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Induction of thrombospondin 1 (TSP-1) is generally
assumed to suppress tumor growth through inhibit-
ing angiogenesis; however, it is less clear how TSP-1 in
dendritic cells (DCs) influences tumor progression. We
investigated tumor growth and immune mechanism by
downregulation of TSP-1 in dendritic cells. Administra-
tion of TSP-1 small hairpin RNA (shRNA) through the
skin produced anticancer therapeutic effects. Tumor-
infiltrating CD4* and CD8* T cells were increased after
the administration of TSP-1 shRNA. The expression of
interleukin-12 and interferon-y in the lymph nodes was
enhanced by injection of TSP-1 shRNA. Lymphocytes
from the mice injected with TSP-1 shRNA selectively
killed the tumor cells, and the cytotoxicity of lymphocytes
was abolished by depletion of CD8* T cells. Injection
of CD11c* TSP-1-knockout (TSP-1-KO) bone marrow-
derived DCs (BMDCs) delayed tumor growth in tumor-
bearing mice. Similarly, antitumor activity induced by
TSP-1-KO BMDCs was abrogated by depletion of CD8%
T cells. In contrast, the administration of shRNAs target-
ing TSP-2, another TSP family member, did not extend
the survival of tumor-bearing mice. Finally, TSP-1 shRNA
functioned as an immunotherapeutic adjuvant to aug-
ment the therapeutic efficacy of Neu DNA vaccination.
Collectively, the downregulation of TSP-1 in DCs pro-
duces an effective antitumor response that is opposite to
the protumor effects by silencing of TSP-1 within tumor
cells.
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INTRODUCTION

Dendritic cells (DCs) are able to prevent overactive immune
responses through several mechanisms, including the expression
of immunomodulators and the promotion of regulatory T-cell
(Treg) responses.'™ For example, immunomodulator indole-
amine-2,3-dioxygenase (IDO)-expressing DCs activate Tregs and
induce immunosuppression in tumor and infection.>®

Thrombospondin 1 (TSP-1) and TSP-2 belong to the TSP
family and have multiple functional domains. Both TSPs contain
thrombospondin type 1 repeats (TSRs), which interact with CD36
and B-1 integrins. The TSR domains have been shown to inhibit
angiogenesis and thereby inhibit tumor progression.”® TSP-1 is a
potent angiogenesis inhibitor’~!! and promotes tumor cytotoxicity
by recruiting macrophages into tumor sites.'> An eight-amino-acid
fragment in the second TSR of TSP-1 has been evaluated for can-
cer therapy as the drug ABT-510."** TSP-1 also plays a role as
a major activator of transforming growth factor-f (TGF-B) by
releasing the active TGF- from the latent TGF-B complex.!*"
The TSR repeats of TSP-1 are able to activate TGF-f3; in contrast,
the TSR repeats of TSP-2 cannot activate TGF-[3 because they lack
the three-amino-acid sequence RFK that is between the first and
second TSRs in TSP-1.%

TSP-1 functions as a suppressor in immune regulation
through its interaction with CD47 on immune cells. The binding
of TSP-1 to CD47 promotes the generation of CD4™ Foxp3™ Tregs
from CD4% CD25 human T cells."”® TSP-1 produced during the
early activation of DCs downregulates the expression of TNF-o,
interleukin (IL)-10, and IL-12 by interacting with CD47.?' During
immunosuppression induced by extracellular adenosine triphos-
phate, human monocyte-derived DCs upregulate IDO and TSP-1
to inhibit T-cell proliferation.?? Taken together, these results dem-
onstrate that TSP-1 plays an important role in the regulation of
immune responses by directly affecting DCs and T cells.

Modulation of DCs is an effective strategy for cancer ther-
apy by enhancing patient immune responses.” Administration
of DNA vaccines by gene gun has been shown to be an effi-
cient method to deliver target genes to antigen-presenting cells
in vivo.*** In agreement with these findings, our previous studies
demonstrated that delivery of small hairpin RNA (shRNA)-tar-
geting IDO, an immunosuppressive gene, into skin DCs via gene
gun elicits antitumor responses in vivo.?®* Because TSP-1 induces
tolerogenic signals in DCs, we hypothesized that the downregula-
tion of TSP-1 in skin DCs would induce antitumor effects. In this
study, we demonstrate that the silencing of TSP-1 in DCs either
by shRNA targeting TSP-1 or by gene deletion of TSP-1 exhibited
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anticancer therapeutic effects. In addition, the combination of
Neu-DNA vaccine and TSP-1 shRNA further improved cancer
therapeutic effects in vivo.

RESULTS

Skin administration of TSP-1 shRNA exhibits
therapeutic efficacy

To investigate whether silencing the expression of TSP-1 in skin
DCs could produce antitumor effects, we used TSP-1 shRNA to
downregulate TSP-1 expression in vivo with the method estab-
lished in our laboratory before.” Two types of animal tumor
models were used, including the MBT-2 bladder tumor model
in syngeneic C3H/HeN mice and the LL2 lung tumor model in
C57BL/6 mice. TSP-1 shRNA was constructed and its in vitro
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TSP-1 shRNA as a Cancer Immunotherapy

knockdown efliciency was measured by cotransfecting COS-7 cells
with TSP-1 shRNA and exogenous TSP-1. The decrease in TSP-1
expression was demonstrated with western blotting (Figure 1a).
To measure the knockdown efficiency of TSP-1 shRNA in DCs,
TSP-1 shRNA was administered to mice using a low-pressure
gene gun. CD11ct DCs were then isolated from inguinal lymph
nodes (LNs) and examined for TSP-1 expression. Skin adminis-
tration of TSP-1 shRNA significantly decreased the level of TSP-1
messenger RNA (mRNA) in CD11ct DCs compared with that
in DCs isolated from mice that received scramble TSP-1 shRNA
(Figure 1b). Besides, the expression level of TSP-1in CD11c* DCs
returned to normal value at day 6 after receiving TSP-1 shRNA
(Supplementary Figure S1). To estimate the suitable dosage of
TSP-1 shRNA in inducing antitumor response, 5-20 pg of TSP-1
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Figure 1 Skin administration of TSP-1 shRNA produced therapeutic effects in mouse tumor models. (a) The knockdown efficiency of TSP-1
shRNAs. Immunoblotting analysis of HA-TSP-1 in cells transfected with HA-TSP-1 and TSP-1 shRNA. (b) TSP-1 shRNA attenuated TSP-1 expression in
skin dendritic cells (DCs). Real-time polymerase chain reaction analysis of TSP-1in CD11c* cells isolated from inguinal lymph nodes 3 days after the
third administration of TSP-1 shRNA. HPRT served as an internal control (n = 3 mice per group, mean = SEM). (c) TSP-1 shRNA exerted antitumor
effects on MBT-2 bladder tumors. Mice bearing MBT-2 tumor cells were treated with TSP-1 shRNA or scramble shRNA. Left panel: MBT-2 tumor size
in C3H/HeN mice. Right panel: lifespan of C3H/HeN mice after subcutaneous challenge with MBT-2 cells. (d) Antitumor effects of TSP-1 shRNA on
LL2 lung tumor cells. Left panel: growth curve of LL2 tumor cells in C57BL/6 mice. Right panel: survival curve of LL2-tumor-bearing mice (*P < 0.05,
**P < 0.01, control versus TSP-1 shRNA). Ctrl, control; mRNA, messenger RNA; Scr, scramble; shRNA, short hairpin RNA; TSP-1, thrombospondin 1.
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shRNA were examined in MBT-2 tumor-bearing mice. The results
exhibited that 10 or 20 pg of TSP-1 shRNA achieved similar optimal
responses (Supplementary Figure S2); therefore, 10 pg of shRNA
were used in subsequent experiments. The effects of TSP-1 shRNA
on tumor growth were investigated in two animal tumor models:
MBT-2 bladder cancer cells in C3H mice and LL2 lung tumor cells
in C57BL/6 mice. Either TSP-1 shRNA or scramble shRNA plas-
mid was delivered weekly via gene gun into tumor-bearing mice,
and the tumor growth was measured. In both LL2 and MBT-2
tumor models, tumor growth was significantly delayed in mice that
were treated with skin administration of TSP-1 shRNA compared
with mice that were treated with control or scramble shRNA (left
panel of Figure 1c,d). The survival rate of mice that received TSP-1
shRNA was significantly higher than that of mice in the control
group and of mice that received scramble TSP-1 shRNA (right
panel of Figure 1¢,d). Hence, skin administration of TSP-1 shRNA
by a low-pressure gene gun promotes potent antitumor therapeutic
effects in tumor-bearing mice.

Antitumor therapeutic effects of TSP-1 shRNA are not
due to off-target effects

Because shRNA can have off-target effects, we examined the thera-
peutic efficacy of two other TSP-1 shRNAs, which targeted either
TSP-1 sequence 1675 (TSP-1 shRNA-2) or sequence 1991 (TSP-1
shRNA-3). The relative silencing efficacies of each TSP-1 shRNA
and of the scramble TSP-1 shRNA were evaluated by cotransfection
with HA-truncated TSP-1 plasmid in vitro. Three different TSP-1
shRNAs were effective in silencing TSP-1 in vitro (Figure 2a). In the
MBT-2 animal tumor model, tumor growth was delayed to a similar
extent by the delivery of each of the three different TSP-1 shRNAs
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(Figure 2b). To further demonstrate the specificity of TSP-1 shRNA,
TSP-1-deficient hosts were used for therapeutic experiments. As
predicted, TSP-1 shRNA did not exhibit anticancer therapeutic
effects in TSP-1-KO mice bearing LL2 lung tumor cells (Figure
2¢). On the other hand, previous study reported that suppressive
DCs upregulated both IDO and TSP-1 to inhibit T-cell prolifera-
tion.”> Downregulation of IDO in DCs also elicited an antitumor
response in vivo.” Therefore, we investigated mRNA levels of IDO
in CD11c* in DCs with real-time polymerase chain reaction (PCR)
after skin administration of TSP-1 shRNA. Expression level of IDO
in DCs that received TSP-1 shRNA was not altered when compared
with the level of IDO in DCs without treatment (Supplementary
Figure $3). These data indicated that TSP-1 shRNA induced anti-
tumor responses by specifically silencing TSP-1 in vivo.

Skin administration of TSP-1 shRNA does not
influence tumor angiogenesis

Because TSP-1 was reported to affect angiogenesis, we investi-
gated whether TSP-1 shRNA affected angiogenesis in tumor-
bearing mice. The number of blood vessels was not significantly
different either in mice that received scramble shRNA or in those
that received TSP-1 shRNA, as demonstrated by immunostaining
of CD31, an endothelial cell marker (Supplementary Figure S4).
Thus, the skin delivery of TSP-1 shRNA via gene gun efficiently
induced an immune response but did not affect tumor angiogen-
esis at the low dosage (10 pg) used.

Silencing TSP-1 in DCs promotes cellular immunity
To explore the immunological mechanisms underlying the anti-
tumor responses induced by TSP-1 shRNA, tumor-infiltrating
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Figure 2 The therapeutic effects of TSP-1 shRNA were not due to off-target effects. (a) Silencing induced by the three TSP-1 shRNAs. COS-7
cells were transfected with the HA-TSP-1 and three different TSP-1 shRNAs, and the HA-TSP-1 expression was detected by immunoblotting. (b) MBT-2
tumor-bearing C3H/HeN mice were treated with the indicated shRNA, and the tumor sizes were examined (*P < 0.05; control group versus the other
three groups). (c) TSP-1 shRNA had no therapeutic effect in TSP-1 knockout (KO) mice. Growth of LL2 tumor sizes in TSP-1-KO mice treated with
TSP-1 shRNA. NS, no statistical difference; shRNA, short hairpin RNA; TSP-1, thrombospondin 1.
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immune cells were analyzed by immunohistochemistry. The  Thl-related cytokine mRNAs, such as interferon-y (IFN-y) and
number of tumor-infiltrating CD4% and CD8% T cells in interleukin-12 (IL-12), were significantly upregulated after the
mice treated with TSP-1 shRNA was increased three to five- administration of TSP-1 shRNA (Figure 3a). The level of IFN-y
fold compared with mice in the control group or mice treated =~ mRNA was three times higher in the LNs of mice that received
with scramble shRNA (Supplementary Table S1). The levels of ~ TSP-1 shRNA than in the LNs of mice that received scramble
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Figure 3 The immunological mechanism of the antitumor response induced by TSP-1 shRNA. (a) Th1 cytokines were induced in the lymph
nodes of mice that received TSP-1 shRNA. Expression levels of interferon-y (IFNYy), interleukin (IL)-12, IL-10, and IL-4 in lymph nodes were mea-
sured with real-time polymerase chain reaction. The relative expression fold was compared with control group (*P < 0.05; n = 3 mice per group,
mean + SEM). (b) Splenocytes from mice treated with TSP-1 shRNA were cytotoxic against tumor cells. Effector cells were isolated from mice that
received the indicated treatments. MBT-2 luciferase cells were used as target cells. Cytotoxicity was measured by detecting the release of luciferase.
Upper left panel: cytotoxicity splenocytes against MBT-2 tumor cells in MBT-2 mouse tumor model. Upper right panel: cytotoxicity splenocytes
against LL2 tumor cells in MBT-2 mouse tumor model. Lower left panel: cytotoxicity of CD8" T-cell-depleted splenocytes against MBT-2 tumor
cells in MBT-2 mouse tumor model. Lower right panel: cytotoxicity of NK-cell-depleted splenocytes against MBT-2 tumor cells in MBT-2 mouse
tumor model (**P < 0.01, control versus TSP-1 shRNA; *P < 0.05, control versus TSP-1 shRNA). (c) Growth curve of MBT-2 tumor cells in C3H/HeN
with CD8 depletion (*P < 0.05, shTSP-1 versus shTSP-1 + CD8 depletion). (d) MBT-2 tumor size in NOD-SCID mice with the indicated treatments.

(e) Lifespan of MBT-2 tumor-bearing NOD-SCID mice. mRNA, messenger RNA; NS, no statistical difference; Scr, scramble; shRNA, short hairpin RNA;
TSP-1, thrombospondin 1.
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shRNA. The mRNA levels of the Th2-related cytokines, IL-4
and IL-10, were not significantly altered. To investigate whether
skin administration of TSP-1 shRNA induced cytotoxic cel-
lular immunity, we used an in vitro cytotoxic T-lymphocyte
(CTL) assay. The cytotoxic activity of lymphocytes from mice
that received TSP-1 shRNA was significantly higher than that of
lymphocytes from the control group of mice or from mice that
received scramble shRNA (Figure 3b, upper panel). In addition,
TSP-1 shRNA-activated splenocytes specifically lysed target
MBT-2 tumor cells but not unrelated LL2 tumor cells (Figure
3b, upper panel). To investigate the significance of CD8* T cells
and natural killer (NK) cells in TSP-1 shRNA-induced cytotox-
icity, CD8* T cells or NK cells were depleted for in vitro CTL
assay. Depletion of CD8™ T cells abolished the ability to kill tar-
get cells; in contrast, depletion of NK cells did not significantly
alter cytotoxic activity against MBT-2 (Figure 3b, lower panel).
To further confirm the essential role of CD8 T cells in mediating
the antitumor effects induced by TSP-1 shRNA, we examined
the therapeutic efficacy of TSP-1 shRNA in C3H/Hen mice with
depletion of CD8" T cells in vivo. Depletion of CD8% T cells
completely abrogated the therapeutic efficacy of TSP-1 shRNA
(Figure 3c¢). In addition, TSP-1 shRNA did not exhibit antitumor
effect in NOD-SCID mice (Figure 3d,e). The lack of adaptive
immune cells rendered TSP-1 shRNA unable to delay the tumor
growth or extend the survival of tumor-bearing mice. Therefore,
adaptive cellular immunity, especially cytotoxic CD81 T cells,
is an essential mediator of the antitumor response induced by
TSP-1 shRNA. Taken together, the downregulation of TSP-1 by
gene deletion and the administration of TSP-1 shRNA produced
antitumor effects through the generation of cytotoxic CD8% T
cells in the mouse tumor model. These data demonstrated the
therapeutic potential of TSP-1depletion in DCs for inducing
antitumor activity.

TSP-1-deficient DCs exhibit antitumor effects

To further investigate whether downregulation of TSP-1 gene
in skin DCs produces antitumor effects, TSP-1-deficient (TSP-
1-KO) or wild-type (WT) bone marrow-derived DCs (BMDCs)
were generated and isolated. LL2 tumors were implanted sub-
cutaneously (s.c.) into C57BL/6 mice, and TSP-1-KO and
WT BMDCs were injected near the tumor sites at day 8 when
the tumor is palpable. To increase the therapeutic efficacy, the
injection was repeated 7 days after the first inoculation. Tumor
growth was significantly delayed in mice that had received
TSP-1-KO BMDCs compared with mice in the control group
(Figure 4a). The optimal therapeutic effects induced by s.c.
injection of TSP-1-KO BMDCs were also evaluated with dose-
response (Supplementary Figure S5). Moreover, tumor-bear-
ing mice treated with TSP-1-KO BMDCs had longer survival
times (Figure 4b). The levels of Thl and Th2 cytokine mRNA
were also evaluated in the mice that received WT and TSP-1-KO
BMDCs. The expression levels of IFN-y in LN from mice that
received TSP-1-KO BMDCs were significantly higher than in
LN from the mice that received WT-BMDCs (Figure 4c). IL-12
was enhanced slightly in lymphocytes of the TSP-1-KO BMDCs
group compared with that in the WT-BMDCs group (nonstatis-
tically significant). The mRNA level of IL-4 and IL-10 were not
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altered in mice that received TSP-1-KO BMDCs group compared
with that in mice that received WT-BMDCs (Figure 4d). To fur-
ther explore the immunological mechanism of antitumor effects
induced by TSP-1-KO BMDC:s, cytotoxic cellular immunity was
examined by using in vitro CTL assay. Splenocytes from mice that
received TSP-1-KO BMDCs were effective against Lewis lung
carcinoma cells but not against MBT-2 cells (Supplementary
Figure S6). Since DCs are known to induce nonspecific NK
cells,”® we wished to determine the roles of CD8* T cells or NK
cells in the tumor cytotoxic effects. Depletion of CD8* T cells,
but not that of NK cells, abrogated the cytotoxicity of splenocytes
in vitro (Figure 4e). Taken together, these data demonstrated that
TSP-1-deficient DCs cloud induce CTL response against cancer
cells in the mouse tumor model.

TSP-2 shRNA does not exhibit anticancer effects

To determine whether the observed anticancer effects were spe-
cific to the silencing of TSP-1, we assayed the antitumor effects
of a shRNA targeting TSP-2. TSP-2 is similar to TSP-1 but may
differ in its capacity to regulate TGF- signaling. The knockdown
efficiency of TSP-2 shRNA was evaluated by cotransfecting COS-7
cells with TSP-2 shRNA and HA-TSP-2. The administration of
TSP-2 shRNA significantly attenuated the expression of TSP-2 in
vitro (Figure 5a). The silencing of TSP-2 was tested for its antitu-
mor effects by administering TSP-2 shRNA to the skin of MBT-2
syngeneic mice. TSP-2 shRNA was much less effective at attenuat-
ing tumor growth than TSP-1 shRNA and did not extend the sur-
vival of the mice (Figure 5b,c). To further compare TSP-1 shRNA
and TSP-2 shRNA induced cytotoxic cellular immunity, we ana-
lyzed cytotoxic activity of splenocytes from mice after treatment
with TSP-1 shRNA and TSP-2 shRNA. The result showed that
splenocytes from mice that received TSP-1 shRNA had signifi-
cantly higher cytotoxic activity than in the TSP-2 shRNA group
(Figure 5d). In addition, TGF-f is able to influence Tregs; there-
fore, CD4* Foxp3™ Tregs were analyzed in tumor-bearing mice.
TSP-1 shRNA, but not TSP-2 shRNA, decreased the percentage
of CD4% Foxp3™ Tregs in the LNs (Figure 5e). To further explore
the immunological mechanisms of the antitumor effects, the fre-
quency of CD8* IFN-y" T cells were evaluated with flow cytom-
etry after the administration of TSP-1 shRNA. The ratio of CD8*
IFN-y* T cells per CD8™ T cells was significantly higher in mice
that received TSP-1 shRNA than in mice from the control group
(Supplementary Figure S7). In summary, although TSP-1 and
TSP-2 had similar structure and function, only the silencing of
TSP-1 expression in DCs altered local immune response but not
the silencing of TSP-2.

TSP-1 shRNA enhances the antitumor therapeutic
efficacy of Neu DNA vaccine

Finally, we wished to study whether TSP-1 shRNA functions as
an adjuvant therapy for cancer treatment. We have previously
demonstrated the therapeutic efficacy of the Neu DNA vaccine
in the MBT-2 mouse tumor model®'; therefore, we examined the
adjuvant effects of TSP-1 shRNA when used with the Neu DNA
vaccine. TSP-1 shRNA was inserted into the human cyto-Neu
expression plasmid containing a U6 promoter. This plasmid
construct was called human cyto-Neu_shTSP-1. The human
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Figure 4 TSP-1-deficient dendritic cells displayed stronger antitumor effects than control dendritic cells. (a) TSP-1-deficient dendritic cells
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*P < 0.05, BMDCs-TSP-1 KO versus BMDCs-WT). shRNA, short hairpin RNA; TSP-1, thrombospondin 1.

cyto-Neu_shTSP-1 plasmid was able to downregulate cotrans-
fected truncated TSP-1 and express the truncated Neu protein
(Figure 6a). Skin administration of cyto-Neu_shTSP-1 fusion
plasmid resulted in a better antitumor response than adminis-
tration of either TSP-1 shRNA or cyto-Neu DNA vaccine alone
(Figure 6b,c). Mice vaccinated with cyto-Neu_shTSP-1 sur-
vived longer than the mice that received either TSP-1 shRNA or
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cyto-Neu DNA vaccine alone. Therefore, TSP-1 shRNA may act
as an adjuvant to further enhance the efficacy of Neu DNA vac-
cination in cancer therapy. In order to measure the immuno-
logical changes, tumor-infiltrating immune cells and cytokine
expression level were analyzed. Tumor-infiltrating CD4%1 and
CD8' T cells were significantly higher in cyto-Neu_shTSP-1
group than in other groups (Supplementary Table S2).
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Figure 5 Therapeutic effects of TSP-2 shRNA in the MBT-2 mouse tumor model. (@) TSP-2 shRNA abolished the expression of TSP-2 in vitro.
HA-TSP-2 expression was detected by immunoblotting. (b) Tumor-bearing mice were treated with the indicated shRNA, and the tumor sizes
(*P < 0.05, TSP-1 shRNA versus TSP-2 shRNA) and (c) survival rates (*P < 0.05, TSP-1 shRNA versus TSP-2 shRNA) were determined. (d) TSP-1 shRNA
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n = 3). (e) Analysis of regulatory CD4*" Foxp3™ T cells in mice that received TSP-1 or TSP-2 shRNA. Left panel: representative flow cytometry analysis
of the percentage of CD4" Foxp3™ T cells in the lymph nodes. Right panel: the bar graph represents average + SEM of the percentage of CD4*
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Thl-related cytokine expression of the cyto-Neu_shTSP-1
group was enhanced 1.5-fold when compared with the cyto-
Neu group (Figure 6d,e). These results supported the notion
that TSP-1 shRNA functions as an immunotherapeutic adju-
vant to boost antitumor immunity induced by the Neu DNA
vaccine in the animal tumor model.

DISCUSSION

Recent studies have demonstrated that activation of the immune
response is effective against cancer progression in clinical tri-
als.>»* Here, we report that skin administration of TSP-1 shRNA
or adoptive transfer of TSP-1-deficient DCs produces antitumor
effects by modulating immune responses in animal tumor mod-
els. The adaptive immune response is essential, as demonstrated
by the lack of anticancer therapeutic effects in depletion of CD8"
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T cells. Delivery of TSP-1 shRNA or TSP-1-deficient BMDCs is
able to influence the LN microenvironment, as demonstrated by
the observation that the expression of IFN-y and IL-12 are sig-
nificantly upregulated in treated mice. In addition, the therapeu-
tic efficacy of the Neu DNA vaccine was enhanced when it was
codelivered with TSP-1 shRNA into tumor-bearing mice. The
anticancer therapeutic effect is specific to the silencing of TSP-
1, because the delivery of TSP-2 shRNA has a minimal effect on
tumor burden. Altogether, these results indicate that the silencing
of TSP-1 in DCs is an effective antitumor strategy. Furthermore,
the adverse inhibitory effects of TSP-1 on host DC immunity may
need to be reevaluated in cancer therapies that use TSP-1 agonists
or that induce TSP-1.

It is intriguing that the therapeutic effect can occur by
the injection of TSP-1 shRNA in a distal site from the tumor
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lesion. It is possible that skin-resident DCs may be partially  be significantly downregulated when DC mature in vivo.**
activated by TSP-1 shRNA and activate immune responses  Furthermore, Carbone’s group®> has shown that migratory
to the tumor antigens when countering the tumor cells (live =~ DCs are able to transfer antigen to a LN-resident DC popula-
cells or apoptotic debris). Although the DC maturation tion. Communication between different DC populations may
is reported to accompany an attenuation of antigen cap-  occur in LN. Therefore, DCs activated by TSP-1 shRNA may
ture ability, Drutman and Trombetta have shown that the retain the ability to capture tumor antigens from tumor cells
capacity of DCs capture and present antigens does not to  in circulation; on the other hand, DCs activated by silencing
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TSP-1 may communicate with other DCs in LN and activate
specific antitumor immune responses.

TSP-1 functions in an autocrine manner to negatively regu-
late the secretion of some cytokines from DCs. The interaction
between TSP-1 and its receptors, CD36 and CD47, decreases
the secretion of IL-12, TNF-q, and IL-10. This phenomenon is
reversed by the application of a neutralizing antibody against TSP-
1.2 IL-12 and IFN-y are key cytokines involved in Thl-mediated
immunity, which is correlated with CTL responses. In our ani-
mal tumor studies, the expression of IL-12 and IFN-y mRNA
increased in the draining LNs of mice that received skin-adminis-
tered TSP-1 shRNA and that therefore had DCs with downregu-
lated expression of TSP-1. Adoptive transfer of TSP-1-deficient
BMDC:s also induced higher levels of IL-12 and IFN-y mRNA in
the LNs. Therefore, our data suggested that the immune response
could be successfully modified by downregulating TSP-1 expres-
sion in DCs.

The structure and function of TSP-2 is quite similar to TSP-1.%¢
Both bind to the CD47 receptor, which is involved in the suppres-
sion of inflammatory responses in mice.”” Among the members of
the TSP family, TSP-1 is the only protein that can activate TGF-f.
TSP-1 has a TGF-f activation domain in a type-1-repeat domain,
which may assist in converting inactive TGF-f to its active form.
TSP-1-deficient mice and TGF-B-deficient mice exhibit similar
adverse, multiorgan inflammatory responses.'” TSP-1 expressed
by ocular pigment epithelium cells induces Tregs and suppresses
bystander T cells in vitro.*® Our results support a model in which
CD4* Foxp3™ Tregs are suppressed by TSP-1 shRNA. In addition
to TGF-f3, TSP-2 may play an important role in regulating car-
diomuscular function. In this role, its function also differs from
that of TSP-1. Downregulation of TSP-1 in DCs is more effective
against tumor progression than downregulation of TSP-2, which
suggests that TSP-1 plays a more prominent role than TSP-2 in
modulating the immune responses of skin DCs. The anti-TSP-1
antibody has been used to block the interaction between TSP-1
and CD47 or CD36%; however, TSP-1 shRNA may be used to
simultaneously abrogate multiple interactions between TSP-1 and
CD36, CD47, or integrins. Because CD47 has been implicated as
an antitumor agent,” it will be interesting to study whether the
downregulation of CD47 results in similar anticancer therapeu-
tic effects. Such studies may further clarify the role of the TSP-
1-CD47 axis in regulating DC-mediated immune responses.

TSP-1 is known to inhibit angiogenesis and inflammatory
responses, thereby suppressing tumor formation. Bocci et al.*
have reported on the antiangiogenic role of TSP-1 in metronomic
chemotherapy. In contrast, we found that silencing TSP-1 in
DCs by shRNA exerts an antitumor effect. Adoptive transfer of
TSP-1-deficient BMDCs into mice bearing LL2 tumors also sup-
pressed tumor progression. Our results suggest that the function
of TSP-1 in endothelial cells and DCs may exert opposite effects
during cancer treatment. Systemic treatment of TSP-1 may be a
double-edged sword for cancer therapy. Treatment with ABT-510
has been shown to attenuate inflammation and angiogenesis in
a mouse model.”! Our results suggest that the ABT-510 mimetic
peptide may be a better choice for cancer therapy than full-length
TSP-1, which may inhibit the immune response by interfering
with the functionality of DCs.
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Adenosine triphosphate has been shown to tolerize DCs by
regulating IDO and TSP-1.2> We previously demonstrated that
regulating IDO in DCs is an effective anticancer therapy. In that
study, TSP-1 shRNA was able to inhibit tumor progression but
that it might be less effective than IDO shRNA. Those results
suggested that IDO may regulate additional pathways that are
important in tumor immunity, such as the pathways involving
dioxane receptor reactions.” It is also possible that TSP-1 par-
ticipates in multiple interactions with CD36, CD47, and inte-
grin molecules. Together, these multiple interactions may elicit
complex responses in DCs and lead to weaker antitumor effects.
Because an anti-CD47 antibody has been shown to effectively
treat tumors by altering tumor-associated macrophages, it will
be interesting to investigate whether anti-CD47 exerts its antitu-
mor effects by activating the DCs that surround tumors.

Recently, it has been shown that Escherichia coli alters the
functions of DCs, and that these alterations can be abolished by
TSP-1 shRNA or CD47 shRNA.* These previous results, together
with the results we presented here, suggest that TSP-1 shRNA tar-
geting DCs may be useful as an adjuvant therapy for antibacterial
or anticancer treatments in the future.

MATERIALS AND METHODS

Cell lines and antibodies. The LL2 murine lung cancer cell line was
a kind gift from Professor Chao-Liang Wu. The MBT-2 murine blad-
der carcinoma cell line has been described previously.”” The following
antibodies were used in Western blotting: anti-Neu (clone Ab-20; Lab
Vision Corp. Fremont, CA), which recognizes the extracellular domain
of Neu; anti-HA (clone 3F10; Roche, Montreal, CA), which recognizes
the HA-tag of HA-truncated TSP-1; and B-actin-specific mouse mono-
clonal antibody (clone mab1501; Chemicon, Temecula, CA). To evaluate
knockdown efficiency of TSP-1 shRNA, COS-7 cells were cotransfected
with the HA-TSP-1 (HA-tagged) plasmid and the pHsU6 vector or
TSP-1 shRNA (TSP-1 shRNA-1, TSP-1 shRNA-2, or TSP-1 shRNA-3).
To evaluate knockdown efficiency of TSP-2 shRNA, COS-7 cells were
cotransfected with the HA-TSP-2 (HA-tagged) plasmid and the pHsU6
vector or TSP-2 shRNA.

Animals. Female, 8- to 10-week-old C57BL/6, C3H/HeN, and NOD-SCID
mice were obtained from the Laboratory Animal Center at National Cheng
Kung University (Tainan, Taiwan). Thbs1"'*" transgenic mice (TSP-1-KO
mice) were obtained from the Jackson laboratory (Bar Harbor, Maine).
All protocols in this study involving mice were approved by the Animal
Welfare Committee at National Cheng Kung University.

Plasmid construction and preparation of DNA vaccine. TSP-1 shRNAs
were inserted into pHsU6 vectors as described previously.” The target
sequences of the TSP-1 shRNAs were the following: 5'-GCC AGA ACT
CGG TTA CCA T-3 (for TSP-1 shRNA-1), 5-CCA ACA AAC AGG TGT
GCA A-3’ (for TSP-1 shRNA-2), 5-GCA ACT ACC TGG GTC ACT A-3’
(for TSP-1 shRNA-3), and 5-GGT CCA ACA GTC GAA CTC T-3’ (for
scramble TSP-1 shRNA). The target sequence of the TSP-2 shRNA was the
following: 5° -CCT GGT GTG TGC TAC TAA T-3". Human cyto-Neu_
shTSP-1 was constructed by subcloning the U6 promoter/TSP-1 shRNA
fragment into a plasmid containing the extracellular domain of human
Neu driven by the CMV promoter (Invitrogen, Carlsbad, CA).*! Truncated
TSP-1 (from 1083 to 2642 bp of the coding sequence) and truncated TSP-2
(from 1999 to 3519bp of the coding sequence) were cloned from C3H/
HeN mouse LNs and subcloned into the HA6L plasmid as described
before.* The plasmid was named HA-TSP-1 and HA-TSP-2, respectively.
All plasmid DNA was prepared using the EndoFree Qiagen Plasmid Mega
Kit (Qiagen, Montreal, CA).
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Measurement of the therapeutic efficacy on established tumors. MBT-2
cells (1x10° cells in 500 ul phosphate-buffered saline) were injected s.c.
into C3H/HeN and NOD-SCID mice. For experiments using the LL2
tumor model, 4x 10° LL2 cells in 250 pl phosphate-buffered saline were
injected s.c. into C57BL/6 mice. For experiments using TSP-1 knockout
mice, 1x10° LL2 cells in 250 pl phosphate-buffered saline were injected
s.c. into Thbs1"™!"™ transgenic mice. On day 8, 10 pg of plasmid DNA
was administered to the abdominal area of the MBT-2 tumor-bearing
mice.”®” The plasmid was dissolved in 20 pl of water for treatment.
The injection was performed on day 8, 15, and 22. The administration
was performed using a low-pressure-accelerated gene gun (BioWare
Technologies, Taipei, Taiwan) with 50 per square inch of helium gas pres-
sure. Tumor size was measured using calipers. Tumor volume was cal-
culated using the following formula: volume = (A? x B x 0.5236), where
A and B represent the shortest and longest diameters, respectively. Mice
were sacrificed when the tumor volume exceeded 2,500 mm?® or when
they were expected to become moribund shortly.

Immunohistochemistry. Tumor-bearing mice were sacrificed 4 days after
the third treatment. Tumors were removed from mice, embedded in opti-
mal cutting temperature compound (Sakura Finetek USA, Torrance, CA),
and then cryosectioned to a thickness of 5 um. The immune cells were
detected with anti-CD4 (clone GK 1.5; BD Biosciences Pharmingen, San
Diego, CA), anti-CD8 (clone 53-6.7; BD Biosciences Pharmingen), or
anti-pan-NK (clone DX5; BD Biosciences Pharmingen) antibodies. Tumor
vessels were detected with anti-CD31 (BD Biosciences Pharmingen).
Tumor-infiltrating immune cells were counted at a magnification of x400.
Blood vessel was viewed at a magnification of x200. Three randomly cho-
sen fields/sample from three mice were evaluated.

Induction of CTLs and measurement of CTL activity assay in vitro.
Tumor-bearing mice were injected with plasmid three times as previously
described. Four days after the third DNA treatment, spleen cells were har-
vested and grown in RPMI 1640 with 25 mmol/l HEPES and L-glutamate
(GibcoBRL, Rockville, MD). The media was supplemented with penicillin
(100 U/ml), streptomycin (100 pg/ml), 10% FBS, and 50 mmol/l 2-mer-
captoethanol. For induction, cells were treated with target cell lysate. After
3 days of incubation, nonadherent cells were harvested for use as effec-
tor cells. Effector cells were plated with MBT-2 luciferase cells or Lewis
lung carcinoma luciferase cells, which were used as target cells. Target cells
(5% 10°/well) were incubated for 8 hours in triplicate at 37 °C with serial
dilutions (50:1, 25:1, and 12.5:1) of effector cells. After 8 hours, cells were
pelleted by centrifugation, and supernatant was collected. Specific lysis was
calculated based on the amount of luciferase released into the superna-
tant, as measured by a conventional luciferase detection system (Promega,
Madison, WI). The test solution (100 pl) was mixed with 100 pl of the
substrate (luciferin) and placed into a MiniLumat LB9506 luminometer
(EG & G Berthold, Bad Wildbad, Germany). Light emission was recorded
for 10 seconds. To clarify the roles of CD8T T cells or NK cells in shTSP-
1-induced cytolytic activity, anti-CD8 antibody (10 pg/ml, clone 53-6.7;
BD Bioscience) or anti-Asialo GM1 antibody (1:100 dilution; Wako Pure
Chemicals, Osaka, Japan) were used for depletion of CD8* T cells or NK
cells. 1 x 107 spleen cells were treated with antibody at 37 °C for 30 minutes
before adding to target cells. At least 90% of CD8* T cells and NK cells
were depleted as determined by flow cytometry analysis.

Depletion of CD8™ T cells in vivo. For in vivo depletion of CD8" T cells,
200 pg of anti-CD8 antibody (clone 53-6.7, BD Bioscience) or isotype con-
trol antibody were i.p. injected into mice at day 7, 8, 15, and 22. About 90%
of CD8™ T cells were depleted as determined by flow cytometry analysis.

Generation of BMDCs and isolation of CD11c* cells. Mouse BMDCs
were isolated from bone marrow as previously described* with minor
modifications. Briefly, bone marrow cells were flushed from the femurs
and tibiae of WT or TSP-1-deficient C57BL/6 mice and were cultured
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in RPMI with recombinant murine granulocyte-macrophage colony-
stimulating factor (20ng/ml) and IL-4 (20ng/ml). On day 3 of culture,
floating cells were removed, and fresh culture media was added. On day 6,
both loosely adherent and nonadherent BMDC aggregates were collected.
CD11ct DCs were isolated using CD11c (N418) microbeads (Miltenyi
Biotec, Auburn, CA). After separation, the purity of CD11ct cells was
>90%, as determined by flow cytometry.

Adoptive transfer of BMDCs into tumor-bearing mice. The protocol for the
adoptive transfer of BMDCs was obtained from two published reports>#¢
and was used with minor modifications. C57BL/6 mice were injected s.c.
with 4x10° LL2 tumor cells on day 1. On days 8 and 15, 1x10° BMDCs
in 200 pl phosphate-buffered saline were injected s.c. near the tumor site.

Real-time PCR. To measure the knockdown efficiency of TSP-1 shRNA
in vivo, CD11c™ DCs were isolated by using CD11c (N418) microbeads
(Miltenyi Biotec, Auburn, CA) at the indicated day. To measure the
immune mechanism induced by TSP-1 shRNA, 3 days after the third
treatment, inguinal LNs were collected from the tumor-bearing mice that
received the control treatment, scramble shRNA or TSP-1 shRNA. Total
RNA was extracted from lymphocytes or CD11c* cells using TRIzol
(Invitrogen). cDNA was synthesized using MMLV Reverse Transcriptase
(Promega). The following previously described TSP-1 primer sequences
for real-time PCR were used?: TSP-1 forward, 5-GGA ACG GAA AGA
CAA CAC TG-3" and TSP-1 reverse, 5-AGT TGA GCC CGG TCC TCT
TG-3'. The following previously described HPRT, IL12p40, IFN-y, IL-10,
and IL-4 primer sequences for real-time PCR were used*: HPRT forward,
5"-GTT GGA TAC AGG CCA GAC TTT GTT G-3’; HPRT reverse, 5~
GAT TCA ACT TGC GCT CAT CTT AGG C-3;1L12p40 forward, 5-TGC
TGG TGT CTC CAC TCA TGG C-3’; IL12p40 reverse, 5’-TTT CAG TGG
ACC AAA TTC CAT T-3'; IFN-y forward, 5-AAC GCT ACA CAC TGC
ATC TTG G-3’; IFN-y reverse, 5-CAA GAC TTC AAA GAG TCT GAG
G-3"; IL-10 forward, 5-CCA GTT TTA CCT GGT AGA AGT GAT G-3;
IL-10 reverse, 5'-TGT CTA GGT CCT GGA GTC CAG CAG ACT CAA-
3%; IL-4 forward, 5-GAA TGT ACC AGG AGC CAT ATC-3’; and IL-4
reverse, 5-CTC AGT ACT ACG AGT AAT CCA-3'. The following previ-
ously described IDO primer sequences for real-time PCR were used.”? IDO
forward, 5-TGT GGC TAG AAA TCT GCC TGT-3'; and IDO reverse:
5"-CTG CGA TTT CCA CCA ATA GAG-3". HPRT served as an internal
control. Real-time PCR was performed on an Applied Biosystems 7900HT
real-time PCR instrument (Applied Biosystems, Foster City, CA) using
FastStart Universal SYBR Green I Master (Roche Diagnostics, Mannheim,
Germany). The cycling conditions were 10 minutes at 95 °C and 45 cycles
at 95 °C for 15 seconds and 60 °C for 60 seconds.

Flow cytometry analysis of lymphocytes. Lymphocytes were collected
from the inguinal LNs of mice 3 days after the third administration of
TSP-1 shRNA. Lymphocytes were stained with FITC-conjugated anti-CD4
(clone GK1.5; BD Bioscience) and pigment epithelium-conjugated anti-
Foxp3 (clone MF23; BD Bioscience) or pigment epithelium-conjugated
anti-IFN-y (BD Bioscience) antibodies. BD Pharmingen Transcription
Factor Buffer Set was used for intracellular staining of Foxp3 and IFN-y.
A FACS Calibur flow cytometer (BD Bioscience) was used to determine
protein expression. The lymphocytes were gated based on the side- and
forward-scatter characteristics of T cells.

Statistical analyses. Statistical analyses of the tumor curve were done by
two-way ANOVA test. Kaplan-Meier analysis was performed on the sur-
vival rates of the mice. P values <0.05 were considered significant. All sta-
tistical analyses were done with GraphPad Prism 5 software.

SUPPLEMENTARY MATERIAL

Figure S1. The expression of TSP-1 in CD11c* DCs of LN after re-
ceiving TSP-1 shRNA.

Figure $2. Antitumor response was significantly induced by using 10
ug of TSP-1 shRNA.
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Figure S$3. Expression levels of IDO in CD11c* DCs in inguinal LN
after skin administration of TSP-1 shRNA.

Figure S4. Angiogenesis at the tumor site is not enhanced by skin
administration of TSP-1 shRNA.

Figure S5. Therapeutic effects induced by treating increasing num-
bers of BMDCs in LL2 tumor-bearing mice.

Figure $6. TSP-1-KO BMDCs induced cytotoxicity against LL2 tumor
cells, but not MBT-2 tumor cells.

Figure $7. IFN-y-producing T cells were increased after treatment
with TSP-1 shRNA in vivo.

Table $1. Tumor-infiltrating CD4 T cells, CD8 T cells, and NK cells
with TSP-1 shRNA treatment.

Table $2. Tumor-infiltrating CD4 T cells, CD8 T cells, and NK cells
with Neu_shTSP-1 treatment.
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