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A B S T R A C T

Background aims: IL-2 is a potent cytokine that activates natural killer cells and CD8+ cytotoxic T lymphocytes
(CTLs) and has been approved for the treatment of metastatic renal cell carcinoma and metastatic melanoma.
However, the medical use of IL-2 is restricted because of its narrow therapeutic window and potential side
effects, including the expansion of regulatory T cells (Tregs).
Methods: In this study, the authors investigated the complementary effects of transforming growth factor-b2
(TGF-b2) anti-sense oligodeoxynucleotide (TASO) on the immunotherapeutic potential of IL-2 in a melanoma-bearing humanized mouse model.
Results: The authors observed that the combination of TASO and IL-2 facilitated inﬁltration of CTLs into the
tumor, thereby potentiating the tumor killing function of CTLs associated with increased granzyme B expression.
In addition, TASO attenuated the increase in Tregs by IL-2 in the peripheral blood and spleen and also inhibited
inﬁltration of Tregs into the tumor, which was partly due to decreased CCL22. Alteration of T-cell constituents at
the periphery by TGF-b2 inhibition combined with IL-2 might be associated with the synergistic augmentation
of serum pro-inﬂammatory cytokines (such as interferon g and tumor necrosis factor a) and decreased ratio of
Tregs to CTLs in tumor tissues, which consequently results in signiﬁcant inhibition of tumor growth
Conclusions: These results indicate that the application of TASO improves IL-2-mediated anti-tumor immunity, thus implying that blockade of TGF-b2 in combination with IL-2 may be a promising immunotherapeutic strategy for melanoma.
© 2021 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.

Introduction
Malignant melanoma is the most aggressive type of skin cancer and
accounts for the largest share of deaths from skin malignancies [1].
Although melanoma is relatively curable with surgical removal if diagnosed in the early stage, its treatment becomes more difﬁcult once the
disease reaches the advanced stage because of invasion beyond the
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dermis and metastasis to distant sites, such as the lung, liver and nervous system [1 3]. Since late-stage melanoma is highly resistant to general chemotherapy, immunotherapy has recently been noted to be an
attractive anti-cancer treatment option [4]. IL-2 is a powerful immune
growth factor that mediates the activation of natural killer (NK) cells
and CD8+ cytotoxic T lymphocytes (CTLs) [5,6]. IL-2-mediated tumor
regression has been clinically demonstrated, and recombinant human
IL-2 is an approved treatment for patients with metastatic renal cell carcinoma and metastatic melanoma [7,8]. However, administering highdose IL-2 has demonstrated severe adverse effects, such as vascular leak
syndrome, pulmonary edema and hypotension [9]. Although the use of
low-dose IL-2 has been proposed to alleviate the toxicities associated
with high-dose IL-2, low-dose IL-2 also has potential drawbacks related
to its dual functional properties, which stimulate both regulatory T cells
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(Tregs) and effector T cells [10]. Therefore, the clinical application of IL-2
has been limited, and more sophisticated approaches are required to
overcome the disadvantages of IL-2 monotherapy.
Transforming growth factor b (TGF-b) plays an important role in
the pathogenesis of melanoma and attracts attention as a target for
melanoma treatment because of its pleiotropic role in tumor progression [11,12]. Increased amounts of TGF-b are identiﬁed in patients with
advanced melanoma, and it is believed that increased TGF-b suppresses
the immune response in the body and contributes to providing a favorable microenvironment for tumor growth [13,14]. In addition, TGF-b
functions to indirectly promote tumor growth by regulating the tumor
cell itself and the extracellular substrates through direct inﬂuence on
the mobility and invasiveness of tumor cells by supporting angiogenesis
and suppressing immune surveillance [15,16]. Approaches to block
TGF b signaling are currently being conducted by targeting each step
involved in the pathway, including the biosynthesis of TGF-b ligands,
ligands-receptor binding and downstream signals [17]. As one of the
most promising agents for blocking TGF-b signaling in clinical development, the TGF-b2 anti-sense oligodeoxynucleotide (TASO) was tested
as a monotherapy in melanoma (NCT00844064). TASO, a synthetic
anti-sense oligodeoxynucleotide complementary to speciﬁc sequences
of human TGF-b2 messenger RNA, interrupts TGF-b signaling by inhibiting the TGF-b2 protein biosynthesis [18]. Although blockades of all
TGF-b ligands are more potent in inhibiting TGF-b signaling, it has
been reported that pan-TGF-b inhibitors are associated with side effects
such as cardiotoxicity [17,19]. As the safety of TASO was demonstrated
in clinical trials (NCT00844064), selective inhibition of TGF-b2 production may be a more reliable option in tumor treatment without any
unwanted physiological adverse effects. However, due to the lack of
remarkable efﬁcacy observed with TASO monotherapy in clinical studies, new strategic approaches have been recommended such as combination therapy with other agents including immune-stimulators or
immune checkpoint inhibitors.
In this study, the authors investigated the efﬁcacy of additional/
synergistic tumor growth inhibition and enhanced anti-tumor immunity by using a combination of TASO and IL-2 for the treatment of
human melanoma. In a melanoma-bearing humanized mouse model,
the authors observed that a combination of TASO and IL-2 remarkably
suppressed tumor growth and intensiﬁed the anti-tumor immune
response by activating CTLs and inhibiting Tregs, a ﬁnding that was
partly related to alteration of immunologic serum markers. These
results indicate that blockade of TGF-b2 enhances IL-2-induced antitumor immunity, and a combination of TASO and IL-2 may be a promising immunotherapeutic strategy in the treatment of melanoma.
Methods
Mice
(NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ
Female
NOD/scid/IL-2Rg /
[NSG]) mice were obtained from Charles River Laboratories Japan,
Inc, Yokohama, Japan, and maintained at the Laboratory Animal
Research Center of Chungbuk National University under speciﬁc
pathogen-free conditions. Animal studies were performed with
5-week-old mice according to the procedures approved by the Institutional Animal Care and Use Committee of Chungbuk National University (CBNUA-1308-19-01).
Establishment of tumor-bearing humanized mouse model
Humanized mice with melanoma were generated using the NSG
hosts by engrafting human peripheral blood mononuclear cells (PBMCs)
(hu-PBL NSG model) and subsequently inoculating A2058 cells. Brieﬂy,
cryopreserved human PBMCs purchased from ZenBio, Inc (Research Triangle Park, NC, USA), were incubated in lymphocyte-speciﬁc medium
(LYMPH-1; ZenBio, Inc) for 1 h and subsequently injected into the tail

vein (1 £ 107 cells/mouse). Human PBMCs isolated from healthy
donors were characterized for population distribution using ﬂow
cytometry. Depending on the aim of the experiment, two independent
animal studies were performed with slightly different schedules; the
same lot of human PBMCs from each single donor was used for transplantation in each experiment. The A2058 cell line obtained from
American Type Culture Collection (Manassas, VA, USA) was cultured in
a humidiﬁed chamber with 5% carbon dioxide at 37°C in Dulbecco's
Modiﬁed Eagle's Medium supplemented with 10% fetal bovine serum,
100 IU/mL penicillin and 100 mg/mL streptomycin. Five days (Experiment 2) and 7 days (Experiment 1) after transplantation of human
PBMCs, a total of 2 £ 106 A2058 tumor cells in phosphate-buffered
saline were inoculated subcutaneously in the right ﬂanks of NSG mice;
this was considered day 0 of each experiment.
TASO and IL-2 treatment
TASO was provided by Autotelic Bio, Inc (Cheongju, Korea), and
recombinant human IL-2 (Proleukin; Novartis, Basel, Switzerland) was
purchased from Novartis. T-cell constitution was analyzed by ﬂow
cytometry and immunohistochemistry (IHC) (Experiment 1). Brieﬂy,
TASO (16 mg/kg) was administered every other day from day 8, and IL-2
(10 000 IU/mouse) was injected for two cycles on a schedule of 4 consecutive days followed by 3 days off from day 10 of the experiment. To
measure tumor growth and alteration in serum markers, 32 mg/kg
TASO was administered every other day from day 5, and IL-2 (5 £ 10
000 IU/mouse) was injected for two cycles on a schedule of 5 consecutive days followed by 2 days off from day 7 of the experiment (Experiment 2). Tumor volumes were measured by electric caliper and
calculated by the formula ((length) £ (width)2/2). Mice were killed on
day 21 (Experiment 2) or day 23 (Experiment 1), and xenografted
tumors were harvested, weighed and processed for analysis, as shown
in Figure 1.
Antibodies and ﬂow cytometry
For ﬂuorescence-activated cell sorting (FACS) analysis of human
Tregs and CTLs, phycoerythrin-labeled anti-human CD4 (clone SK3),
allophycocyanin-labeled anti-human CD25 (clone BC 96), ﬂuorescein
isothiocyanate (FITC)-labeled anti-human Foxp3 (clone 206D), phycoerythrin-labeled anti-human CD45 (clone 2D1), FITC-labeled antihuman CD3 (clone HIT 3a) and allophycocyanin-labeled anti-human
CD8 (clone SK1) were purchased from BioLegend (San Diego, CA, USA).
On day 21 and day 23 of Experiment 1, approximately 120 mL of
mouse blood was collected by retro-orbital puncture. Red blood cells
were eliminated by incubating with red blood cell lysis buffer (BioLegend), and resultant cells were incubated with anti-CD16/32 to
reduce non-speciﬁc binding with Fc receptors, followed by staining
with antibodies conjugated with appropriate ﬂuorochromes for
human Tregs and CTLs. For intracellular staining of FITC-conjugated
anti-human Foxp3, a True-Nuclear transcription factor buffer set
(BioLegend) was used. All ﬂow cytometry data were acquired on FACSAria II (BD Biosciences, San Diego, CA, USA), and data were analyzed
with FACSDiva software (BD Biosciences).
Immunohistochemistry (IHC)
Tissue samples ﬁxed in 10% neutral buffered formalin and subsequently embedded in parafﬁn were cut into 4-mm sections and
deparafﬁnized. Antigen retrieval was achieved by rehydrating the
slides, followed by incubation with 10-mM sodium citrate buffer (pH
6.0) at 100°C for 10 min. This was followed by incubation with 3%
hydrogen peroxide and 5% bovine serum albumin to reduce non-speciﬁc responses. Tissue sections were subsequently reacted overnight
with primary monoclonal antibodies against human Foxp3 at 1:200
(clone D2W8E; Cell Signaling Technology, Inc, Danvers, MA, USA),
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Figure 1. Experimental scheme for in vivo experiments. (A) Experiment 1. (B) Experiment 2. (Color version of ﬁgure is available online.)

human CD8 at 1:200 (clone D8A8Y; Cell Signaling Technology, Inc)
and granzyme B at 1:200 (clone D6E9W; Cell Signaling Technology,
Inc) and with polyclonal antibodies against human TGF-b2 at 1:100
(Abcam, Cambridge, UK), human CCL22 at 1:200 (Abcam) and cleaved
caspase-3 at 1:20 (Merck KGaA, Darmstadt, Germany), followed by
incubation with a biotinylated secondary antibody for 1 h and avidin biotin peroxidase complexes (Elite ABC kit; Vector Labs, Burlingame, CA, USA) for 30 min. A 3,30 -diaminobenzidine (DAB) kit
(Vector Labs) was used to visualize the peroxidase, and a counterstain
was performed with hematoxylin. Each slide was scanned with Pannoramic SCAN II (3DHISTECH Ltd, Budapest, Hungary), and images
for analysis were captured using CaseViewer 2.4 software (3DHISTECH Ltd). Representative images were captured with an Axio
Imager.A2 microscope (Carl Zeiss Meditec AG, Jena, Germany). DABpositive cells were counted and DAB intensity semi-quantiﬁed in
four to ﬁve ﬁelds per specimen and ﬁve to six specimens per experimental group using ImageJ Fiji 1.53c software (National Institutes of
Health, Bethesda, MD, USA) as described previously [20].
Measurements of serum markers
Mouse blood was collected from caudal vena cava on day 21 of
Experiment 2, and serum was isolated for analysis of serum markers.
Serum levels of human TGF-b1, TGF-b2, interferon g (IFN-g ), tumor
necrosis factor a (TNF-a), IL-2, IL-10, soluble CD25, CCL22, CCL5 and
CCL2 were measured using the human magnetic Luminex assay kit
(R&D Systems, Abingdon, UK) according to the manufacturer's instruction. Luminescence was measured using the Luminex 200 (Luminex
Corporation, Austin, TX, USA), and data were analyzed by applying
MasterPlex QT 2010 software (MiraiBio Inc, San Francisco, CA, USA).
Statistical analysis
Statistical signiﬁcance of data was analyzed by one-way analysis
of variance, followed by post-hoc Dunnett test using Prism 5.01 software (GraphPad Software Inc, San Diego, CA, USA). Data are presented as mean § standard error of the mean. P < 0.05 was
considered statistically signiﬁcant.

Results
Experimental designs for evaluation of anti-cancer effects of TASO and
IL-2
To determine the T-cell-mediated anti-tumor effects of TASO and
IL-2, two in vivo experiments were conducted independently in a
melanoma-bearing hu-PBL NSG model. Experiment 1 was conducted
to conﬁrm the effects of TASO and IL-2 on the reconstitution, recruitment and inﬁltration of human T-cell subpopulations in peripheral
blood, spleen and tumor, respectively. In addition, Experiment 2 was
performed to conﬁrm the effects of TASO and IL-2 on tumor growth,
biosynthesis of human TGF-b2 and serum markers. Although it has
been reported that the hu-PBL NSG model develops graft-versus-host
disease from 5 to 6 weeks after human PBMC engraftment [21], a
mild (but not signiﬁcant) decrease in body weight began to appear at
4 weeks after human PBMC transplantation in Experiment 1 (data
not shown). Therefore, the design of Experiment 2 was slightly modiﬁed from the design of Experiment 1 to examine the effects of TASO
and IL-2 on tumor growth while minimizing the unnecessary effect
on body weight (Figure 1A,B).
TASO enhances IL-2-mediated promotion and activation of CTLs
FACS analysis revealed that among the human CD45+ cells in
peripheral blood, the population of human CD3+CD8+ cells was signiﬁcantly increased in the group treated with IL-2 alone compared
with the vehicle-treated group. No difference was observed in the
proportion of human CD3+CD8+ cells in other groups (Figure 2A,C).
In addition, the IL-2-treated groups showed signiﬁcantly increased
recruitment of human CD8+ cells in the spleen compared with the
groups that were not treated with IL-2 (Figure 2B,D).
IHC for human CD8 and granzyme B was performed to examine
immune status, including activation and inﬁltration of CTLs at the
tumor site. Treatment with IL-2 alone showed increased human CD8
+ cells compared with the vehicle-treated group, with most CD8+
cells located in the marginal zone of the tumor. Conversely, the group
treated with TASO alone showed no augmentation of human CD8+
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Figure 2. Effects of TASO and IL-2 co-treatment on recruitment and activation of human CD8+ CTLs. Subpopulations of human CTLs in peripheral blood and spleen were measured
by FACS analysis and IHC staining against hCD8. Intra-tumoral inﬁltration and activation of CTLs were also detected by IHC staining against hCD8 and granzyme B, respectively, in
Experiment 1. (A) Representative ﬂow cytometry plots of hCTLs (hCD3+CD8+ cells) in an hCD45+-gated population. (B) Representative IHC images of hCD8 expression in spleen and
tumor and granzyme B expression in tumor. Data showing (C) percentage of hCD3+hCD8+ cells among hCD45+ cells in blood, (D) density of hCD8+ cells (number of cells per 0.1
mm2) in spleen, (E) density (number of cells per 1 mm2) of hCD8+ cells and (F) density of granzyme B+ cells in tumor. Cells located within 50 mm of the edge of the tumor were
excluded from selection of the region of interest, and at least four ﬁelds per specimen and six specimens per group were evaluated. The results are expressed as mean § SEM
obtained from six mice per group. #P < 0.05, ##P < 0.01 versus PBMC+vehicle; &&P < 0.01 versus PBMC+TASO group; **P < 0.01 versus PBMC+IL-2 group (Dunnett test).
Bar = 100 mm. h, human; SEM, standard error of the mean. (Color version of ﬁgure is available online.)

cells compared with the vehicle-treated group; however, inﬁltration
of human CD8+ cells was observed to be in the central area of the
tumor. Compared with other groups, the combination of TASO and
IL-2 facilitated the maximum enhancement of human CTL inﬁltration
throughout the tumor, including the central zone of the tumor
(Figure 2B,E). Since activation of CTL-mediated anti-tumor immunity
is partly correlated with granzyme B expression [22], the authors
comparably detected granzyme B-positive cells at the tumor sites
more frequently in the TASO and IL-2 co-treated group (Figure 2B,F).
As an increase in granzyme B has been demonstrated to be associated
with cleavage of caspase-3 [23], the expression of cleaved caspase-3
in tumors was increased in the TASO and IL-2 co-treated group (see
supplementary Figure 1A,B).
TASO downregulates IL-2-mediated induction of Tregs
Since suppression of T-cell-mediated anti-tumor immunity is
largely related to the population and function of Tregs [24,25], the
authors examined the recruitment of human Foxp3+ Tregs at the
periphery and within tumor tissues. Blood (for FACS analysis) and
spleen (for IHC) were collected to investigate alteration in the
expressions of human Foxp3+ Tregs after combination therapy.
Analysis of the human CD4+ T-cell population in the peripheral
blood of hu-PBL NSG mice revealed that the proportion of human
CD25+Foxp3+ Tregs was signiﬁcantly increased in the group treated
with IL-2 alone. However, TASO treatment in combination with IL-2
signiﬁcantly attenuated the increased human CD25+Foxp3+ Tregs
induced by IL-2 in peripheral blood (Figure 3A,C). Compared with
the vehicle-treated group, the population of human Foxp3+ cells in
the spleen of the group treated with TASO alone was signiﬁcantly
decreased, whereas a marked increase was seen in the group that

was treated with IL-2 alone. Moreover, the increase in human Foxp3
+ cells in the spleen by IL-2 treatment was inhibited by co-administration of TASO and showed consistency in FACS results, as presented in Figure 3B,D.
To evaluate alterations in intra-tumoral Treg inﬁltration, tumors
were harvested on day 23 and subjected to IHC for human Foxp3 and
CCL22. Maximum expression of human Foxp3+ cells was detected in
tumor tissues obtained from the group treated with IL-2 alone and
was downregulated by co-treatment with TASO and IL-2 (Figure 3B,
E). In addition, the authors observed that human CCL22 expression
was slightly increased in tumor tissues of the PBMC+IL-2 group, but
co-treatment with TASO resulted in downregulation of this expression (Figure 3B,F). These results indicate that combination therapy
reduces the IL-2-mediated Treg increase both at the periphery and
within the tumor site, which could exert an enhanced anti-tumor
immune response.
TASO administration downregulates TGF-b1 as well as TGF-b2
Consistent with the authors’ previous results from xenografted
mammary tumors in humanized mice, IHC was employed to conﬁrm
the inhibition of human TGF-b2 production by TASO in the melanoma model. It was observed that human TGF-b2 expression was
downregulated in TASO-treated tumors compared with tumors not
treated with TASO (Figure 4A,B).
Next, the authors measured serum levels of human TGF-b1 and
TGF-b2 to assess the effects of TASO and IL-2 combination therapy on
the secretion of TGF-b ligand. As seen in Figure 4C,D, levels of serum
human TGF-b1 and TGF-b2 were signiﬁcantly decreased by TASO
treatment compared with that seen in the vehicle-treated animals,
whereas IL-2 treatment presented no signiﬁcant difference.
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Figure 3. Effects of TASO and IL-2 co-treatment on recruitment of Foxp3+ Tregs. Subpopulations of human Tregs in peripheral blood and spleen were measured by FACS analysis
and IHC staining against human Foxp3. Intra-tumoral inﬁltration of Tregs was also detected by IHC staining against human Foxp3 and CCL22 in Experiment 1. (A) Representative
ﬂow cytometry plots of human Tregs (hCD25+hFoxp3+ cells) in hCD4+-gated population. (B) Representative IHC images of hFoxp3 expression in spleen and tumor and hCCL22
expression in tumor. (C) Data showing percentage of hCD25+hFoxp3+ cell population in hCD4+ cells in blood. (D,E) Data showing density of hFoxp3+ cells (number of cells per 0.1
mm2) in spleen and tumor, respectively. (F) Data showing DAB intensity ratio of hCCL22 in tumor. At least four ﬁelds per specimen and six specimens per group were evaluated for
cell counting and DAB intensity. Results are expressed as mean § SEM obtained from six mice per group. #P < 0.05, ##P < 0.01 versus PBMC+vehicle; &&P < 0.01 versus PBMC+TASO
group; *P < 0.05, **P < 0.01 versus PBMC+IL-2 group (Dunnett test). Bar = 100 mm. h, human; SEM, standard error of the mean. (Color version of ﬁgure is available online.)

TGF-b2 inhibition combined with IL-2 alters serum markers in hu-PBL
NSG mice
It is well known that the TGF-b pathway is a key regulator of
immune response and immune constitution [26]. Hence, alterations in

the expressions of various circulating blood biomarkers due to administration of combination therapy were measured after mice were
killed. To evaluate the effect of combination therapy on circulating
peripheral blood biomarkers of the altered immune constitution, various serum markers were measured. Serum levels of pro-inﬂammatory

Figure 4. Effects of TASO and IL-2 co-treatment on TGF-b2 production and TGF-b signaling. TGF-b2 synthesis in tumor was measured by IHC, and serum levels of human TGF-b1
and TGF-b2 were detected by Luminex assay in Experiment 2. (A) Representative IHC images of hTGF-b2 expression in tumor. (B) Data showing DAB intensity ratio of hTGF-b2 in
tumor. (C,D) Data showing serum concentrations of hTGF-b1 and hTGF-b2, respectively. At least four ﬁelds per specimen and ﬁve to six specimens per group were evaluated for
DAB intensity. Results are expressed as mean § SEM obtained from ﬁve to six mice per group. #P < 0.05, ##P < 0.01 versus PBMC+vehicle group; *P < 0.05 versus PBMC+IL-2 group
(Dunnett test). Bar = 100 mm. h, human; SEM, standard error of the mean. (Color version of ﬁgure is available online.)
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Figure 5. Effects of TGF-b2 inhibition combined with IL-2 on changes of human serum markers in hu-PBL NSG mice. Levels of human serum markers were detected by Luminex
assay in Experiment 2. Data showing serum concentrations of (A) human IFN-g , (B) hTNF-a, (C) hIL-2, (D) hIL-10, (E) soluble hCD25, (F) hCCL22, (G) hCCL5 and (H) hCCL2. Results
are expressed as mean § SEM obtained from ﬁve to six mice per group. #P < 0.05, ##P < 0.01 versus PBMC+vehicle group; **P < 0.01 versus PBMC+IL-2 (Dunnett test). h, human;
SEM, standard error of the mean.

cytokines (such as human IFN-g and TNF-a) were signiﬁcantly
increased in TASO and IL-2 co-administered animals compared with
the vehicle-treated group (Figure 5A,B), whereas each individual treatment showed no signiﬁcant difference in serum levels of human IL-2
and IL-10, as presented in Figure 5C,D. Serum levels of soluble human
CD25 and CCL22, both related to the function and inﬁltration of Tregs,
were signiﬁcantly increased by treatment with IL-2 alone and were
observed to markedly decrease after co-administration of TASO
(Figure 5E,F). Serum levels of human CCL5 and CCL2 (classiﬁed as chemotactic factors) remained unchanged by all treatments when compared with the vehicle-treated group (Figure 5G,H).

Tumor weights were measured on day 23 after the animals were
killed. In agreement with the tumor volume results, the tumor
weights of the TASO-treated group were notably smaller than the
tumor weights of the vehicle-treated group. In particular, administration of TASO combined with IL-2 resulted in a signiﬁcant decrease in
tumor weights compared with the group treated with IL-2 alone
(Figure 6B,C). These results indicate that TGF-b2 blockade combined
with IL-2 exerts a synergistic or additional effect on tumor growth
inhibition.
Discussion

Combination of TASO and IL-2 results in synergistic anti-tumor effects

The TGF-b superfamily is comprised of three major isoforms (TGFb1, b2 and TGF-b3) and other signaling proteins. It is implicated in

From day 7 after tumor inoculation with TASO and/or IL-2, tumor
volumes were recorded three times a week. From day 12 onward, the
authors observed that tumor volumes were signiﬁcantly decreased in
the TASO-administered groups compared with the vehicle-treated
group. Additionally, from day 12 onward, the TASO and IL-2 cotreated group showed signiﬁcantly decreased tumor volumes compared with the group treated with IL-2 alone (Table 1, Figure 6A).

various cellular processes, including cell proliferation, differentiation,
apoptosis and epithelial-to-mesenchymal transition, during both
physiological and pathological states [27,28]. In particular, activated
TGF-b signaling promotes cancer invasiveness and suppresses anticancer immunity, causing cancer cells to escape from the immune
surveillance [26,29]. The TGF-b signaling pathway is mainly mediated by binding of TGF-b ligands with TGF-b receptor II (TGF-bRII)
following downstream signaling transduction [30]. In this study,

Table 1
Tumor volume (mm3) with TASO (32 mg/kg) and/or IL-2 (5 £ 10 000 IU) treatment for different periods.
Group

Day 12

Day 14

Day 16

Day 19

Day 21

PBMC+vehicle
PBMC+TASO
PBMC+IL-2
PBMC+TASO+IL-2

257.83 § 43.70
160.23 § 55.14a
232.69 § 64.00
146.07 § 37.10b,c

393.19 § 99.64
254.44 § 100.81
365.02 § 133.96
172.01 § 33.22b,d

574.34 § 196.59
330.66 § 133.52a
439.22 § 108.90
224.56 § 62.15b,c

894.07 § 366.05
539.18 § 161.79a
670.59 § 133.87
256.26 § 64.25b,d

1204.48 § 639.13
545.64 § 207.08a
898.28 § 115.75
305.29 § 68.77b,c

Values are expressed as mean § SD of data obtained from ﬁve to six mice per group. SD, standard deviation.
a
P < 0.05 versus PBMC+vehicle (Dunnett test).
b
P < 0.01 versus PBMC+vehicle (Dunnet test).
c
P < 0.05 versus PBMC+IL-2 (Dunnett test).
d
P < 0.01 versus PBMC+IL-2 (Dunnett test).
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Figure 6. Effects of TGF-b2 inhibition, in combination with IL-2, on tumor growth in humanized mice. (A) Tumor volumes were measured by a caliper three times per week from
day 7 in Experiment 2 and calculated using the formula ((length) £ (width)2/2). (B) Tumor weights and (C) corresponding images of tumor were measured at study termination
(day 21 of Experiment 2). Results are expressed as mean § SEM obtained from ﬁve to six mice per group. ##P < 0.01 versus PBMC+vehicle group; **P < 0.01 versus PBMC+IL-2 (Dunnett test). SEM, standard error of the mean. (Color version of ﬁgure is available online.)

TASO administration signiﬁcantly reduced intra-tumoral TGF-b2
expression and decreased serum levels of TGF-b1 and TGF-b2. As
TGF-b2 binds to TGF-bRII with low afﬁnity, TGF-b2 probably behaves
as a speciﬁc co-receptor by binding with betaglycan via the presentation of TGF-b ligands to the cell surface [31,32]. Therefore, in the current study, the blockade of TGF-b2 by TASO may be partly associated
with the downregulation of TGF-b/SMAD signaling.
IL-2 is a potent immune enhancer that mediates activation of CTLs
and is predominantly responsible for the adaptive arm of anti-tumor
immunity [5,33]. Although IL-2 treatment mediated a signiﬁcant
increase in the abundance of CTLs in the peripheral sites, an increased
population of CTLs was not directly associated with tumor response
in the current study. As CTLs facilitate anti-tumor effects via contactdependent pathways such as granule exocytosis and the Fas-Fas

ligand pathway, tumor inﬁltrating lymphocytes (TILs) may play a key
role in the immune response to tumor growth [34,35]. An increased
number of TILs is commonly correlated with good prognosis in various tumors, including melanoma and breast cancer, but the antitumor potential of TILs is also dependent on different distributions or
subsets of TILs within the tumor [36 38]. Melanoma is commonly
classiﬁed as an immunogenic tumor and demonstrates a better
response to immunotherapies than non-immunogenic tumors [39].
However, numerous metastatic melanomas show poor immunogenicity and resistance to immunotherapies [40]. Xenografted A2058
tumor in a humanized mouse demonstrated immune-excluded properties. In the current study, since the majority of IL-2-induced CTLs
were located in the marginal areas of the xenografted A2058 tumor,
these cells may have had no crucial effect on tumor growth. It has
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been demonstrated that tumor-derived TGF-b attenuates the antitumor immune response by blocking inﬁltration of T cells into tumor
tissues, and attenuation of TGF-b signaling converts immune
excluded tumors to immune inﬂamed tumors mediating antitumor
immunity [29,41]. In this study, blockade of TGF-b2 facilitated an
augmented inﬁltration of CTLs throughout the entire tumor, resulting
in signiﬁcant delays of tumor growth. Since IL-2 administration
increased the frequency of CTLs as well as Tregs at the periphery, the
anti-tumor immune response of IL-2 might be partly hampered by
the expansion of Tregs. Many studies have indicated that the
increased ratio of CTLs to Tregs in tumors is associated with a better
response to immunotherapies and is thereby related to a good prognosis [42]. Therefore, in the current study, the augmented ratio of
CTLs to Tregs by administering blockade of TGF-b2 combined with
IL-2, might enhance the T cell-mediated anti-tumor immunity partly
mediated by increased expressions of granzyme B.
Tregs play pivotal roles in the suppression of anti-tumor immune
responses by inhibiting NK cells and CTLs by producing various antiinﬂammatory cytokines, including TGF-b, IL-10 and IL-35 [43,44].
Tregs are commonly upregulated in the tumor microenvironment
and are related to unsatisfactory immunotherapy outcomes in
numerous tumors, including breast cancer, colorectal cancer and
melanoma [45 47]. Although Tregs primarily originate from the thymus (natural Tregs, nTregs), naïve CD4+ T cells without Foxp3 expression in the extrathymic peripheral site are also converted to
functional Foxp3+ Tregs (induced Tregs, iTregs) in response to stimulatory factors such as IL-2 and TGF-b [48,49]. Since both IL-2 and
TGF-b present non-redundant and synergistic roles in the co-expression of CD25 with Foxp3 in naïve CD4+ cells [50], control of tumor
derived TGF-b is one of the major concerns during the application of
IL-2 immunotherapy [51,52]. It has been reported that blockade of
TGF-b hampers expansion of IL-2-induced Tregs in the in vitro system
and the syngeneic mouse model [53 55]. In the present study, the
authors determined that the augmented population of human Tregs
by IL-2 immunotherapy is downregulated by human TGF-b2 inhibition in the humanized animal model, indicating that TGF-b2 also has
a speciﬁc effect on induction of iTregs during immune reconstitution.
The current study shows that blockade of TGF-b2 combined with IL-2
mediates synergistic increase of pro-inﬂammatory cytokines, including IFN-g and TNF-a. These results indicate that upregulation of proinﬂammatory cytokines by the combination of IL-2 and TASO might
be partly attributable to the attenuation of Tregs, resulting in an
enhanced IL-2 immunotherapeutic potential. In addition, IL-2induced serum markers for Tregs, such as human CD25 and CCL22,
which are related to the immune-suppressive function and inﬁltration of Tregs into the tumor site, respectively [56,57], were downregulated by co-administration of TASO. These results indicate that
blockade of TGF-b2 production might enhance the potential of IL-2
monotherapy by partly depleting the population and function of
iTregs.
In this study, the authors generated a tumor-bearing humanized
mouse model in NSG mice by xenografting A2058 melanoma cells,
followed by transplanting human PBMCs. Although the hu-PBL NSG
model provides a promising in vivo platform for investigating human
T-cell-mediated immunity against human tumors because of its
human CD3+ T-cell-dominant property [58], depletion of other
human immune cells (e.g., NK cells, B cells and macrophages)
restricted reconstitution of the entire human immune system in the
current study. Because IL-2 activates NK cells as well as CTLs, the limited anti-tumor features of IL-2 in the hu-PBL NSG model might partly
contribute to the reduction of the NK cell-dependent innate arm of
the immune response [53]. In addition, the hu-PBL NSG model rapidly (earlier than 5 6 weeks after human PBMC engraftment) developed graft-versus-host disease due to a human PBMC-induced
xenogeneic response. Reconstitution with human CD34+ hematopoietic stem cells in an immunocompromised animal (hu-CD34 NSG

model) might provide better conditions for recapitulating the human
immune system [59]. However, the hu-CD34 NSG model also has disadvantages, such as relatively high variability in immune components, high cost and extensive time required for reconstitution [21].
Therefore, a more novel in vivo platform in the immuno-oncology
ﬁeld is required.
Conclusions
Blockade of TGF-b2 production by TASO enhances IL-2-induced
anti-tumor immunity by facilitating inﬁltration of CTLs in tumor and
attenuating induction of Tregs by IL-2. The authors’ results indicate
that the combination of TASO and IL-2 has a synergistic role in inhibiting tumor growth, and these results provide a promising rationale
for future advancement to clinical trials.
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