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Abstract Deficiency of natural killer (NK) cells shows a significant impact on tumor progression and

failure of immunotherapy. It is highly desirable to boost NK cell immunity by upregulating active recep-

tors and relieving the immunosuppressive tumor microenvironment. Unfortunately, mobilization of NK

cells is hampered by poor accumulation and short retention of drugs in tumors, thus declining antitumor

efficiency. Herein, we develop an acid-switchable nanoparticle with self-adaptive aggregation property

for co-delivering galunisertib and interleukin 15 (IL-15). The nanoparticles induce morphology switch

by a decomposition-metal coordination cascade reaction, which provides a new methodology to trigger

aggregation. It shows self-adaptive size-enlargement upon acidity, thus improving drug retention in tumor

to over 120 h. The diameter of agglomerates is increased and drug release is effectively promoted

following reduced pH values. The nanoparticles activate both NK cell and CD8þ T cell immunity

in vivo. It significantly suppresses CT26 tumor in immune-deficient BALB/c mice, and the efficiency

is further improved in immunocompetent mice, indicating that the nanoparticles can not only boost innate
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NK cell immunity but also adaptive T cell immunity. The approach reported here provides an innovative

strategy to improve drug retention in tumors, which will enhance cancer immunotherapy by boosting NK

cells.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Innate immunity is vital for combating various diseases including
cancer1. Natural killer (NK) cells are critical innate immunity
effector cells, which recognize and kill cancer cells in an antigen-
independent manner without the need for pre-sensitization2,3.
Besides, NK cells bridge innate and adaptive immunity by pro-
moting the secretion of key cytokines and chemokines to enhance
antigen presentation and activate T cells4. However, antitumor
efficiency of NK cells is hampered by the shortage of activation
stimuli in tumor microenvironment (TME) and existing immu-
nosuppressive molecules such as transforming growth factor b

(TGF-b), prostaglandin E2 (PGE2) and interleukin 10 (IL-10)5,6.
Promoting cellular activation and removing inhibitive factors are
equally important to fully mobilize NK cells for
immunotherapy7e9. For example, TGF-b is immunosuppressive
and inhibits mTOR pathway in NK cells, which suppresses cell
proliferation and activation10. Galunisertib inhibits TGF-b recep-
tor type I kinase to block TGF-b/SMAD pathway and relieve the
inhibition of TGF-b on NK cells11. Interleukin 15 (IL-15) is a
multi-effect cytokine to activate the JAK/STAT and PI3K/mTOR
pathways in NK cells, thus improving proliferation and activa-
tion6,12,13. It is highly desirable to improve antitumor efficiency by
synergistically activating NK cells and relieving immunosup-
pressive factors, such as combining the galunisertib and IL-1514.

Although combinational therapies provide attractive tools to
boost NK cells, it is hard to ensure efficiency due to poor accu-
mulation and short retention of drugs in tumor11,15. A diversity of
nanocarriers has been reported to facilitate targeted delivery of
drugs into tumors, but it remains challenging to achieve long-
lasting retention due to rapid clearance of nanocarriers via high
interstitial fluid and blood washing16e18. Aggregation strategy is
effective to enhance the retention of nanocarriers inside tumor by
weakening their ability to pass through blood vessels after accu-
mulation19e21. The nanocarriers are size-enlargeable by
leveraging distinctive features of TME22. Typically, aggregation is
triggered through linker form, shape remodel, materials swell and
phase transition23e25. These approaches dominate the aggregation
methodology, but most of them require rigorous reaction condi-
tions such as a specific enzyme, high-energy light, elevated tem-
perature and strong redox level26e28. Convenient and universal
methodologies are desirable to weaken external demands for
inducing aggregation. In addition, most aggregative strategies
perform direct on/off state and lack self-adaptive variations
following changes of stimuli, thus strictly limiting the aggregation
state as well as retention capability of nanocarriers26,29,30.
Therefore, it shows great priority to develop nanocarriers from
new aggregative methodology and enable switchable aggregation
upon stimuli for further improving drug retention in tumors.

Metal coordination has been widely investigated to fabricate
nanocarriers, which enables flexible control of assembly by
changing the type and amount of coordinate metal ions31e34.
Herein, we have developed galunisertib- and IL-15-loaded nano-
particles (Gal/IL-15@CaLN) which trigger self-adaptive aggre-
gation through a cascade decompositionecoordination reaction to
improve drug retention. The nanoparticle changes input acidic
stimulus, a common feature in most solid tumors35,36, to output
metal coordination enablement, leading to convenient and uni-
versal aggregation in tumors. The nanoparticle is composed by
calcium carbonate (CaCO3) core and sodium alginate (NaAlg)
outer layer. NaAlg is a biocompatible polymer that reacts with
most divalent metal ions including calcium ion (Ca2þ) to promote
gelation36,37. Since the release of Ca2þ depends on acid-triggered
decomposition of CaCO3

38, self-adaptive aggregation of nano-
particles is achieved by leveraging controllable release of Ca2þ at
different pH values (Fig. 1A). Typically, the nanoparticles keep
inert in blood circulation and release Ca2þ in acidic TME. Free
Ca2þ facilitates Ca2þ-alginate coordination and changes aggre-
gative state of nanoparticles, thus enhancing drug retention in
tumors and triggering release of galunisertib and IL-15 (Fig. 1B).
The nanoparticles are promising to activate NK cells in tumors
and improve their capability to kill tumor cells. Moreover, the
promotion of NK cells may further help with T cell immunity to
inhibit tumors (Fig. 1C). The immune responses and antitumor
effects post treatments are investigated in tumor-bearing immune-
deficient mice and immunocompetent mice to display the key role
of NK cells. The approach will contribute to NK cell-based cancer
immunotherapy through self-adaptive aggregation-enhanced drug
retention.
2. Materials and methods

2.1. Materials

Hydrogenated soybean phosphatidylcholine (HSPC) and (2,3-
dioleoyloxy-propyl)-trimethylammonium-chloride (DOTAP)
were purchased from Advanced Vehicle Technology Pharmaceu-
tical Ltd (Shanghai, China). Cholesteryl hemisuccinate (CHEMS)
was purchased from Coupling Pharmaceutical Technology
(Shanghai, China). NaAlg (the viscosity of 200e500 mPa s) was
purchased from Adamas-beta (Shanghai, China). Calcium color-
imetric assay kit was purchased from Beyotime Biotechnology
(Shanghai, China). Galunisertib was purchased from CSNpharm
(Chicago, IL, USA). IL-15 was purchased from PeproTech (Rocky
Hill, NJ, USA). 1,10-Dioctadecyl-3,3,30,30-tetramethylindodi-
carbocyanine, 4-chlorobenzenesulfonate salt (DiD) was purchased
from Meilun Biotechnology Co., Ltd (Dalian, China). Mouse IL-
15 ELISA kit was purchased from Neobioscience Co., Ltd.
(Shenzhen, China). The anti-CD3e-PerCP-Cy5.5 (145-2C11) and
anti-CD3e-PE (145-2C11) antibodies were purchased from
TONBO biosciences (San Diego, CA, USA). The anti-CD49b-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic illustration of the design of Gal/IL-15@CaLN with self-adaptive aggregation feature and its function to mobilize NK cells

(A) Fabrication of Gal/IL-15@CaLN. The nanoparticle was prepared by coating NaAlg on CaCO3-containing lipid nanoparticle. NaAlg was

coated via electrostatic adsorption. Gal/IL-15@CaLN was activated in acidic conditions such as pH 6.8 or 6.5 buffers and then release Ca2þ. Since
the release rate and amount of Ca2þ was associated with the pH values, the nanoparticles enabled self-adaptive aggregation via Ca2þ-alginate
coordination and induced long-lasting drug release. (B) Gal/IL-15@CaLN accumulated in tumor after intravenous injection. Aggregation was

triggered due to the activation of CaCO3 in acidic TME and enhanced the retention of drugs in tumor. The released galunisertib and IL-15

promoted the activation of NK cells. (C) Mechanisms of Gal/IL-15@CaLN for mobilizing antitumor NK cell immunity. IL-15 bound with IL-

15R to induce downstream activation signaling pathways. Galunisertib inhibited p-SMAD2 and downregulated the expression of TGF-bR to

relieve TGF-b-mediated immunosuppressive effects. The combined therapy enhanced the expression of p-STAT5 and p-mTOR, and promoted the

expression of NKG2D and NKp46 and the secretion of granzyme B and perforin.
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FITC (DX5), anti-NKG2D-APC (CX5), anti-NKp46-PE (29A1.4),
anti-NKp46-PE-Cy7 (29A1.4), anti-granzyme B-Alexa Fluor 647
(GB11), anti-perforin-PE (S16009B), anti-CD4-FITC (GK1.5),
anti-CD8a-PE (53-6.7), anti-CD45-FITC (S18009F), anti-F4/80-
PE-Cy7 (BM8), anti-CD80-PE (16-10A1), and anti-CD206-APC
(C068C2) antibodies were purchased from Biolegend (San Diego,
CA, USA). The anti-TGF-bRI-PE (141231) antibodies were pur-
chased from R&D Systems (Minneapolis, MN, USA). The anti-p-
SMAD2 (Ser467) rabbit monoclonal antibody (mAb), anti-p-
mTOR (Ser2448) rabbit mAb, anti-CD49b rabbit mAb, and PE-
labeled goat anti-rabbit IgG secondary antibodies for flow
cytometry examination were purchased from Abcam (Cambridge,
MA, USA). The TGF-bRI rabbit polyclonal antibodies (pAb) were
purchased from Affinity Biosciences (Changzhou, China). The
anti-p-STAT5 (Tyr694) rabbit mAb was purchased from Cell
Signaling Technology (Danvers, MA, USA). Alexa Fluor 647-
labeled goat anti-rabbit IgG secondary antibodies for cellular
CLSM examination and cell counting kit-8 (CCK-8) were
purchased from Yeasen biotechnology (Shanghai, China). Anti-
CD8a rabbit pAb, Cy3-labeled goat anti-rabbit IgG secondary
antibodies, and FITC-labeled goat anti-rabbit IgG secondary an-
tibodies were purchased from Servicebio (Wuhan, China). Other
reagents were purchased from Sinopharm Group Chemical Re-
agent Co., Ltd. (Shanghai, China).

2.2. Cells and animals

The murine colon cancer cell line CT26 was purchased from the
cell bank of the Chinese Academy of Sciences (Shanghai, China).
CT26 cells were cultured in RPMI 1640 medium containing 10%
FBS, 100 U/mL of penicillin, and 100 mg/mL of streptomycin. To
isolate NK cells, BALB/c mice spleens were pestled on a 70 mm
cell strainer to obtain a single-cell suspension, and then a mouse
spleen NK cell separation solution kit was used (NK2011MPK,
tbdscience, Tianjin, China). NK cells were cultured in an immune
cell culture medium (ANDL-TBD-G, tbdscience, Tianjin, China)
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containing 10% FBS, 200 U/mL of penicillin, and 200 mg/mL of
streptomycin. All cells were incubated at 37 �C with 5% CO2

atmosphere. Female BALB/c nude mice and BALB/c mice (4
weeks, 18e22 g) were provided by Shanghai Experimental Ani-
mal Center (Shanghai, China). All animal protocols were
approved by the Institutional Animal Care and Use Committee
(IACUC) of Shanghai Institute of Materia Medica, Chinese
Academy of Sciences.

2.3. Preparation and characterization of Gal/IL-15@CaLN

Gal/IL-15@Ca was initially prepared. Briefly, HSPC (16 mg),
CHEMS (4 mg), DOTAP (2 mg), and galunisertib (1.5 mg) in
chloroform (10 mL) were mixed with CaCl2 in alcohol (250 mL,
10 mg/mL). Na2CO3 in water (160 mL, 10 mg/mL) was added
dropwise to the aforementioned solution under sonication. The
emulsion was evaporated using the vacuum rotary evaporation
(Heidolph, Schwabach, Germany). The obtained lipid film was
hydrated by IL-15 solution (2 mL, 1.5 mg/mL), followed by son-
icating under an ice bath, and the unencapsulated IL-15 was
removed by ultrafiltration (MWCO, 100 kDa). For the preparation
of Gal/IL-15@CaLN, Gal/IL-15@Ca was added dropwise to
NaAlg solution (1 mg/mL) with a volume ratio of 1:1 and stirred
for 4 h at room temperature. For the preparation of CaCO3-free
Gal/IL-15@LN, identical amount of HSPC, CHEMS, DOTAP,
and galunisertib was dissolved in chloroform and evaporated to
obtain the dry lipid film, and hydrated by IL-15 solution. The
release behavior of Ca2þ was examined by using a calcium
colorimetric assay kit. Briefly, 1 mL of Gal/IL-15@Ca was
dispersed in a dialysis bag with a retained molecular weight of
2000 Da and incubated in 20 mL of PBS of different pH values at
37 �C. One milliliter of release medium was collected at 0.5, 5, 30,
60 and 120 min, respectively. Same volume of fresh release me-
dium was refilled after each collection. The concentration of Ca2þ

was detected and the cumulative release rate of Ca2þ was calcu-
lated. For preparing DiD-loaded nanoparticles, 1 wt% DiD was
added during the process.

The size and zeta potential were determined by dynamic light
scanning (DLS) (Malvern, Britain). To detect the encapsulation
efficiency (EE) and loading capability (LC), Gal/IL-15@CaLN
and Gal/IL-15@LN were dissolved in 25 mmol/L SDS. The
concentration of galunisertib was determined by HPLC (C18
reversed-phase column, Thermo Fisher Scientific, MA, USA) and
flow rate of 1.0 mL/min. The concentration of IL-15 was deter-
mined by an IL-15 ELISA kit. The EE and LC of nanoparticles
were calculated by Eqs. (1) and (2), respectively:

EE ð%ÞZWeight of drug encapsulated=

Weight of drug added� 100
ð1Þ

LC ð%ÞZWeight of drug encapsulated=

Weight of nanoparticles� 100
ð2Þ

Gal/IL-15@CaLN and Gal/IL-15@LN were diluted to 0.5 mg/
mL by PBS or PBS with 10% FBS and incubated at 37 �C. The
size was determined by DLS in PBS for 18 days and in PBS with
10% FBS for 24 h. To investigate the acid-responsiveness, Gal/IL-
15@CaLN and Gal/IL-15@LN were incubated in PBS at various
pH values (pH 6.5, 6.8, and 7.4) at a concentration of 0.5 mg/mL
for 120 min. The size and morphology changes were examined by
DLS and TEM, respectively. One milliliter of Gal/IL-15@CaLN
was put into a dialysis bag with a retained molecular weight of
2000 Da and performed in 20 mL of PBS with 0.5% tween 80 at
various pH values (pH 6.5, 6.8, and 7.4) at 37 �C. Released
galunisertib and IL-15 were determined by HPLC and an IL-15
ELISA kit, respectively. And the cumulative release rate of
galunisertib and IL-15 were calculated.

2.4. In vitro activation of NK cells

To examine the effects of Gal/IL-15@CaLN on NK cells,
CT26 cells were seeded in a 12-well plate at 2 � 105 cells/well
overnight, and then NK cells (2 � 105 cells) were added to each
well and cultured for 24 h to mimic the adverse effects of TME on
NK cells. The cells were subsequently treated with IL-15@CaLN,
Gal@CaLN, Gal/IL-15@LN, and Gal/IL-15@CaLN at identical
20 ng/mL IL-15 or/and 8.7 mg/mL galunisertib for 12 h. After that,
the cells were stained with anti-NKp46-PE, anti-NKG2D-APC,
and anti-TGF-bRI-PE antibodies for 30 min at 4 �C, respec-
tively. For intercellular markers, the cells were treated with
fixation-permeabilization buffer and then stained with anti-
granzyme B-Alexa Fluor 647, and anti-perforin-PE for 30 min
at 4 �C. Additionally, the cells were stained with anti-p-STAT5 or
anti-p-SMAD2 rabbit mAb after permeabilization for 1 h at room
temperature, followed by incubating with PE-labeled goat anti-
rabbit IgG secondary antibodies for 1 h at 4 �C.

For confocal laser scanning microscopy (CLSM) examination,
NK cells (2 � 105 cells/well) were co-cultural with CT26 cells
(2 � 105 cells/well) in a 12-well plate for 24 h. The cells were
fixed with 4% paraformaldehyde and stained with anti-TGF-bRI
or anti-p-mTOR rabbit mAb overnight at 4 �C, followed by
staining with Alexa Fluor 647-labeled goat anti-rabbit IgG sec-
ondary antibodies for 2 h at room temperature. The fluorescence
images were examined by CLSM (DAPI: Ex 405 nm, Em
415e485 nm; Alexa Fluor647: Ex 638 nm, Em 649e770 nm).

2.5. In vivo biodistribution of Gal/IL-15@CaLN

BALB/c mice were subcutaneously administered with 2 � 106

CT26 cells/mouse at the right back. Once the tumor volume
reached w100 mm3, the mice were administered with DiD-
labeled Gal/IL-15@CaLN or Gal/IL-15@LN at identical
0.5 mg/kg DiD. The major organs and tumors were harvested at 24
and 120 h after the injection and examined by IVIS (PerkinElmer,
Waltham, MA, USA). The tumors were frozen-sectioned into 10
mm pieces, and cell nucleus was stained with DAPI. The fluo-
rescence of DAPI and DiD was evaluated by CLSM.

2.6. Immune-related examination

The immune response ofGal/IL-15@CaLNwas initially investigated
on CT26 tumor-bearing immune-deficient BALB/c-nu mice, which
were subcutaneously administered with 1.5� 106 CT26 cells/mouse
at the right back. Mice were randomly grouped (n Z 3) and treated
with PBS, Gal/IL-15, IL-15@CaLN, Gal@CaLN, Gal/IL-15@LN,
and Gal/IL-15@CaLN with the same IL-15 (30 mg/kg) and galuni-
sertib (13 mg/kg) dosage every three days for four times. Three days
after the last treatment, the tumors were harvested and digested into a
single-cell suspension. Then the cells were stained with specific
biomarkers and examined on flow cytometry. Next, the immune
response of Gal/IL-15@CaLN was investigated in the presence of T
lymphocytes on CT26 tumor-bearing BALB/c-ic mice, which were
subcutaneously administered with 2 � 106 CT26 cells/mouse at the
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right back. The NK cells and their functions were investigated.
Moreover, the macrophages in tumor tissues were evaluated by
staining with anti-CD45-FITC and anti-F4/80-PE-Cy7 antibodies.
The M1-phenotype macrophages were stained with anti-CD80-PE
antibody and the M2-phenotype with anti-CD206-APC antibody
after permeabilization. To evaluate the T lymphocyte infiltration in
tumors, the lymphocytes were separated by a mouse lymphocyte
separation solution (DakeweBiotech, China). The lymphocytes were
extracted, washed, and stained with anti-CD3-PerCP-Cy5.5, anti-
CD4-FITC, and anti-CD8-PE antibodies. All the stained cells were
examined by flow cytometry (BD, Calibur).

2.7. Tumor growth suppression

To establish CT26 tumor-bearing mice, BALB/c-nu mice and
BALB/c-ic mice were subcutaneously administered with 100 mL
of 1.5 � 106 or 2 � 106 CT26 cells/mouse at the right back,
respectively. The mice were randomly grouped (n Z 6) to eval-
uate tumor growth suppression by Gal/IL-15@CaLN once the
tumor volume reached w100 mm3. The mice were treated with
PBS, Gal/IL-15, IL-15@CaLN, Gal@CaLN, Gal/IL-15@LN, and
Gal/IL-15@CaLN every three days for four times, with the same
IL-15 (30 mg/kg) and galunisertib (13 mg/kg) dosage. The tumor
volume and body weight were monitored every two days. The
tumor volume was calculated as Eq. (3):

Tumor volumeZ0:5�Longest dimension� Shortest dimension

� Shortest dimension

ð3Þ

The major organs and tumors were harvested on Day 14 for
BALB/c-nu mice and Day 16 for BALB/c-ic mice. The tumors
were weighed and analyzed by hematoxylin and eosin (H&E)
staining and the terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assay. Besides, the infiltration of NK and T
cells was examined by fluorescence staining. The injury of major
organs was also observed using H&E staining.

2.8. Statistical analysis

Data were expressed as mean � standard deviation (SD). The
statistical significance was displayed by two-sided unpaired Stu-
dent’s t-test. Statistical significance was set as follows: *P < 0.05,
**P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1. Preparation and characterization of Gal/IL-15@CaLN

To fabricate Gal/IL-15@CaLN, nanoscale CaCO3 was firstly
generated by an emulsion-homogeneity process and formed a thin
film with cationic lipids and galunisertib. Then, the galunisertib-
loaded lipid film was hydrated in IL-15-containing deionized
water. After that, the nanoparticles were incubated with NaAlg so-
lution to obtain Gal/IL-15@CaLN. NaAlg contains a large number
of negatively charged carboxyl groups, which enables electrostatic
interaction with the positively charged lipid surface. Nanoparticles
without NaAlg coating (namely Gal/IL-15@Ca) and nanoparticles
without CaCO3 core (namely Gal/IL-15@LN) were prepared by a
similar process and set as control groups (Supporting Information
Table S1). The diameter and surface charge of Gal/IL-15@CaLN
and control nanoparticles were examined by dynamic laser scan-
ning (DLS) examination (Fig. 2A and B). Gal/IL-15@Ca showed a
diameter of 98.5 � 1.5 nm and a z-potential of 14.2 � 2.5 mV.
Compared to Gal/IL-15@Ca, Gal/IL-15@CaLN showed an
increased diameter to 124.7� 6.0 nm and a negative surface charge
of �26.8 � 1.2 mV. The surface charge reversal was due to the
coating of NaAlg. The diameter and surface charge of Gal/IL-
15@LN were 117.2 � 2.3 nm and �29.4 � 1.5 mV, respectively.
The LC and EE of galunisertib in Gal/IL-15@CaLN were
4.3� 0.01% and 77.9� 0.2%, respectively. The LC of galunisertib
was comparable to that of most hydrophobic drugs in liposomes.
The LC and EE of IL-15 in Gal/IL-15@CaLNwere 0.98� 0.02 mg/
10mg and 88.0� 1.6%, respectively (Supporting Information Table
S2). The LC of IL-15 was low, which might be due to the limited
inner aqueous core and the protein structure. The EE of both drugs
was acceptable for preparing the nanoparticles. Next, the stability of
Gal/IL-15@CaLN and Gal/IL-15@LN was studied. The results
showed that the nanoparticles performed good stability in PBS and
10% fetal bovine serum (FBS)-containing PBS (Supporting Infor-
mation Fig. S1).

To investigate the acidity-responsive property of Gal/IL-
15@CaLN, the nanoparticle and control groups were dispersed
in buffers with different pH value. First, the release behavior of
Ca2þ was determined. The LC of CaCO3 in Gal/IL-15@Ca was
5.74 � 0.41%. Gal/IL-15@Ca was used to avoid the influence of
NaAlg (Fig. 2C). It was found that only 9.88 � 1.35% of Ca2þ

was released after incubated in pH 7.4 buffer for 120 min. In pH
6.8 buffer, 23.19 � 1.07% of Ca2þ was released at 0.5 min and
41.75 � 2.09% was released at 120 min. The release rate and
cumulative release amount were further improved in pH 6.5
buffer. 35.14 � 2.40% of Ca2þ was released at 0.5 min and
61.38 � 3.22% was detected at 120 min. These results indicated
that the release behavior of Ca2þ from Gal/IL-15@Ca was acidity-
dependent. More rapid and higher release rate could be achieved
at lower pH value. The morphology of Gal/IL-15@LN did not
change at pH 7.4, 6.8 or 6.5, respectively (Fig. 2D). Contrastively,
aggregation of Gal/IL-15@CaLN was observed at pH 6.8, and
more aggressive aggregation was found at pH 6.5 (Fig. 2D).
Microscale aggregate complexes were formed at pH 6.5. The
diameter of nanoparticles at different pH values was also evalu-
ated by DLS (Fig. 2E and F). There was no significant size change
of Gal/IL-15@LN at different pH values. The diameter of Gal/IL-
15@CaLN kept unchanged in pH 7.4 buffer, while was size-
enlarged to w561.2 nm after incubated for 0.5 min at pH 6.8
and further enlarged to w935.5 nm after incubated for 30 min.
Sharply, the diameter of Gal/IL-15@CaLN was enlarged to
w983.3 nm after incubated for 0.5 min at pH 6.5 and improved to
over 2200 nm at 30 min. The diameter did not further change even
with prolonged incubation for 120 min. These results showed that
Gal/IL-15@CaLN performed a self-adaptive aggregation property
in response to acidity. The aggregation state of Gal/IL-15@CaLN
was highly associated with the pH value, and more aggressive
aggregation was achieved at pH 6.5 than that at pH 6.8. The ag-
gregation of Gal/IL-15@CaLN was activated via two steps. First,
acidity triggered decomposition of CaCO3 and release of Ca2þ

from the nanoparticles. Second, Ca2þ reacted with carboxyl group
of alginate to promote aggregation by forming Ca2þ-alginate
complexes. Since the release rate and amount of Ca2þ were
strictly controlled by decomposition of CaCO3 in the presence of
hydrogen ion (Hþ), Gal/IL-15@CaLN showed self-adaptive ag-
gregation property in acidic conditions. A previous study has
clarified the behavior of Ca2þ release from CaCO3 in different pH



Figure 2 Characterization of Gal/IL-15@CaLN (A) Average hydrodynamic size and (B) z-Potential of Gal/IL-15@Ca, Gal/IL-15@CaLN, and

Gal/IL-15@LN determined by dynamic light scattering (DLS) (n Z 3) (C) Cumulative release of Ca2þ from Gal/IL-15@Ca at pH 7.4, 6.8 and

6.5, respectively (n Z 3) (D) TEM images of Gal/IL-15@LN (Scale bars, 100 nm) and Gal/IL-15@CaLN at pH 7.4 (Scale bar, 100 nm), pH 6.8

(Scale bar, 500 nm) or pH 6.5 (Scale bar, 1 mm) (E) Hydrodynamic size of Gal/IL-15@LN. (F) Hydrodynamic size of Gal/IL-15@CaLN (n Z 3)

(G) Cumulative release of galunisertib and (H) IL-15 from Gal/IL-15@CaLN at pH 7.4, 6.8 and 6.5 buffer, respectively (nZ 3). Data were shown

as mean � SD. The statistical significance was displayed by two-sided unpaired Student’s t-test. (**P < 0.01, ***P < 0.001).
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buffers39. The coordination in Gal/IL-15@CaLN upon acidity was
also confirmed by FITR spectrum (Supporting Information
Fig. S2). The asymmetric stretching vibrations of carboxylate salt
ion appeared at 1611.44 and 1535.06 cm�1, which shifted to lower
wavenumbers. It was owing to the change of the charge density,
the radius, and the atomic weight of the cation when Naþ was
replaced with Ca2þ40.

Next, we investigated the release properties of galunisertib and
IL-15 from the nanoparticles in different pH buffers. It was found
that 29.50 � 2.01% of galunisertib was released from the nano-
particles at pH 7.4 within 72 h. The release rate was slightly
improved at pH 6.8 and cumulative release amount reached
36.48 � 1.46% after 72 h incubation. Most importantly, the
release rate was further improved at pH 6.5 and 54.26 � 1.54% of
galunisertib was released at 72 h (Fig. 2G). Similar release ki-
netics of IL-15 from Gal/IL-15@CaLN was detected. The release
rate of IL-15 was increased following decreased pH values. The
cumulative release amount of IL-15 at 72 h was 33.40 � 2.29%,
43.65 � 2.93% and 59.08 � 1.69% in pH 7.4, 6.8 and 6.5 buffer,
respectively (Fig. 2H). These results suggested that Gal/IL-
15@CaLN were acid-switchable and triggered controllable
release of galunisertib and IL-15 with long-lasting manner.

3.2. Activating NK cells by Gal/IL-15@CaLN in vitro

The killing capability of NK cells to tumor cells is regulated by
the surface activating and inhibitory receptors41. However, the
immunosuppressive TME and lacking essential nutrients hamper
the proliferation and activation of NK cells, which suppresses the
antitumor effect of NK cells in vivo5. Immunostimulant IL-15 and
TGF-bRI kinase inhibitor galunisertib were encapsulated in Gal/
IL-15@CaLN to mobilize the antitumor effect of NK cells. NK
cells were firstly prepared from spleen of BALB/c mice and then
purified and enriched by flow cytometry. The purity of prepared
NK cells was over 90% for in vitro examination (Supporting In-
formation Fig. S3). Firstly, the cytotoxicity of nanoparticles on
NK and CT26 cells were evaluated. No significant decrease of cell
viability was observed in Gal/IL-15@CaLN treated cells at
43.5 mg/mL of galunisertib and 100 ng/mL of IL-15 (Supporting
Information Fig. S4). Then, the NK cells were incubated with
CT26 cells for 24 h and treated with various suspensions. The
expression of activating receptors including NKG2D and NKp46
on NK cells was investigated (Fig. 3A and B). The percentage of
NKG2Dþ NK cells was increased from 23.30 � 1.78% of PBS
group to 37.47 � 3.12% of IL-15@CaLN after the treatments
(Fig. 3A and Supporting Information Fig. S5). This could be
attributed to IL-15 delivered by IL-15@CaLN. After treated by
Gal@CaLN, the percentage of NKG2Dþ NK cells was
38.30 � 4.03%. It was because the released galunisertib inhibited
the TGF-bRI on NK cells and relieved the inhibition effect of
TGF-b from CT26 cells. Furthermore, 44.17 � 2.10% and
47.53 � 4.11% of NKG2Dþ NK cells were detected in Gal/IL-
15@LN group and Gal/IL-15@CaLN group, respectively
(Fig. 3A and Fig. S5). These results indicated a synergistic effect
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on NK cells by combining IL-15 and galunisertib. Similarly, the
expression of NKp46 on NK cells showed a consistent trend as
NKG2D (Fig. 3B and Supporting Information Fig. S6). Compared
to 26.63 � 1.42% of NKp46þ NK cells after PBS treatment, the
Gal/IL-15@LN and Gal/IL-15@CaLN improved that population
to 56.73 � 3.56% and 56.97 � 2.68%, respectively. The upre-
gulated expression of NKG2D and NKp46 on NK cells could be
attributed to the synergistic effect of IL-15 stimulation and the
blockage of TGF-b pathway via galunisertib. Since the expression
of activating receptors on NK cells was enhanced after Gal/IL-
15@CaLN treatment, we further examined the function of NK
cells to secrete granzyme B and perforin. The perforin/granzyme
B apoptosis pathway is critical for NK cells to kill tumor cells42.
NK cells released perforin to perforate the surface of target cells.
Then, granzyme B enters the target cells and triggers apoptosis.
Compared with PBS group, the percentage of granzyme Bþ NK
cells was upregulated to 3.75-, 3.80-, 6.35- and 6.23-fold higher
after treated by IL-15@CaLN, Gal@CaLN, Gal/IL-15@LN and
Gal/IL-15@CaLN, respectively (Fig. 3C and Supporting Infor-
mation Fig. S7). Besides, after treated by IL-15@CaLN,
Figure 3 Gal/IL-15@CaLN-promoted activation of NK cells in vitro. Th

with suspensions at equal 10 mg/mL of galunisertib and 20 ng/mL of IL-1

NK cells after various treatments (n Z 3) (C) Frequency of granzyme B

(n Z 3) (E) p-STAT5 expression in NK cells (n Z 3) (F) p-mTOR expres

(MFI) of p-SMAD in NK cells determined by flow cytometry (n Z 3) (H)

mean � SD. The statistical significance was displayed by two-sided unpa
Gal@CaLN, Gal/IL-15@LN and Gal/IL-15@CaLN, the percent-
age of perforinþ NK cells were 2.43-, 2.20-, 4.25- and 4.55-fold as
high as that in PBS group, respectively (Fig. 3D and Supporting
Information Fig. S8). These results suggested that Gal/IL-
15@CaLN enhanced the function of NK cells for killing tumor
cells.

It has been reported that IL-15 regulates JAK/STAT and PI3K/
mTOR pathways to facilitate the activation and proliferation of
NK cells6. The mean fluorescent intensity of p-STAT5 in NK cells
with Gal/IL-15@CaLN treated was 3.63-fold as high as that in
PBS group, and the population of NKs with high p-STAT5
expressed in Gal/IL-15@CaLN group was also enhanced
(Fig. 3E). The increased expression of p-mTOR which was
associated with the activation of NK cells was also confirmed.
From CLSM examination, the p-mTOR signal was weak in PBS-
treated NK cells. But the signals became stronger in IL-
15@CaLN-, Gal/IL-15@LN- and Gal/IL-15@CaLN-treated NK
cells than that in PBS group (Fig. 3F). These results suggested that
Gal/IL-15@CaLN promoted the activation of STAT-5 and mTOR
signals. In addition, galunisertib could block the TGF-b/SMAD
e NK cells were pre-cultured with CT26 cells for 24 h and then treated

5 for 12 h, respectively (A) Percentage of NKG2Dþ and (B) NKp46þ
þ and (D) perforinþ expression in NK cells after various treatments

sion in NK cells. Scale bars, 10 mm. (G) Mean fluorescence intensity

Quantitation of TGF-bRI þ NK cells (n Z 3). Data were expressed as

ired Student’s t-test. (*P < 0.05, **P < 0.01, ***P < 0.001).
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pathway in NK cells by inhibiting the TGF-bRI kinase14. We
evaluated the expression of p-SMAD2 in NK cells. It was found
that the mean fluorescent intensity of p-SMAD2 was decreased
after treated by Gal/IL-15@CaLN (Fig. 3G and Supporting In-
formation Fig. S9). The population of TGF-bRIþ NK cells was
also decreased with Gal/IL-15@CaLN treatment (Fig. 3H and
Supporting Information Figs. S10 and S11). These results indi-
cated that Gal/IL-15@CaLN-mediated activation of NK cells
might be contributed to the activation of JAK/STAT and PI3K/
mTOR pathways and the inhibition of TGF-b/SMAD pathway.

3.3. Enhanced retention in tumors by Gal/IL-15@CaLN in vivo

The self-adaptive aggregate Gal/IL-15@CaLN was fabricated to
improve drug retention in tumors. According to the acidity-
responsive properties, the nanoparticles would aggregate in acidic
TME and enhance the retention of loaded drugs. To evaluate the
capacity of Gal/IL-15@CaLN to improve drug retention in vivo,
we treated CT26-tumor bearing BALB/c-ic mice with DiD-loaded
Gal/IL-15@CaLN by intravenous administration and examined
the fluorescent intensity with an in vivo imaging system (IVIS).
Acidity-insensitive nanoparticles Gal/IL-15@LN were set as a
control group. Obvious fluorescent signals were detected in tu-
mors of mice in both groups, but the signals in tumors with Gal/
IL-15@CaLN treatment were higher than that with Gal/IL-
15@LN (Fig. 4A). According to the mean fluorescent intensity
kinetics in tumors, the highest accumulation of both nanoparticles
was achieved at 24 h after treatments, but the intensity of Gal/IL-
15@CaLN was higher than that of Gal/IL-15@LN group. The
retention of Gal/IL-15@CaLN in tumor was significantly higher
than Gal/IL-15@LN after treated for 120 h (Fig. 4B).

3.4. Innate and adaptive immune responses induced by Gal/IL-
15@CaLN in vivo

Innate immunity plays a vital role in immune surveillance andkilling
of tumor cells. Given that NK cells could be activated by Gal/IL-
15@CaLN in vitro, we evaluated the immune responses induced by
Gal/IL-15@CaLN on CT26 tumor-bearing BALB/c-nu mice. We
firstly evaluated the population of NK cells (CD3�CD49bþ) and
activated NK cells (CD3�CD49bþNKG2Dþ or
CD3�CD49bþNKp46þ) in tumors by flow cytometry (Supporting
Information Fig. S12). The percentage of NK cells in tumor tissues
was increased after treated byGal/IL-15@CaLN,whichwas 3.89- or
3.34-fold as high as that with PBS or Gal/IL-15 treatment, respec-
tively (Fig. 5A and Supporting Information Fig. S13A). Compared
with other nanoparticle groups, Gal/IL-15@CaLN improved the
infiltration ofNK cellsmost effectively. TheNKG2D is an important
activating receptor onNKcells, which is responsible for recognizing
the NKG2D ligands (e.g., MICA-, MICB-, and UL16-binding pro-
teins) on tumor cells43. It was found that the percentage of NKG2Dþ

NK cells increased from 12.97 � 1.26% in PBS group to
35.53 � 2.48% in Gal/IL-15@LN group, and further increased to
41.43� 2.45% inGal/IL-15@CaLN group (Fig. 5B and Fig. S13B).
Similarly, Gal/IL-15@CaLN effectively improved the percentage of
NKp46þ NK cells compared to other groups (Fig. 5C and
Fig. S13C). These results indicated that Gal/IL-15@CaLN could
promote the activation and proliferation of NK cells in tumors. This
was attributed to the combinational effects of IL-15 and galunisertib
and improved drug retention by the nanoparticles. Inspired by the
increase of activating receptors, we next evaluated the function of
NK cells to secrete granzyme B and perforin. The population of
granzyme Bþ and perforinþNK cells was significantly improved by
Gal/IL-15@CaLN (Fig. 5D and E). Although IL-15@CaLN,
Gal@CaLN and Gal/IL-15@LN could also enhance the percent-
age of these NK cells in contrast to PBS or Gal/IL-15 group, higher
improvement was achieved by Gal/IL-15@CaLN. These results
confirmed that Gal/IL-15@CaLN effectively activated NK cell-
mediated innate immunity.

Immune responses induced by Gal/IL-15@CaLN were also
evaluated on CT26 tumor-bearing BALB/c-ic mice. The infiltration
of NK cells increased from 5.40 � 1.07% in PBS group to
24.17� 1.36% in Gal/IL-15@CaLN group (Fig. 5F and Supporting
Information Fig. S14). Then, to determine the activation of NK cells
in mice, we evaluated the NKG2D and NKp46 expression on NK
cells. The percentage of NKG2Dþ NK cells treated with Gal/IL-
15@CaLN was increased to 40.67 � 2.10%, compared with
7.83 � 1.28% in PBS group (Fig. 5G and Supporting Information
Fig. S15). The percentage of NKp46þNK cells treated with Gal/IL-
15@CaLNwas increased to 22.23� 2.20%while that in PBS group
was only 3.14 � 0.45% (Fig. 5H and Supporting Information
Fig. S16). Then, we evaluated the granzyme Bþ and perforinþ NK
cells in tumor tissues after different treatments. The proportion of
granzyme Bþ NK cells was increased from 5.41 � 0.85% in PBS
group to 23.77 � 0.55% in Gal/IL-15@CaLN group (Fig. 5I and
Supporting Information Fig. S17). The proportion of perforinþ NK
cells was increased from 2.94 � 0.63% in PBS group to
16.70� 1.77% in Gal/IL-15@CaLN group (Fig. 5J and Supporting
Information Fig. S18). These results indicated that Gal/IL-
15@CaLN improved the amount and function of NK cells in
tumor tissues, thus enhancing the secretion of granzyme B and
perforin to kill cancer cells. IL-15 could also induce the activation of
T cells44,45. Besides, since TGF-b directly inhibited the prolifera-
tion and activation of T cells and the antigen-presenting capacity of
antigen-presenting cells (APCs), galunisertib might relieve immu-
nosuppressive effects of TGF-b on T cells46. Moreover, the acti-
vation of NK cells also showed a positive effect on T cells and
antigen presentation2,47. Sowe evaluated the immune responses of T
cells after treated by different suspensions. The proportion of CD8þ

T cells (CD3þCD8þ cells) was increased after treated by drug-
loaded nanoparticles comparted to PBS and Gal/IL-15 groups.
The population of CD8þ T cells in PBS group was only
1.61 � 1.26%, which was 18.80 � 1.90% in Gal/IL-15@CaLN
group (Fig. 5K and Supporting Information Fig. S19). For CD4þ

T cells (CD3þCD4þ cells), IL-15@CaLN, Gal@CaLN, Gal/IL-
15@LN and Gal/IL-15@CaLN induced elevation of CD4þ T cells
to over 50% percentage (Fig. 5L and Fig. S19). It indicated that the
activation of T cells was attributed to both the activation of NK cells
and Gal/IL-15@CaLN. We also determined the polarization of
macrophages in tumor tissues (Supporting Information Figs. S20
and S21). The proportion of M1-phenotype macrophages
(CD80þCD45þF4/80þ) was increased from 6.79 � 0.94% in PBS
group to 18.10 � 1.31% in Gal/IL-15@CaLN group (Fig. S20 and
Supporting Information Fig. S22A). In contrast, the proportion of
M2-phenotype macrophages (CD206þCD45þF4/80þ) was
decreased from 28.83 � 1.66% in PBS group to 14.17 � 1.00% in
Gal/IL-15@CaLN group (Figs. S21 and S22B). Among the
macrophage population, the CD80þ to CD206þ cells ratio was
0.24� 0.04 in PBS group, and the ratiowas 1.29� 0.18 after treated
by Gal/IL-15@CaLN (Fig. 5M). These results indicated that Gal/
IL-15@CaLN could not only activate NK cells but also boost
adaptive T cell immunity for killing cancer cells.



Figure 4 Biodistribution of Gal/IL-15@CaLN in CT26 tumor-bearing BALB/c-ic mice (A) Fluorescent images of Gal/IL-15@LN and Gal/IL-

15@CaLN-treated mice. The mice were intravenously injected at a DiD dose of 0.5 mg/kg. (B) Quantification of average fluorescence intensity at

tumors in vivo (n Z 3) (C) Ex vivo fluorescence images of major organs and tumors at 24 and 120 h, respectively. (D) Ex vivo quantification of

average fluorescence intensity in major organs and tumors at 24 h and (E) at 120 h (n Z 3) (F) Examination of Gal/IL-15@LN and Gal/IL-

15@CaLN in tumors. Scale bars, 250 mm. Data were expressed as mean � SD. The statistical significance was displayed by two-sided un-

paired Student’s t-test. (*P < 0.05).
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3.5. Inhibition of CT26 tumor growth in BALB/c-nu and BALB/
c-ic mice

Cancer immunotherapy has performed great advances in sup-
pressing tumor growth48,49. An IL-15 superagonist ALT-803 has
been combined with nivolumab to treat advanced non-small cell
lung cancer in a clinical study50. Galunisertib or galunisertib with
chemotherapeutics or immune checkpoint inhibitor has been
studied in several clinical studies for the treatment of solid tu-
mors51. However, the combination of IL-15 with galunisertib has
not been applied in clinic yet. Inspired by the antitumor immune
responses induced by Gal/IL-15@CaLN, we first investigated the
antitumor effects of Gal/IL-15@CaLN on CT26 tumor-bearing
BALB/c-nu mice. The mice were treated with different suspen-
sions for 4 times at a time interval of 2 days (Fig. 6A). The tumor
volume and body weight were recorded every two days after the
first administration (Fig. 6B and C). Compared to PBS group, Gal/
IL-15 showed no significant delay of tumor growth within 14
days. The mice treated with IL-15@CaLN or Gal@CaLN showed
moderate therapeutic effects. Improved therapeutic effects were



Figure 5 Antitumor immune responses in vivo (AeE) Immune responses in CT26 tumor-bearing BALB/c-nu mice. (A) Frequency of intra-

tumoral infiltration of NK cells (gating on CD3�CD49bþ cells), (B) NKG2Dþ NK cells (gating on CD3�CD49bþNKG2Dþ cells), and (C)

NKp46þ NK cells (gating on CD3�CD49bþNKp46þ cells) (D) Intratumoral Granzyme Bþ NK cells (gating on CD3�CD49bþGranzyme Bþ

cells), and (E) Perforinþ NK cells (gating on CD3�CD49bþPerforinþ cells) (nZ 3) (FeM) Immune responses in CT26 tumor-bearing BALB/c-ic

mice. (F) Intratumoral infiltration of NK cells (gating on CD3�CD49bþ cells), (G) NKG2Dþ NK cells (gating on CD3�CD49bþNKG2Dþ cells),

(H) NKp46þ NK cells (gating on CD3�CD49bþ cells), (I) Granzyme Bþ NK cells (gating on CD3�CD49bþgranzyme Bþ cells), (J) Perforinþ NK

cells (gating on CD3�CD49bþperforinþ cells), (K) CD8þ T cells (gating on CD3þCD8þ cells), and (L) CD4þ T cells (gating on CD3þCD4þ

cells) (n Z 3) (M) Ratio of M1 (CD45þF4/80þCD80þ)/M2 (CD45þF4/80þCD206þ) macrophages in CT26 tumor-bearing BALB/c-ic mice

(n Z 3). Data were expressed as mean � SD. The statistical significance was displayed by two-sided unpaired Student’s t-test. (*P < 0.05,

**P < 0.01, ***P < 0.001).
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observed in Gal/IL-15@LN and Gal/IL-15@CaLN group, which
was attributed to the combination of IL-15 and galunisertib. More
significant inhibition of tumor growth was achieved by Gal/IL-
15@CaLN than that with Gal/IL-15@LN, which suggested that
acidity-mediated self-adaptive aggregation could further improve
antitumor efficiency. On Day 14, the tumors were harvested and
weighed in all groups (Fig. 6D and Supporting Information
Fig. S23). Compared to PBS group, the tumor weight was
significantly reduced in Gal/IL-15@CaLN group. The result
confirmed that Gal/IL-15@CaLN could significantly suppress
tumor growth. The antitumor mechanisms of Gal/IL-15@CaLN
were investigated by H&E and TUNEL staining of tumor sec-
tions (Supporting Information Figs. S24A and S24B). The anti-
tumor effects of Gal/IL-15@CaLN were attributed to the innate
immune response triggered by IL-15 and galunisertib, which
could enhance the proliferation and activation of NK cells. After
Gal/IL-15@CaLN therapy, the signal of NK cells (CD49bþ cells)
was increased in tumor tissues (Fig. S24C). Moreover, H&E



Figure 6 Antitumor effects of Gal/IL-15@CaLN in CT26 tumor-bearing BALB/c-nu mice and CT26 tumor-bearing BALB/c-ic mice. The

CT26 tumor-bearing BALB/c-nu mice and BALB/c-ic mice were treated with PBS, Gal/IL-15, IL-15@CaLN, Gal@CaLN, Gal/IL-15@LN and

Gal/IL-15@CaLN every 3 days for 4 times. The dosage of IL-15 and galunisertib was 30 mg/kg and 15 mg/kg, respectively (A) Schematic

illustration of the treatments in CT26 tumor-bearing mice. (B) Tumor growth curves and (C) individual tumor growth curves in CT26 tumor-

bearing BALB/c-nu mice with treatments (n Z 6) (D) Tumor weight in all groups on Day 14 of antitumor study (n Z 6) (E) Tumor growth

curves and (F) individual tumor growth curves in CT26 tumor-bearing BALB/c-ic mice with treatments (n Z 6) (G) Tumor weight (n Z 6) (H)

Photographs of tumors on Day 16 of antitumor study in CT26 tumor-bearing BALB/c-ic mice (1# PBS, 2# Gal/IL-15, 3# IL-15@CaLN, 4#

Gal@CaLN, 5# Gal/IL-15@LN, 6# Gal/IL-15@CaLN). Scale bars, 1 cm (I) H&E staining. Scale bars, 200 mm. (J) TUNEL staining. Scale bars,

200 mm. Data were expressed as mean � SD. The statistical significance was displayed by two-sided unpaired Student’s t-test. (*P < 0.05,

**P < 0.01, ***P < 0.001).
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staining showed that no significant injury or inflammation was
observed in major organs of mice in all groups (Supporting In-
formation Fig. S25). There was no significant difference of body
weight change in control and treated groups (Supporting Infor-
mation Fig. S26). Above results indicated that Gal/IL-15@CaLN
induced effective innate immune responses to inhibit tumor even
in the absence of T cell immunity.

To evaluate the antitumor effects of both innate and adaptive
immune responses induced by Gal/IL-15@CaLN, CT26 tumor-
bearingBALB/c-icmicewere established for antitumor studies. The
tumor growth was significantly inhibited by Gal/IL-15@CaLN in
contrast to other control groups (Fig. 6E and F). The tumors were
collected and weighed on Day 16. It was found that tumor weight in
Gal/IL-15@CaLN group was much lighter than other treatments
(Fig. 6G andH).Obvious lysis and apoptosis were observed in tumor
tissues with Gal/IL-15@CaLN treatment by H&E and TUNEL
staining (Fig. 6I and J). Increased CD49bþ and CD8þ signals were
observed in tumor sections after Gal/IL-15@CaLN therapy, indi-
cating the increased infiltration of NK cells and CD8þ T cells in
tumors (Supporting Information Fig. S27). Gal/IL-15@CaLN
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inhibited 82.4% of the tumor growth in CT26 tumor-bearing BALB/
c-icmice, comparedwith 70.7%of the tumor growth inCT26 tumor-
bearing BALB/c-nu mice. These results indicated that Gal/IL-
15@CaLN showed better tumor growth inhibition in the presence
of adaptive T cell immune responses. Similarly, no significant injury
or inflammation was observed in major organs of mice in all groups
by H&E staining (Supporting Information Fig. S28). And the body
weight of mice was not significantly changed in all groups (Sup-
porting Information Fig. S29).
4. Conclusions

In this study, we have developed self-adaptive aggregate nanoparticle
Gal/IL-15@CaLN to co-deliver galunisertib and IL-15 and enhance
their retention for boosting NK cells. Since the decomposition of
inner CaCO3 nanoparticles was acidity-dependent, the release rate
and amount of Ca2þ was highly associated with pH values. The ag-
gregation of Gal/IL-15@CaLN was activated by Ca2þealginate co-
ordination, hence its aggregation statewas also affected by pH values
and performed a self-adaptive property. This property could facilitate
its aggregation state in normal tissues, TME or even endosomes,
leading to varied retention behaviors and drug release features.
Compared with nanoparticles without aggregative capacity, Gal/IL-
15@CaLN showed higher retention at tumor sites in duration of
over 120 h. Synergistic delivery of galunisertib and IL-15 to tumors
enhanced the infiltration, activation and functions of NK cells both
in vitro and in vivo. On the one hand, IL-15 activated NK cells by
binding IL-15 receptor on cell membrane, which improved the
expression of p-STAT5 and p-mTOR in cells. On the other hand,
galunisertib inhibited p-SMAD2 and suppressed the expression of
TGF-bRI on cell membrane, thus blocking the suppressive effects of
TGF-b. These changes regulated NK cells by promoting expression
of activation receptors including NKG2D and NKp46 and secretion
of granzyme B and perforin. Moreover, the mobilization of NK cells
also facilitated the antitumor immunity of CD8þ T cells. In vivo
antitumor studies showed that NK cell immunity could inhibit CT26
tumor growth without the help of T cells, while more effective anti-
tumor benefits could be achieved by leveraging the synergistic effects
between NK cells and T cells. Our approach reported here might
provide a clinically transformable strategy to enhance cancer
immunotherapy by boosting antitumor NK cell immunity.
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