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Abstract: Cytokine therapy mediates the interaction betwedd®
immune cells and non-immune cells in tumor microenvironmebt/
(TME), forming a promising approach in cancer therapy. However, k8
dose-dependent adverse effects and non-selective stimulation §Q
cytokines limit their clinical use. We herein report a sonodynam@()
cytokine nano-immunocomplex (SPNa) that specifically activateg]
effector T cells (Teffs) for antitumor immunotherapy. By conjugatirg?
anti-interleukin-2 (anti-IL-2) antibodies S4B6 on the semiconductirg3
polymer nanoparticles to afford SPNa, this nanoantibody SPNa cé§4
bind with IL-2 to form SPNa which can block the interaction betweegh
IL-2 and regulatory T cells (Tregs), selectively activating Teffs in TMg§G
Moreover, SPN, generates 'O, to trigger immunogenic cell death 67
cancer cells upon sono-irradiation, which promotes the maturation gfg
dendritic cells and the proliferation of Teffs. This SPNa-mediateglQ
combination sonodynamic immunotherapy thus elevates the ratio §f)
Teffs/Tregs in TME, resulting in inhibition of tumor growtfy,]

suppression of lung metastasis and prevention of tumor relapse. 72
73
74
Introduction [}
76

Immunotherapy has been reshaping the paradigm of canc%7
treatments by training innate and adaptive immune systems 1?9
fight against tumor, mainly including immune checkpoint blockade
(ICB) therapy, adoptive cell therapy, cancer vaccines a
cytokine therapy. Notably, cytokine therapy that mediates 3l
immune cells communication in tumor microenvironment (TM
via tumor-related cytokines has been a significant treatme
modality in clinical cancer research.” Since 1950s, so
cytokines such as interferon-a (IFN-a),B! interleulin-2 (IL-2),
interleulin-12 (IL-12)® and interleulin-15 (IL-15)! have be
reported to potentiate immune responses against cancer v
activating effector T cells (Teffs), promoting antigen presentati
or suppressing tumor-associate macrophages (TAMs).[&9
However, the single cytokine therapy still faces some Iimitation%O
that impedes its antitumor effects, including short half-life, narroQtl
therapeutic window and upregulation of immunosuppressi
mechanisms.?> 7 In order to tackle these limitations, cytokin
based therapy is combined with other immunotherapies to elevat%4
the antitumor immunity, such as synergizing interleulin-2 (IL-
with chimeric antigen receptor (CAR) T cells®® or combining IL-1
with anti-cytotoxic T lymphocyte antigen 4 (anti-CTLA /
antibodies to increase the activation of T cells.[¥ In additio®,
cytokines can be modified to alter their pharmacokinetics a
binding affinities to enhance their antitumor efficiencies. For

example, PEGylated interleukin-10 can increase the infiltration
and the cytotoxicity of CD8* T cells in tumors without activating
the immunosuppressive factors. %

Sonodynamic therapy (SDT) induced by low-intensity
ultrasound (US) is a newly attractive cancer treatment modality
owing to its distinctions of high penetration in biological tissues (>
10 cm), non-ionizing toxicity, good controllability, and cost-
effectiveness.!Yl During SDT process, sonosensitizers are
employed to generate cytotoxic reactive oxygen species (ROS) to
promote cancer cell death.'? Recent sonosensitizers are
showcased with three types, including inorganic nanoparticles
(e.g., TiO2, Si nanoparticles, black phosphorus), small organic
molecules (e.g., porphyrin derivatives, rose Bengal, cyanine,
methylene blue, indocyanine green) and semiconducting
polymers (SPs).®! Notably, previous studies have shown that
sonosensitizers are able to destroy cancer cells under US
irradiation, thus inducing the release of tumor-associated
antigens from dying cancer cells to ignite the antitumor
immunity.*4 Inspired by this, SDT is integrated with
immunotherapy to augment antitumor effects, such as the
combination of SDT and ICB"® or the synergy of SDT and
adenosine deaminase (ADA)-mediated immunometabolic
therapy.*8! However, the integration of SDT with cytokine therapy
has been scarcely exploited for enhanced cancer immunotherapy.

We herein develop a nano-immunocomplex for IL-2-mediated
cancer sono-immunotherapy based on a newly designed SP
(PFDPP) as sonosensitizer (Figure 1). IL-2 was approved by Food
and Drug Administration (FDA) for the treatment of metastatic
melanomal?yl and renal cell carcinoma 27 through stimulating T
cells proliferation and differentiation. However, IL-2 exerts both
stimulatory and regulatory effects to T cells by binding to different
IL-2 receptors (IL-2R), including trimeric high-affinity receptors
(IL-2Ra/Bly) expressed on Tregs and dimeric moderate-affinity
receptors (IL-2RB/y) expressed on CD8* T cells.l*8 To selectively
stimulating CD8* T cells, we firstly develop nanoantibody SPNa
via the bioconjugation between SP nanoparticles (SPNcoor) and
S4B6 antibodies,*¥ and this SPN, further binds with IL-2 at IL-
2Ra-binding site to form SPNa/IL-2 nano-immunocomplex
(SPNa), which blocks the attachment of IL-2 with regulatory T
cells (Tregs). Compared with IL-2, SPNp, specifically promotes
the proliferation and activation of CD8"* Teffs rather than Tregs,
elevating antitumor immunotherapeutic effects. Therefore, this
SPNa-mediated synergistic sono-immunotherapy not only
elevates immunotherapeutic effects to inhibit tumor progression
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and metastasis, but also triggers robust immunological memory
to prevent tumor recurrence.
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Figure 1. Design and mechanism of SPNa-mediated sono-immunotherapy. a) Chemical structure of PFDPP-PEG-COOH and preparation steps of SPNa. b)
Schematic illustration of preparation of SPNai. ¢) Schematic illustration of SPNa-mediated selective activation of Teffs for antitumor immunotherapy.
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The amphiphilic semiconducting polymer PEDPP with anti-1L26
S4B6 antibody and IL-2 was synthesized referring to Figure 327
First, PFDPP with bromide groups (PFDPP-Br) was synthesiﬂe&S
via the Stille polycondensation reaction, followed by the reactibdd
with sodium azide to afford PFDPP-N3. Second, aIkynyI-Pécso
COOH (M, = 2000) was reacted with PFDPP-N3 via click reactiodl
to get the amphiphilic polymer PFDPP-COOH, which further s&i82
assembled into nanoparticles SPNcoow. Then, S4B6 antib
was conjugated with SPNcoon Vvia the amide condensat
reaction between the amide group of S4B6 antibody and carb01<3|5
group of SPNcoon to yield SPNa. Then, SPNa was incubated wWiBo
IL-2 at 37 C for 30 min to obtain SPN Meanwhile, nanoparti];@7
SPNc was prepared via the click reaction between PFDPP-N3 an38
mPEG-alkyne (M,, = 2000) followed by self-assembling as contdod9
The intermediates PFDPP-Br and PFDPP-PEG-COOH wéA0
characterized by proton nuclear magnetic resonance (*H NI\ZM)]-

(Figure S1, S2, Supporting Information). %2%

144

Results and Discussion

2

The physical and optical properties of SPNa and SPNa were
evaluated and compared with SPNc. The surface zeta potential of
SPNai (-9.8 mV) and SPNa (-13.5 mV) was less negative than that
of SPNcoon (-22.1 mV), and the agarose gel electrophoresis
indicated the lowest migration rates of SPNa than SPNa and
SPNc, implicating the successful conjugation of S4B6 antibodies
on the nanoparticle surface and association with IL-2 (Figure 2b).
The loading efficiency of antibodies was calculated as 62.5% via
bicinchoninic acid protein assays. Transition election microscopy
(TEM) images indicated larger particle size of SPNa and SPNy
compared with SPN¢, and the spherical morphology of three
nanoparticles (Figure 2c). The dynamic light scattering (DLS)
profiles also indicated that SPNa; (96 nm) or SPNa (88 nm) has
larger hydrodynamic size than SPNc¢ (40 nm) (Figure 2d). All three
nanoparticles showed little size change for 96 h storage in 1xPBS
solution, suggesting the long-term stability of nanoparticles in
physiology condition (Figure S3, Supporting information).
Accordingly, both SPNa and SPNa exhibited the same
characteristic absorption peak (660 nm) and emission peak (685
nm) with SPN¢, which indicated the negligible impact of
antibodies and IL-2 on the optical properties of nanoparticles
(Figure 2e, 2f).
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The sonodynamic effects of SPNa and SPNa were furth&0
explored. *O; fluorescence indicator singlet oxygen sensor grednl
(SOSG) was used to detect *O, generated by nanoparticles und&?2
sono-irradiation.?” The SOSG fluorescence intensity shovli3
time-dependent increase in SPNs solutions, and after 6 min of
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irradiation, the fluorescence intensity increased by about 2.9-fold
for both SPN¢, SPN4 and SPNy groups, which were much higher
than that for methylene blue (MB), suggesting the high
sonodynamic 'O, generation abilities of SPNs (Figure 2g).
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Figure 2. In vitro characterization and sonodynamic activation of SPNai. a) Synthesis of SPNai, SPNa and SPNc. i) Pdz(dba)s, tri(o-tolyl)phosphine, chlorobenzene,
95 °C,2 h. ii) sodium azide, dimethylformamide (DMF)/THF, 25 °C, 24 h. iii) Alkyne-PEG-COOH or alkyne-mPEG, copper(l) bromide (CuBr), N,N,N',N”",N” -
pentamethyldiethylenetriamine (PMDETA), THF, 25 °C, 24 h. iv) Self-assembly in aqueous condition. v) 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), DI H20, 4 °C, 4 h. b) Zeta potential of SPN¢, SPNcoon, SPNa and SPNa in DI H20 (n = 3). The inset is gel electrophoresis of SPNC,
SPNA and SPNAI. c) TEM images of SPNc, SPNa and SPNai. d) Size distribution of SPNc, SPNa and SPNai using DLS measurements. e) Absorption and f)
fluorescence spectra of SPNc, SPNa and SPNai in PBS. g) Fold enhancement in fluorescence (F/Fo) of SOSG at 525 nm for SPNc, SPNa, SPNai, Methylene Blue

(MB), and PBS under sono-irradiation (n = 3). Data are expressed as mean * SD.

To explore the cellular internalization of SPNs, 4T1 murl84
cancer cells were incubated with SPN¢c, SPNa or SPNy, for 2485
and then stained with Hoechst 33342. The strong 86
fluorescence was captured in the cytoplasm of SPNc¢-, SPNa- a87
SPNa-treated cells, and the mean fluorescence intensities (MAIQS
of them were 24.9, 23.1 and 25.3, indicating the similar celly@9
internalization of different SPNs (Figure 3a, Figure S4, Supportig()
Information). Then sonodynamic effects of SPNc, SPNa g
SPNa were further explored by using 2792
dichlorodihydrofluorescein diacetate (H.DCFDA) to detect 4@3
intracellular 'O, level.?"! After 5 min of sono-irradiation, strgrg/
green  fluorescence  signals of !O-oxidized 2705
dichlorodihydrofluorescein (DCFDA) were exhibited in SPN9G
SPNa- and SPNx- treated cells, which were about 51.1-, 5}1@7
and 54.1- fold higher than that in cells without irradiation (Figg@g
3b, Figure S5, Supporting Information). Afterwards, 489
sonodynamic cytotoxicity of SPNs to 4T1 cells was evaluated)qy(Q
using the 5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazol9iy1
3-(4-sulfophenyl)- tetrazolium (MTS) assays.?? In the absenc®@f
sono-irradiation, both SPNs- treated cells showed high og)3
viability (> 85%) even at a high concentration, implying the ?m'r
toxicity of SPNs to 4T1 cells without sono-irradiation. Upon 5 @65

3

of sono-irradiation, the SPNc-, SPNa- and SPNy- treated cells
showed obvious cell death in a concentration-dependent manner,
indicating the promising sonodynamic therapeutic efficacies of
SPNs (Figure 3c).

To investigate the immunogenic cell death (ICD) triggered by
SPNa and sono-irradiation, high-mobility group protein Bl
(HMGBL1), calreticulin (CRT) expressed on 4T1 cells and
adenosine triphosphate (ATP) released from 4T1 cells were
detected to evaluate ICD (Figure S6). The SPNc-, SPNa-, and
SPNar-treated cells with sono-irradiation showed 6.9-, 7.2- and
7.0-fold decrease of HMGBL in cell nuclei compared to control
groups (Figure S6, Supporting Information); while the CRT levels
on surface membrane of 4T1 cells treated with SPN¢, SPN,, and
SPNas synergized with sono-irradiation showed 48.1-, 46.3- and
50.2- fold increase compared with control groups (Figure S6,
Supporting Information). Additionally, ATP released by sono-
irradiated 4T1 cells incubated with SPN¢, SPNa, and SPNp
showed fold increase compared with PBS treated group (Figure
S6, Supporting Information). These data confirmed that ICD was
triggered by SPNs-mediated SDT.

The SPNa-mediated anti-tumor immunotherapy was further
investigated using bone marrow-derived dendritic cells (BMDCs),
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CD8* Teffs and Tregs. To explore the immune-activation of 222
during antigen presentation process, 4T1 cells were FQQ-3
incubated with SPNs for 24 h, followed by sono-irradiation. 2224
later, the 4T1 cell supernatants were collected and co-incubaidb
with BMDCs for another 24 h. The DC maturation was measuz:46
via flow cytometry analysis (Figure 3d). Upon sono-irradiation, 7
proportion of matured DCs (CD80*CD86* DCs) in SPNc-, SPRZ8
and SPNy- treated groups was 48.2%, 49.9% and 47.5%, whzZ29
were 2.1-, 2.2- and 2.0- fold higher that of PBS-treated grouaao
respectively (Figure 3e, Figure S7, Supporing Informati(ﬂﬁl
Therefore, these data validated that with sono-irradiation, SFAB2
could efficiently trigger DC maturation for further immugaa3
activation. Afterwards, the immune effects of SPN to CD8* Tet84
and Tregs were investigated. CD8* Teffs and Tregs we@db
extracted from the spleens of tumor-free BALB/c mice, followss6
by treatments with PBS, IL-2, SPNa and SPNg,. After 3 days of
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incubation, the supernatants were collected for cytokine detection
using enzyme-linked immunosorbent assay (ELISA), while the
cells were collected to measure the activation and proliferation of
T cells by flow cytometry analysis (Figure 3f). The SPNa-treated
CD8* Teffs showed 2.5-fold higher IFN-y secretion and 4.1-fold
higher cell proliferation than control groups, respectively, which
were similar as IL-2 treated groups (Figure 3g, Figure S8,
Supporting Information). Meanwhile, CD25 expression in SPNar-
treated Tregs exhibited 1.1-fold higher that in control groups,
which were much less than IL-2- treated groups (Figure 3h, Figure
S9, Supporting Information). Moreover, SPNa-treated Tregs
showed little proliferation while IL-2 treated groups showed
obvious cell proliferation (Figure S10, Supporting Information).
These data demonstrated that this SPNa nano-immunocomplex
could selectively activate CD8* Teff cells without activating Tregs.

US irradiation
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Figure 3. In vitro SPNa-mediated cancer sono-immunotherapy. a) Confocal fluorescence images of 4T1 cancer cells after 24 h incubation with PBS, SPNc, SPNa
or SPNai ([PFDPP] = 20 pg/mL). Blue fluorescence indicated Hoechst 33342, and red fluorescence indicated SPNc, SPNa or SPNai. b) Confocal fluorescence

images of 4T1 cells after incubation with PBS, SPNc, SPNa or SPNa ([PFDPP] =

20 pg/mL) for 24 h, followed by staining with H.DCFDA for 30 min and then with

or without sono-irradiation for 5 min (1.0 MHz, 1.5 W/cm?, 50% duty cycle). c) Relative cell viabilities of 4T1 cells after 24 h incubation with SPN¢, SPNa or SPNa at
different concentrations with or without sono-irradiation for 5 min (n = 3). d) Schematic illustration of experiment for BMDC maturation. e) The matured DCs
(CD80*CD86") level after 24 h incubation of BMDC with 4T1 cell supernatants with different treatments (n = 3). f) Schematic illustration of experiment for CD8* Teffs
and Tregs activation with different treatments. g) The concentration of IFN-y secreted by CD8* Teffs in the supernatants with different treatments. h) The activation
of Tregs (CD4*CD25") with different treatments. Data were expressed as mean = SD. Statistical analysis was performed by one-way ANOVA. *p<0.05, **p<0.01;

*+0<0.001.

The synergistic sono-immunotherapy of SPNa was furtB&9
evaluated by using 4T1 tumor-bearing BALB/c mice (Figure 260
Before conducting therapy, the pharmacokinetics of SPNa atfil
SPNa were first studied by via collecting the blood at differpg2
timepoints. SPNa- or SPNarinjected mice exhibited simjig3
pharmacokinetic profiles owing to the similar particle sizes g4
structures (Figure S11, Supporting Information). Then @5
accumulation profile SPNa and SPNa were explored via in V&G
NIR fluorescent imaging after intravenous injection of SPNs. Bp{h7
SPNa and SPNx could efficiently accumulate at tumor sites gr@gg
reached their maxima at 48 h post-injection of SPNs and kept hjryQ
levels in tumors even at 96 h post-injection (Figure 4b, 4c). In

4

addition, SPNa and SPNa exhibited the similar distributions in
major organs (Figure S12, Supporting Information), showing the
highest accumulation in tumor followed by liver and spleen.

The sonodynamic cancer immunotherapy was then explored by
sono-irradiation on the tumors at 2 d, 3 d and 4 d post-
administration of SPNaand SPNa. The SOSG was locally injected
into tumors followed by sono-irradiating to study the intratumoral
10, generation ability of SPNs. Intensive green fluorescence
signals from oxidized SOSG in tumors were found in SPN4 and
SPNa-treated mice with sono-irradiation (Figure S13, Supporting
Information), which were 15.1- and 13.2-fold higher than mice
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without irradiation (Figure 4d), revealing the efficacious 287
generating ability of SPNs in tumor tissues under sono-irradiatid@8

of SPNa-mediated sonodynamic immunotherapy was furt
evaluated via histological analysis and immunofluoresce
staining of tumors. The regions of dead cancer cells
shrinkage of nucleus were observed in hematoxylin and eo

irradiation compared with other treatments (Figure
Quantitative analysis of MFIs of anti-caspase 3 antibodies
indicated the higher expression of caspase-3 in tumors tissue
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the SPNa-treated and sono-irradiated group (19.4-fold) compared
to the control group (Figure 4g, Figure S14, Supporting
Information). Moreover, the H&E staining of the lungs from mice
with different treatments were performed to investigate the tumor
metastasis. At the end of therapy, metastatic tumor niches were
found in lungs from all the groups excluded the SPNu-treated and
sono-irradiated group (Figure 4h, 4i, Figure S15, Supporting
Information). Moreover, all treatments induced little mice body
weight changes, histological abnormality in major organs, or
serological indicator for liver or kidney injury at the end of therapy,
indicating the high biological safety and biocompatibility of SPNa,
SPNa and sonodynamic therapy (Figure S16-S18, Supporting
information). These results indicated efficient tumor growth and
metastasis  inhibition of SPNj-mediated sonodynamic
immunotherapy with high biosafety, validating the highest tumor
therapeutic effects of this synergistic tumor treatment among all
the groups.
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Figure 4. In vivo therapeutic efficacy of SPNa-mediated sono-immunotherapy. a) Timeline of tumor model establishment and SPNa-mediated sono-immunotherapy.
b) NIRF imaging of 4T1-tumor-bearing BALB/c mice at different timepoints after SPNa or SPNa administration (200 pL, [SPN] = 250 pug mL™). ¢) Quantification of
NIRF intensity in tumors of (b) (n = 3). d) Quantitation of SOSG MFI of tumor sections of SPNa- or SPNa-treated tumor-bearing mice with or without sono-irradiation
for 5 min (n = 3). e) Average tumor growth curves of tumor-bearing mice after different treatments (n = 5). f) Histological H&E staining of tumor sections of 4T1-
tumor-bearing mice. g) Quantification of tumor caspase-3 expression of 4T1-tumor-bearing mice (n = 3). h) Count of metastatic tumor nodules per lung of tumor-
bearing mice after different treatments (n = 3). i) Metastasis of tumor in lungs by H&E staining. Data were expressed as mean * SD. Statistical analysis was

performed by one-way ANOVA. *p<0.05, **p<0.01; ***p<0.001; ****p<0.0001.

To explore the mechanism of SPNa-mediated sonodynaaﬂﬂ
immunotherapy, tumor infiltrating Teffs (CD3*CD8"), cytotoxi318
cells (CD8*GrB*) and Tregs (CD4*CD25*Foxp3*) were 849
monitored via flow cytometry analysis. The CD3* T cells in tum320
from SPNa-treated mice with sono-irradiation was the highdgtl

among all groups, which was 2.1-, 1.5- and 1.3- fold higher than
that in saline-treated, SPNa-treated and SPNa-treated with sono-
irradiation groups, respectively (Figure S19. Supporting
information). Notably, the percentages of Teffs and cytotoxic T
cells in tumors of SPNp-treated and sono-irradiated mice were

5
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obviously higher than all other groups (Figure 5a, 5b, 5f, Fig3|439
S20, Supporting Information). Additionally, the expression leveB&i0
immunosuppressive Tregs in tumors treated with SPN, a3l
sono-irradiation was 1.4-fold lower in contrast to saline-treadfi2
groups, while the ratio of Teffs/Tregs in SPNa-treated and s0363
irradiated groups was the highest among all groups (Figure 854
5e). Moreover, Teffs and cytotoxic T cells in spleens from mab
treated with SPNa, and sono-irradiation exhibited highest 1366
among all groups, which showed the same trends as thai3l 7
tumors (Figure S21, S22, Supporting Information). 888
concentration of IFN-y released into serum by cytotoxic T cell3B9
highest in SPNai-treated and sono-irradiated group among3£ﬁ|0
groups (Figure 5g). These data confirmed that this SPI3G1
mediated sonodynamic immunotherapy specifically elevag@?
function of antitumor Teffs without eliciting the activation3¢§3
immunosuppressive Tregs. 364

To further investigate the high antitumor immunity of SPIB65S
mediated sono-immunotherapy, the antitumor immunity cy3@6
including ICD, DC maturation, and cytokine release wa@/
explored. The expression of HMGB1 released in tumor tissi38
from mice with various treatments was investigated to evalu3@9
ICD.® The HMGBL1 level in tumors from SPNa- and sodd0
irradiated mice showed a 33.1-fold increase compared to micel
treated with saline (Figures 5h, Figure S23, Supporf&az
Information). Additionally, the CRT levels in tumors from macA3
treated with sono-irradiation and SPNAI showed a 22.3-3i64
increase compared to the control groups (Figure S24, Supportgd

WILEY-VCH

Information). Then the frequency of matured DCs in tumor-
draining lymph nodes (TDLNs) were evaluated via flow cytometry
analysis (Figure 5i, Figure S25, Supporting Information). The
activated CD80*CD86* DCs in TDLNs of SPNai-injected and
sono-irradiated mice increased by 1.8-fold compared to the
control group. Additionally, proinflammatory cytokines such as
interlukine-6 (IL-6) and tumor necrosis factor-a (TNF-a) in serum
from mice were further monitored via ELISA. Mice treated with
SPNu and sono-irradiation showed 5.1- or 1.9- fold increase of IL-
6 or TNF-a relative to the saline-injected mice (Figure S26,
Supporting Information). These data validated that SPNa-
mediated sonodynamic therapy enhanced the systemic
immunogenicity for elevating antitumor immunity.

The durable immune memory effects were further investigated
by monitoring the effector T memory cells (Tem,
CD8*CD44*CD62L") and developing tumor rechallenge models.
At the end of the therapy, the expression level of Tem in TDLNs
from SPNy-treated and sono-irradiated groups showed 2.2- fold
increase compared with saline-treated groups (Figure 5j and
Figure S27, Supporting information). Subsequently, the tumor-
bearing mice survived 3 weeks were rechallenged with 4T1 cells
on the left flank at 21-days post-injection (Figure 5k). The tumor
growth in SPNu-treated and sono-irradiated mice was obviously
inhibited compared with mice in other three groups (Figure 5I).
These data demonstrated that SPNa-meditated synergistic
sonodynamic immunotherapy could induce stronger long-term
antitumor and anti-recurrence effects that other treatments.
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Figure 5. In vivo mechanistic study of SPNa-mediated sonodynamic cancer immunotherapy. a) Flow cytometry assay and b) quantification of CD3*CD8" Teffs in
the tumors from 4T1 tumor-bearing mice (n = 3). c) Flow cytometry assay and d) quantification of CD4*CD25*Foxp3* Tregs in the tumors from 4T1 tumor-bearing
mice (n = 3). e) Ratios of Teffs to Tregs in tumors from 4T1 tumor-bearing mice (n = 3). f) Flow cytometry assay of CD8*GrB* cytotoxic T cells in the tumors from
4T1 tumor-bearing mice (n = 3). g) The concentration of IFN-y in serum from 4T1 tumor-bearing mice (n = 3). h) Quantification of HMGB1 expression in the tumors
from 4T1 tumor-bearing mice (n = 3). i) Flow cytometry assay of CD80*CD86" DCs in the TDNLs from 4T1 tumor-bearing mice (n = 3). j) Flow cytometry assay of
CD44*CD62L Tems in the TDNLs from 4T1 tumor-bearing mice (n = 3). k) Schematic illustration of the schedule for tumor rechallenges study. I) Growth curves of
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the reinoculated tumors for tumor rechallenge study (n = 5). Data were expressed as mean * SD. Statistical analysis was performed by one-way ANOVA. *p<0.05,

**p<0.01; ***p<0.001.
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We developed SPN-based cytokine nanocomplex (SPNaj) \éﬁuz
specific stimulation of Teffs for cancer sonodynamni
immunotherapy. SPNa combining nanoantibody SPNa with Y25
was found to selective induce the activation of Teffs rather tipg
Tregs. Additionally, under sono-irradiation, cytotoxic 'O, vt/
generated by SPNy for further promoting HMGBL1 release, 848
maturation and Teffs activation. The combination of SDT #H49
selective IL-2 mediated cytokine therapy notebly increased

Conclusion

tumor-infiltrating Teffs (1.8-fold) and decreased Tregs (1.4-fol 1
tumor compared with control group, thus highly elevating the r
of Teffs/Tregs (2.25) for enhanced antitumor immunothera@54

Such a cytokine nanocomplex effectively inhibited tumor grovh5
suppressed lung metastasis, and prevented tumor recurredis6
due to robust immunological memory; this was not possible4&7
mono SDT or IL-2 mediated therapy. Therefore, our work provié&S
a promising strategy to integrate sonodynamic therapy

cytokine therapy for effective and specific cancer therapy. To 0
best of our knowledge, this study offers the first multifunctio
cytokine system that can selectively activate T effector cells H@g
no T regulatory cell for specific antitumor therapy. 464
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The sonodynamic cytokine nanocomplexes (SPNaj) can not only specifically activate effector T cells (Teffs) rather than regulatory T
cells (Tregs), but also generate O, under sono-irradiation for induction of immunogenic cell death, which synergistically elevates the
ratio of Teffs/Tregs for effective antitumor immunity.



