA-7/IL24 is well documented as a novel therapeutic agent
that is active against a broad spectrum of cancers without har-
ming normal cells (1, 2). In this study, we show that tumor-
sensitized T cells or antigen-specific T cells engineered to carry
human MDA-7/IL24 have acquired new killing features in addition
to T-cell–inherent tumoricidal activity (Fig. 1). Considering that
MDA-7/IL24-induced tumor toxicity does not rely entirely on
T-cell receptor–mediated antigen recognition, we postulate that
MDA-7/IL24-equipped T cells would have an advantage of elim-
inating both antigen-positive as well as antigen-negative cancer
targets. Indeed, our study shows that MDA-7/IL24-producing,
OVA257–264-specific OT-I cells are capable of destroying both
parental RM1 tumor cells and RM1-OVA tumor cells, whereas
mock-transduced OT-I cells can only kill RM1-OVA cells (Fig. 1).
Our findings support the idea that targeted delivery of MDA-7/IL24
to tumor sites by antigen-specific T cells (e.g., TILs, CAR-T) can be
utilized to facilitate elimination of antigen-loss or low-expressing
cancer cells within the heterogenous tumor cell populations and
potentially could overcome the acquired tumor resistance to T cells.
Therefore, our molecular-targeted cellular immunotherapy syner-
gistically augments both immune and nonimmune–mediated can-
cer cell toxicity, which can potentially reduce tumor escape from
immune-mediated attack during adoptive T-cell therapy and help
achieve better tumor eradication. In support of this notion, we have
demonstrated that tumor-reactive or antigen-specific T cells pro-
ducing MDA-7/IL24 display significantly improved therapeutic
activity in the treatment of prostate cancer and melanoma primary
tumors as well as metastases (Figs. 2–4). Furthermore, treatment of
the Hi-Myc transgenic mice with MDA-7/IL24-engineered T-cell
therapy profoundly inhibits the progression of spontaneously devel-
oped prostate cancer compared with untreated control animals
or those receiving mock-modified T cells (Fig. 7). While there is
a limitation of this study relative to testing human cancer models,
our findings strongly support the further scrutiny of this approach
in the treatment of human cancers using MDA-7/IL24-engineered
CAR/TCR-T cells.

We also demonstrated that delivery of MDA-7/IL24 by tumor-
reactive or antigen-specific T cells can efficiently reprogram
the TME, indicated by substantial elevation of tumor-inhibitory
cytokines IFNg and TNFa. This was associated with increased
tumor infiltration by not only adoptively transferred T cells but
also endogenous CD8þ and CD4þ T cells. These findings suggest
that MDA-7/IL24-engineered T-cell therapy is able to skew an
immunosuppressive TME toward an immunostimulatory one with
a Th1-polarized phenotype. Our data are consistent with a previ-
ously proposed role of MDA-7/IL24 as a pro-Th1 cytokine (33). It is
also possible that tumoricidal MDA-7/IL24 can trigger immuno-
genic cancer cell death, further amplifying antitumor immune
responses (34). Indeed, we previously showed that MDA-7/IL24
induced cancer cell death by potentiating endoplasmic reticulum
(ER) stress signals in a cancer cell–specific manner (35). Induction
of an ER stress response has been identified as one common feature
of immunogenic cell death (36). Nonetheless, confirming a potential

role of MDA-7/IL-24 for driving immunogenic tumor cell death
requires more studies.

We have made an intriguing observation that engineering T cells
to produce MDA-7/IL24 results in increased levels of TILs following
adoptive T-cell therapy, suggesting that MDA-7/IL24 produced by
therapeutic T cells may support the survival and expansion of
effector T cells after their trafficking to the tumor sites (Fig. 5).
The in vivo BrdU incorporation assay reveals that those TILs
derived from adoptively transferred MDA-7/IL24-producing T cells
proliferate more actively than mock-transduced T cells. Surpris-
ingly, this is not seen in those engineered T cells that have homed to
the peripheral lymphoid tissues, suggesting that proliferation of
TILs may require sustained engagement by antigenic signals from
cancer cells or possibly tumor-associated antigen-presenting cells.
Our mechanistic studies using a pharmacologic inhibitor of STAT3
reveal that MDA-7/IL24-facilitated T-cell proliferation depends on
the STAT3 signaling pathway. Given the distinct features of MDA-
7/IL24 in selective destruction of cancer cells and in promoting
survival, proliferation, and persistence of effector T cells, future
studies are warranted to investigate MDA-7/IL24-engineered TILs
or CAR-T cells for potentially improved treatment of human solid
cancers.

Another major finding that we have made is that treatment with
MDA-7/IL24-carrying T cells induces the elevation of endogenous
murine homolog ofMDA-7/IL24 or FISP (Fig. 6). Although autocrine
induction of MDA-7/IL24 in human cancer cells by extracellular
MDA-7/IL24 protein was previously reported (37), our extensive
studies using cancer-T-cell coculture, conditioned media from unsti-
mulated or stimulated T cells, and recombinant human MDA-7/IL24
uncover that T-cell activation instead ofMDA-7/IL24 from engineered
T cells is responsible for inducingMDA-7/IL24 (FISP) inmouse tumor
cells. Indeed, overexpression of mouse MDA-7/IL24 (FISP) causes
significant inhibition of mouse cancer cells, which is supported by
previous reports of mouse MDA-7/IL24 (FISP)-mediated antitumor
activity (38, 39). While induction of tumor-endogenous MDA-7/IL24
(FISP) by activated T cells may also contribute to the overall antitumor
response, additional studies are necessary to define its exact role in the
setting of cancer immunotherapy.

In summary, we have established a novel targeted cellular
immunotherapy using tumor-reactive or antigen-specific T lym-
phocytes engineered to carry and deliver a unique cancer cell
killing cytokine, that is, MDA-7/IL24, to achieve broader cancer
recognition and destruction. This T-cell–based platform for tar-
geting MDA-7/IL24 to the tumor sites confers advantages over
current adenoviral delivery of MDA-7/IL24, which can be poten-
tially restricted by a host antiviral response (33). Because MDA-7/
IL24 can initiate production of an autocrine/paracrine pro-
duction of MDA-7/IL24 (37), the systemic administration of
this purified cytokine protein to humans could be problematic.
Genetically engineering tumor-reactive or antigen-specific T cells
to carry MDA-7/IL24 enhances expansion or prolongs persistence
of TILs, and enables their efficient killing of antigen-loss tumor
cell variants as well as antigen-positive targets, which can help
overcome tumor resistance to the current cellular immunothera-
pies (e.g., CAR-T) to achieve long-lasting control of cancers and
metastases.
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