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Staphylococcal enterotoxin A (SEA) derived from Staphylococcus aureus, as a superantigen, shows potential
for cancer immunotherapy, but systemic immunotoxicity restricts its clinical application. Targeted delivery
of SEA to tumor site provides a promising option for reducing the systemic toxicity. Here, we constructed
an iRGD peptide (H-[Cys-Arg-Gly-Asp-Lys-Gly-Pro-Asp-Cys]-NH,) modified nanoparticle (iDPP) to deliver
plasmids encoding SEA for melanoma treatment. The iDPP/SEA nanocomplexes efficiently mediated SEA
expression in B16-F10 cells in vivo and in vitro and induced the activation of lymphocytes and maturation
of murine bone marrow-derived dendritic cells (BMDCs) in vitro. In the subcutaneous B16-F10 melanoma
model, the iDPP/SEA nanocomplexes could effectively enhance immune response and T lymphocytes infil-
tration in tumor site after intravenous administration, thereby considerably decreased melanoma growth.
Meanwhile, no obvious adverse effect was observed after intravenous administration of the iDPP/SEA
nanocomplexes in vivo. Our findings demonstrated that gene therapy of SEA is a potential candidate for
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Melanoma is one of the most common fetal skin tumors that
exhibits a high degree of malignancy, attributed to its severe in-
vasiveness, and resistance to systemic radiation and chemother-
apy [1,2]. In 2020, approximately 325,000 new cases of melanoma
and 57,000 deaths were reported globally [3]. Immunotherapy pro-
vides alternative treatment options for tumors, typically involving
T lymphocytes that are reactive to tumor-specific neoantigens or
tumor-associated antigens (TAAs) [4-8]. The application of immune
checkpoint treatment has produced impressive outcomes, such as
long-term therapeutic effects on advanced metastatic malignancies
including melanoma [9-12]. Nevertheless, only a few cancer pa-
tients who are sensitive to immune checkpoint therapy can benefit
from these treatments, as most common types of cancers do not
show abundant mutations and lack infiltrating immune cells [13-
15]. Thus, new strategies for the treatment of melanoma still need
to be developed.
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Superantigens, a type of polyclonal activator for T cells, have
the potential to serve in cancer immunotherapy given the fact
that they could bypass the requirement for conventional intra-
cellular antigen presentation and lack histocompatibility complex
class (MHC) restriction [16-18]. Staphylococcus aureus, as one of
the clinically common pathogens, secretes enterotoxins which act
as superantigens [19,20]. Staphylococcal enterotoxin A (SEA) is the
most common type of enterotoxins that has been widely reported,
which could cause massive T cell activation with extremely low
concentrations (1-10ng/L) [20]. SEA binds major histocompatibil-
ity complex II (MHC-II) on antigen presenting cells (APCs) and in-
terferes with T-cell receptor (TCR) VB chain on T cells without
presenting process in APCs, which shows a difference from nor-
mal antigens. Consequently, T lymphocytes release a large amounts
of cytokines like tumor necrosis factor-a (TNF-«) and interferon-y
(IFN-y), which could stimulate immune system and have a pow-
erful killing effect on tumor cells [21]. Therefore, SEA is consid-
ered as a good candidate for cancer immunotherapy. Thamm et
al. created a conjugation of lipid-SEA-canine-interleukin 2 (Lip-
SEA-canine-IL2) for soft tissue sarcoma treatment [22]. However,
the activation of staphylococcal enterotoxin to lymphocytes is non-
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specific, and the excessive activation may cause uncontrolled in-
flammation, multiple organ failure syndrome (MODS), and toxic
shock syndrome (TSS) [23-25]. Thus, it is necessary to develop a
tumor-targeted superantigen strategy.

Gene therapy, as a promising alternative strategy, provides a
potential option to address the challenges of SEA-derived im-
munotherapy [26,27]. The key point of gene therapy is that the
vectors can efficiently deliver gene to the targeted tumor tissue
for expression. Compared to viral vectors, non-viral vectors pos-
sess lower immunogenicity and higher safety [28]. In our pre-
vious research, we designed a non-viral gene delivery system-
iRGD/DOTAP/MPEG-PDLLA (iDPP), which is a neutral targeted gene
vector by complexing cationic nanoparticles with the therapeu-
tic plasmids through electrostatic interaction with high transfec-
tion efficiency on melanoma cell lines [29]. In current study, we
developed the iDPP/SEA nanocomplexes to deliver SEA to B16-
F10 melanoma cells. Subsequently, we investigated the effect of
iDPP/SEA nanocomplexes on the activation of the immune system
both in vitro and in vivo. The iDPP/SEA nanocomplexes, as a po-
tential immune agonist, can effectively inhibit tumor growth by
activating immune response, which provides a novel option for
melanoma treatment (Scheme 1).

Initially, the nucleic acid sequence encoding SEA was synthe-
sized and constructed into the empty vector pVAX1. Previous re-
search had confirmed that iDPP nanoparticles can efficiently de-
liver genes to melanoma cells for expression (Fig. 1a) [29]. Fol-
lowing that, we prepared the iDPP/SEA nanocomplexes by pre-
vious method. The image of transmission electron microscope
(TEM) showed that iDPP/SEA nanocomplexes possessed a sphere-
like morphology with a mean particle size of 50 nm (Fig. 1b). And
the mean hydrodynamic particle size and zeta potential of the
iDPP/SEA nanocomplexes were 147+ 1nm and —0.4+0.4mV, re-
spectively (Figs. 1c and d). Then, green fluorescent protein plasmid
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Scheme 1. iDPP/SEA enhances immunity for melanoma treatment. The picture was
generated with Biorender.

(pGFP) was used as a reporter plasmid to evaluate the transfection
efficiency, and the result showed that iDPP nanoparticles could
mediated the expression of GFP in B16-F10 cells with high effi-
ciency (Fig. 1e). To investigate the expression of SEA in tumor cells,
we detected mRNA and protein levels of SEA in melanoma cell
B16-F10 of normal saline (NS) group, iDPP/pVAX group (empty vec-
tor control), and iDPP/SEA group, respectively. After treatment for
48 h, both mRNA and protein expression of SEA were detected in
iDPP/SEA group, indicating that the iDPP nanoparticles successfully
delivered SEA plasmid into melanoma cells for expression (Figs. 1f
and g). In order to assess the cytotoxicity of iDPP/SEA nanocom-
plexes, we treated B16-F10 cells with different dosages of iDPP/SEA
nanocomplexes and iDPP/pVAX nanocomplexes, respectively, and
measured cell viability through cell counting kit-8 (CCK-8) assay.
The results illustrated that the cell viability of iDPP/SEA groups
was comparable to that of the iDPP/PVAX group, which showed
that the SEA overexpression did not cause additional cytotoxicity
(Fig. 1h).
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Fig. 1. iDPP/SEA nanocomplexes mediate SEA expression in B16-F10 cells. (a) Scheme of the assembly of iDPP/SEA nanocomplexes including iRGD, mPEG2000-PLA2000,
DOTAP and pVAX-SEA plasmids. (b) Transmission electron microscopic image of iDPP/SEA nanocomplexes. Scale bar: 50 nm. (c) Size distribution of iDPP/SEA nanocomplexes.
(d) Zeta potential of iDPP/SEA nanocomplexes. (e) Fluorescent image of B16-F10 cells transfected with iDPP/GFP nanocomplexes. Scale bar: 200 um. (f) The mRNA expression
level of SEA in B16-F10 cells transfected with iDPP/pVAX nanocomplexes, iDPP/SEA nanocomplexes. ****P < 0.0001. (g) The protein expression of SEA in NS group, iDPP/pVAX
group, iDPP/SEA group analyzed by Western blot. (h) Cell viability of B16-F10 cells treated with iDPP/pVAX nanocomplexes, iDPP/SEA nanocomplexes (MTT assay, n=5). Data

are mean =+ standard deviation (SD).
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Fig. 2. SEA expression in B16-F10 induces lymphocytes activation and DCs matu-
ration in vitro. (a) Cell viability of splenic lymphocytes cells that co-cultured with
B16-F10 cells of NS, iDPP/pVAX, iDPP/SEA or concanavalin A group. (b, c, e, f) De-
tection of CD4*/CD8* splenic lymphocytes cells that co-cultured with B16-F10 cells
of NS, iDPP/pVAX, iDPP/SEA (n=3). (d, g) DCs maturation when incubation with
B16-F10 cells of NS, iDPP/pVAX, iDPP/SEA group (n=3). *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001. Data are mean + SD.

SEA mainly serves as a superantigen to activate immune re-
sponse and attenuate tumorigenesis. To assess the ability of
iDPP/SEA nanocomplexes to activate the immune system, we ex-
plored how iDPP/SEA nanocomplexes affected splenic lymphocyte
proliferation in vitro. When splenic lymphocytes were incubated
with the supernatant of iDPP/SEA group, its cell viability was in-
creased, which was higher than the positive control concanavalin A
(Con A) group (Fig. 2a). Con A (50g/mL) is a type of carbohydrate-
binding protein with strong mitogenic effect that can promote
the lymphocyte transformation [30]. Furthermore, we detected the
subsets of splenic lymphocytes. Flow cytometry analysis revealed
that co-culture of splenic lymphocytes and B16-F10 cells treated
by iDPP/SEA nanocomplexes resulted in an increase in the num-
ber of CD4" and CD8* T cells in splenic lymphocytes (Figs. 2b
and c). The ratio (21.5%) of CD4" T cells in splenic lymphocytes
that incubated with B16-F10 cells of iDPP/SEA group was 1.65-
fold to that of the iDPP/pVAX group (13%) and 2.31-fold to that
of the NS group (9.3%), respectively (Fig. 2e). The ratio (14.2%)
of CD8* T cells in splenic lymphocytes that incubated with B16-
F10 cells of iDPP/SEA group treatment was 1.71-fold to that of
the iDPP/pVAX group (8.3%) and 1.79-fold to that of the NS group
(7.9%), respectively (Fig. 2f). Both ratios of CD4* and CD8* T
cells were significantly higher than the control group. Our results
above demonstrated that B16-F10 cells transfected with SEA can
efficiently enhance the proliferation and differentiation of splenic
lymphocytes.

Following that, the activation of dendritic cells (DCs) by B16-
F10 cells treated by iDPP/SEA was examined. Murine bone-marrow
dendritic cells (BMDCs) were co-cultured with B16-F10 cells of
NS, pVAX, and iDPP/SEA group for 24 h, respectively. Flow cytom-
etry was used to investigate the maturation of DCs. When incu-
bated with B16-F10 cells of the iDPP/SEA group, the ratio of ma-
ture DCs were considerably higher than those of the iDPP/pVAX
and NS groups (Fig. 2d). The proportion of CD11c¢*CD80TCD86™
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DCs in the iDPP/SEA group (84.4%) was 1.57-fold higher than that
in the pVAX group (53.7%) and 1.85-fold higher than that in the
NS group (45.6%) (Fig. 2g). Our findings implied that cancer cells
treated with iDPP/SEA nanocomplexes could effectively promote
the maturation of DCs.

The anti-tumor efficiency of iDPP/SEA nanocomplexes in vivo
was evaluated using the B16-F10 subcutaneous melanoma model.
All the animal experiments were approved by the Animal Care
Committee of Sichuan University. The plasmid pGL6 was uti-
lized as a reporter to assess the tumor targeting capabilities of
the iDPP delivery system. After tail vein injection, the iDPP/pGL6
nanocomplexes could concentrate to the melanoma tissue and ex-
press firefly luciferase, demonstrating that iDPP delivery system
has good targeting ability in vivo (Fig. 3a). In the B16-F10 subcu-
taneous melanoma model, the growth rate of tumor volume de-
creased significantly in iDPP/SEA group compared to the NS and
iDPP/pVAX (Figs. 3b and c). After measuring the tumor weight of
each group, the tumor inhibition rate of each group was calculated.
The tumor weights were 0.99+0.19¢g in NS group, 0.61+0.11g in
iDPP/pVAX group, and 0.2140.18 g in iDPP/SEA group (Fig. 3d). The
tumor inhibition rate of iDPP/SEA gene preparation was about 68%,
which was significantly higher than that of iDPP/pVAX group. The
mice treated with iDPP/SEA nanocomplexes also survived longer
than other groups (Fig. 3e). Furthermore, hematoxylin-eosin (H&E)
staining showed that the density of tumor cells in melanoma tis-
sues of iDPP/SEA group was significantly lower than that in other
groups (Fig. 3f). In addition, a high number of inflammatory cells
were observed in melanoma tissue in the iDPP/SEA group.

Furthermore, we analyzed T cells infiltration in tumor tissues.
The results of flow cytometry analysis demonstrated that the pro-
portion of CD4* T cells in the tumor tissues of the NS group,
iDPP/pVAX group, and iDPP/SEA were 0.07% + 0.02%, 0.2% + 0.06%,
and 6.52% + 0.7%, respectively. The CD8* T cells in the tumor tis-
sues of the NS group, iDPP/pVAX group, and iDPP/SEA were 0.45%
+ 0.03%, 0.42% + 0.03%, and 5.69% + 0.65%, respectively (Figs. 3g-
i). Meanwhile, we observed more CD8* T cells and CD4* T cells
in the tumor tissues of the iDPP/SEA group through immunofluo-
rescence staining (Fig. 3j). Therefore, the T cells infiltration in the
tumors of the iDPP/SEA group was significantly higher than that
of the iDPP/pVAX group. All the results demonstrated that SEA
could effectively recruit and activate cytotoxic T cells for melanoma
treatment.

The safety of the iDPP/SEA formulation was examined from sev-
eral perspectives in vivo. We did not observe obvious pathological
changes, such as edema, inflammation, degeneration, or necrosis,
in heart, liver, spleen, lung, and kidney of each treatment group
through H&E staining (Fig. 4a). Furthermore, the body weight of
mice treated with iDPP/SEA nanocomplexes was not substantially
different from that of NS (Fig. 4b) after treatment. The biochemical
markers, such as alanine aminotransferase (ALT), creatinine (CREA),
and aspartate aminotransferase (AST) of iDPP/SEA group were not
significantly different from those in NS group (Figs. 4c-e). As all
mentioned above, the intravenous injection of iDPP/SEA nanocom-
plexes did not exhibit obvious side effect in vivo.

Superantigens have potential in tumor therapy as an im-
munoadjuvant [23]. In recent research, superantigen was used to
enhance chimeric antigen receptor T cell (CAR-T) potency and
boost CAR-T efficacy against solid tumors [31]. A lot of work has
been carried out to enhance the tumor targeting of superantigens
to reduce the side effects. Yousefi et al. developed a method of
fusing the third loop of transforming growth factor o (TGF«L3)
with staphylococcal enterotoxin type B (SEB) to effectively inhibit
the growth of breast tumors [32]. Golob-Urbanc et al. designed
a superantigen fusion proteins which split a superantigen into
two fragments, individually inactive, until both fragments came
into close proximity and reassembled into a biologically active
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Fig. 3. Antitumor activity of iDPP/SEA by intravenous injection in vivo. (a) In vivo imaging of luciferase expression in B16-F10 cells-bearing mice treated with iDPP/pGL6 at
72 h post-injection. (b) Tumor masses. (c) Tumor volume (n=7). (d) Tumor weights in each treatment group (n=7). (e) Survival analysis of mice after 50 d of initial tumor
cell inoculation (n=5). (f) Representative histological sections of tumors stained with H&E. Scale bar: 50 um. (g) The numbers of CD8" T cells and CD4* T cells in tumor
tissues were examined by flow cytometry. (h, i) Statistics of CD8* T cells and CD4* T cells ratio of different groups (n=3). (j) Fluorescence microscopic images of CD8* T
cells and CD4* T cells in tumor tissues. Scale bar: 50um (n=3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are mean =+ SD.
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form capable of activating T cell response [33]. Distinguished from
strategies like tumor-specific antibody conjugates, tumor-targeting
nanoparticle iDPP was used to deliver SEA in this work. It could
express SEA at tumor sites, trigger T cells infiltration which shows
great potential to enhance lymphocytes infiltration at tumor site,
which might change “cold tumor” to “hot tumor”.

In summary, we have developed a new gene formulation based
on iDPP nanoparticles to deliver SEA plasmids at tumor site for
melanoma treatment. These nanoparticles could actively accumu-
late in melanoma tumor sites due to their specific targeting capa-
bility and stimulate anti-tumor immune response after expressing
superantigen SEA in both in vivo and in vitro. Overall, this study
devised a promising approach derived from superantigen SEA for
melanoma treatment.
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