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KEY WORDS Abstract The immunosuppressive tumor microenvironment (TME) profoundly limits the therapeutic
efficacy of CD8" T cells in solid tumors. While cytokine therapies have shown promise in reactivating

Nano-alumi . . . . L
ano-auminam CDS8™ T cells, they fail to address the common suppressive environmental attributes (e.g., acidosis and

Inti(:i::liinr:-siZ —— Mg?" deficiency) of solid tumors. Here, we report an innovative CD8" T cell dual-functional modulator,
therapy; interleukin-12-tethered nano-aluminum adjuvant (IL12@NAM), which counteracts the acidic TME to

Acidosis alleviation; relieve acidosis and concurrently releases Mg”>™ and IL12. Locally released Mg®™ and IL12

Mg“ supplementation; synergize in T cell infiltration and activation by promoting the phosphorylation of focal adhesion kinase

Cytotoxic T cell and extracellular signal-regulated kinase 1/2, and enhance CD8" T cell activation and functions via the
activation; Ca”"—nuclear factor of activated T cells 2 pathway. Furthermore, dual-functional IL.12@NAM mitigates

CXtOfti(l)XiC_T cell CD8™ T cell exhaustion by reducing PD1 and LAG3 expression and effectively increases the differenti-
infiltration;

ation towards T helper 1 cells while decreasing regulatory T cells, creating a more favorable immune

Cyisimece T el Himminics network for enhanced CD8" T cell-mediated anti-tumor immunity. As a result, ILI2@NAM has
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exhaustion;
Tumor microenvironment

demonstrated potent therapeutic efficacy against advanced melanoma and breast cancer, and remarkably
empowered adoptive T therapy of solid tumors. This study provides a paradigm for empowering cytotoxic

T cells by reactivating and creating a sustainable immunoresponsive environment, offering a potential
adjuvant strategy to enhance solid tumor therapy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

While immune checkpoint blockade and cytokine therapy effec-
tively activate CD8" T cells'?, these therapeutics fail to preserve
their effector functions in cases of tumor acidosis and metal ion
dysregulation®”. Tumor acidosis suppresses CD8" T cell infil-
tration and activity within the tumor microenvironment (TME).
This acidic environment restricts nutrient uptake and promotes
regulatory T cell (Treg) expansion, further driving CD8" T cell
inactivation®. Acidosis also contributes to collagen accumulation
around the tumors and further induces mechanical exhaustion of
CD8™ T cells”®. Furthermore, deficiencies in essential metal ions
(e.g., Mg>", Li™) not only impair the cytotoxicity of CD8" T cells
and hinder lactate utilization as carbon source, but also promote
tumor lactic acid production to exacerbate acidosis’!'. Conse-
quently, tumor acidosis and metal ion imbalance have emerged as
critical environmental factors that govern CD8" T cell recruit-
ment, activation, persistence, and functions within the TME.

Magnesium-aluminum layered double hydroxide NanoAlum
(NA), engineered from clinically used aluminum oxyhydroxide
adjuvant and magnesium hydroxide antacid, has emerged as a
novel immunomodulator for activating CD8" T cells within the
TME'2. With a chemical composition similar to the clinical
antacid Talcid, NA effectively neutralizes excess lactic acid within
the TME for up to two weeks following local injection'®. During
this process, pH is elevated and Mg>" is continuously released
from NA, transitioning the TME from an immunologically ‘cold’
state (where most CD8" T cells are inactive with limited infil-
tration into tumor tissues) to a ‘cold-to-hot intermediate’ state
(where partially activated CD8" T cells infiltrate into tumor tis-
sues)'*. Although tumor acidosis alleviation and Mg supple-
mentation can facilitate CD8" T cell infiltration into tumors, the
absence of T cell-specific immunological stimulation (e.g., che-
mokines, cytokines) continues to hinder the restoration of their
effector functions'*'>. Furthermore, it remains unclear whether
Mg*"-mediated immune stimulation induces CD8" T cell
exhaustion, similar to that observed with pro-inflammatory
cytokines.

Interleukin 12 (IL12) is a promising pro-inflammatory cyto-
kine that powerfully recruits and activates CD8" T cells'®2°. IL12
also selectively recruits and expands adoptively transferred CD8™
T cells within the TME*'. Moreover, IL12 promotes the differ-
entiation of CD4" T cells from T helper 2 (Th2) to Thl effec-
tors!>16 However, severe systemic side effects are also observed
in clinical trials, which greatly hinder the direct application of
IL1222, underscoring the need for local and sustained adminis-
tration. Recent strategies, such as IL12-tethered aluminum oxy-
hydroxide adjuvant®, self-replicating IL12 RNA encapsulated
oncolytic nanoparticles*®, and IL12 messenger RNA encapsulated
extracellular vesicles®®, have successfully confined IL12 delivery
around the TME. Despite these advances in delivery systems to

address the cytokine delivery to immunologically activate T cells,
CD8"' T cells still face the hostile TME featured with tumor
acidosis and metal ion dysregulation, which limits T cell infil-
tration, activation, persistence and functions°.

Herein, we present an IL12-tethered NA (IL12@NAM)
designed for simultaneous environmental and immunological
activation of CD8" T cells within the immunosuppressive TME.
As illustrated in Scheme 1, peritumorally injected IL12@NAM
effectively elevates the pH and Mg?™ supplement in the TME
(environmental) while releasing IL12 (immunological) to activate
and preserve the effector functions of CD8™ T cells. In terms of
mechanism, NAM releases Mg>" to activate the effector functions
of CD8" T cells by enhancing lymphocyte function-associated
antigen 1 (LFA1) mediated signaling, including proximal (focal
adhesion kinase (FAK) phosphorylation) and distal (extracellular
signal-regulated protein kinase 1/2 (ERK1/2) phosphorylation)
activation. Simultaneously, the synergistic effect between Mg>"
and IL12 amplifies CD8" T cell activation and functions via the
Ca*"-nuclear factor of activated T cells 2 (NFAT2) pathway.
Furthermore, IL12@NAM mitigates CD8" T cell exhaustion
through reducing PD1 expression that was caused by the released
IL12 and Mg>", promoting the differentiation of T helper towards
Thl phenotype, and reducing the Treg level. NA functions
not only as a carrier for IL12 delivery but also as an amplifier
that enhances IL12 functions. Our study introduces a new para-
digm in tumor immunotherapy, showcasing the dual-functional
ILI2@NAM as an innovative approach to enviro-
immunologically upregulate CD8" T cell infiltration and
effector functions, not only activating and preserving their cyto-
toxicity but also preventing their inactivation and exhaustion.

2. Methods
2.1. Materials and reagents

Materials and reagents used in this study are listed in Supple-
mentary Tables S1 and S2 with all corresponding details.

2.2.  Cell lines

B16F10 melanoma cells and 4T1 triple negative breast cancer
cells were obtained from American Type Culture Collection
(ATCC) and cultured in RPMI 1640 containing with 10% (v/v) of
fetal bovine serum (FBS) and 1% (v/v) of penicillin—streptomycin
in an incubator at 37 °C with 5% (v/v) of carbon dioxide. CD8" T
cells were obtained from spleens and lymph nodes of female
C57BL/6 mice (6—8 weeks old) and isolated by EasySep Mouse
CD8" T Cell Isolation Kit (#19853, Stem Cell, Canada). CD8" T
cells were cultured and activated in RPMI 1640 containing 10%
(v/v) of FBS, 1% (v/v) of penicillin—streptomycin, 50 pmol/L of
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Scheme 1 ~ Mechanistic illustration of TL12@NAM for promoting CD8™" T cell activation while reducing exhuastion in the TME. (A) Schematic

representation of IL12@NAM preparation and its acid-responsive release of Mg?" and IL12. (B) Following peritumoral injection, IL12@NAM
promotes CD8 ™ T cell infiltration into deep tumor tissues. (C) Released Mg®" enhances CD8™ T cell activation via phosphorylation of FAK and
ERK1/2 while synergizing with the Ca>"—NFAT pathway, leading to augmented T cell activation including CD69 and CD25 and cytotoxic
cytokines release. Additionally, H' neutralization and IL12/Mg>" release alleviate immunosuppression by inhibiting Tregs and promoting Th1
CD4™" T cell differentiation. This further reduces CD8" T cell exhaustion by downregulating PD1 expression.

2-mercaptoethanol, 2 mmol/L of L-glutamine, and 1 mmol/L of
sodium pyruvate with anti CD3/CD28 antibodies.

2.3.  Animals

All animal experiments in this work were performed according to
protocols approved by Animal Care and Use Committee in the
Shenzhen Bay Laboratory, China (SZBL) (officially approved
animal ethics number: AEXZP202302). The female C57BL/6
mice (6—8 weeks old) and female BALB/c mice (6—8 weeks old)
were purchased from Gempharmatech (China) and kept in a
specific pathogen free (SPF), temperature-controlled and light-
cycled animal facility. The OT-1 mice (C57BL/6-Tg(TcraTcrb)
1100Mjb/J ) were purchased from Geneandpeace (China).

2.4.  Animal treatment

Female C57BL/6 mice (6—8 weeks old) were inoculated subcu-
taneously onto the right flanks with 2 x 10° of B16F10 melanoma
cells (suspended in 100 pL saline) at Day 0. The tumors were
measured every two days after Day 6.

The tumor volume was calculated according to Eq. (1):

Volume = 1/2 x Length x Width? 1)

When the tumor reached a volume of 400 mm?, the mice were
peritumorally injected of 200 pL of saline dispersed with the
following indicated formulations per mouse, including: G1: saline,
G2: IL12 (2.5 pg), G3: NAM (1 mg), G4: ILI2@NAM (2.5 ng of
IL12 and 1 mg of NAM). Mice were sacrificed when then tumor
volume reached 1500 mm3, and tumors were collected for further
analysis.

Female BALB/c mice (6—8 weeks old) were inoculated sub-
cutaneously onto the right flanks with 1 x 10° of 4TI cells
(suspended in 100 pL saline) at Day 0. When the tumor volume
reached 200 mm?>, the mice were peritumorally injected of 200 pL
of saline dispersed with indicated formulations per mouse,
including G1: saline, G2: IL12 (2.5 pg), G3: NAM (1 mg), G4:
IL12@NAM (2.5 pg of IL12 and 1 mg of NAM). The tumors were
collected at Day 24 for further analysis.

Female C57BL/6 mice (6—8 weeks old) were inoculated
subcutaneously onto the right flanks with 2 x 10° of BI6F10/OVA
cells (suspended in 100 uL. PBS) to construct B16F10/OVA tumor
mice at day 0. OT- CD8™ T cells were isolated from the spleen
and lymph nodes of OT-I mice and purified by CD8% T cells
magnetic isolation kit. The CD8" T cells were stimulated with
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peptide (OVAss57-264, 40 ng mL~!) for 48 h. When the tumor
volume reached 100 mm?®, mice received treatments in the
following groups. T1: peritumoral injection with saline (200 pL);
T2: mice retro-orbital injection (r.0.i.) with OT-I CD8" T cells
(3 x 10° of cells in 100 pL of saline); T3: peritumoral injection
with NAM (1 mg dispersed in 200 pL of saline) + r.0.i with OT-I
CD8" T cells (3 x 10° of cells in 100 L of saline); T4: peritu-
moral injection with ILI2@NAM (2.5 pg of IL12 and 1 mg of
NAM in 200 pL of saline) + r.0.i with OT-I CD8" T cells (3 x 10°
of cells in 100 pL of saline) per mouse. The tumors were collected
at Day 16 for further analysis.

2.5.  Preparation and characterization of IL12@NAM

NA was synthesized through classical hydrothermal method.
Briefly, 10 mL of mixed salt solution containing MgCl,-6H,O
(0.3 mol/L) and AICl;-9H,0 (0.1 mol L™!) was added to 40 mL
of NaOH (0.2 mol L™") under vigorous stirring for 30 min. The
slurry was then collected via centrifugation (4750xg for 15 min)
and washed twice with 40 mL of deionized water. The slurry was
dispersed with 40 mL of deionized water and hydrothermally
treated at 100 °C for 16 h.

To increase colloidal stability, NA was added dropwise into
mouse serum albumin (MSA) solution and stirred for 30 min to
obtain NAM. The IL12@NA was prepared by adding IL12
dropwise into NA suspension and stirred for 15 min. The
IL12@NA was subsequently added into MSA solution and stirred
at room temperature for another 15 min to obtain IL12@NAM.
The RITC-IL12@NA was obtained by dropwise adding RITC
(Rhodamine B)-labelled IL12 into the NA suspensions and stirring
for 15 min. Then the suspension was subsequently added into
MSA solution and stirred for 15 min to obtain RITC-IL12@NAM.
The MSA:NA mass ratio was fixed at 5:1 and the IL12:NA mass
ratio at 1:400.

To determine the absorption of IL12 onto NA, 1 mL of NA
(2 mg mL™") was dropwise added to 1 mL of IL12 solution
(0.625, 1.25, 2.5, or 5 mg mLfl) under an unltrasound bath for
5 min. Then the mixture was centrifuged at 15,000x g for 10 min
and the concentration of IL12 in the supernatant was detected by a
BCA kit (Yeasen, Shanghai, China). The Langmuir adsorption
model (Qe = QOmCe/(1/K + Ce) was used to estimate the
maximum IL12 adsorption capacity of NA (Ce: equilibration
concentration of IL12 (mg mL™Y), Qe: equilibration amount of
IL12 adsorbed by NA (mg g~'), Qm: maximum monolayer
adsorption amount (mg g~ '), K: adsorption equilibrium constant
(mL mg~") estimated by fitting the adsorption isotherms). Based
on these results, ILI2@NAM was prepared using a similar pro-
cedure at 0.0025 mg (IL12)/mg (NA).

The morphology of NA and IL12@NAM was imaged in a
transmission electron microscopy (TEM, JEOL JEM-F200,
Japan). The element composition of NA and IL12@NAM was
determined using inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 720 ES, USA). The X-ray diffraction pattern
was recorded in Oxford Diffraction Gemini Ultra dual source
CCD diffractometer (UK). The size and the zeta potential of NA,
NAM and IL12@NAM was determined by dynamic light scat-
tering (Malvern Instrument, USA).

2.6. pH detection

To detect the pH of NA solution, the NA was diluted with
deionized water to the concentration ranging from 0 to 1000 pg

mL~!. To analyse the resistance of NA to acidification, the
BI6F10 cells (3 x 10° of cells per well) were seeded in a 12 well
plate with 2 mL of culture medium in each well. The concentra-
tion of NAM was adjusted to 200 pg mL™' in medium. The
culture medium was collected every 12 h for 2 days and centri-
fuged at 800xg for 5 min to remove the cells. The pH was
detected using a pH meter (OHAUS Starer 5000, USA).

2.7. Mngr and IL12 release from ILI12@NAM

To assess the release of Mg®" and IL12 from ILI2@NAM in
buffers with different pH (5.4, 6.4 and 7.4), IL12@NAM was
diluted to 100 pg mL ™" in PBS at room temperature. The released
Mg>" and IL12 in the supernatant was collected at different time
points. The collected supernatant was centrifuged at 15,000x g for
15 min to remove any IL12@NAM. The Mg>" concentration was
determined using ICP-MS (Agilent 720 ES, USA) and the IL12
concentration by Mouse IL12p70 enzyme-linked immunosorbent
assay (ELISA) kit (SEKM-0013, Solarbio, China).

2.8.  Analysis of distribution and clearance of peritumorally
injected ILI2@NAM in vivo

Cy5-ILI2@NAM (200 pL, 2.5 pg of IL12 and 1 mg of NAM),
Cy5-IL12 (200 pL, 2.5 pg of 1L12) or saline was peritumorally
injected into mice when the tumors reached ~400 mm?>. The mice
were imaged by in vivo Imaging System (IVIS Spectrum, USA)
within 6 days to observe the fluorescence intensity in tumor areas.
The ex vivo fluorescence images of the major organs and tumors
were also recorded. The tumors were further sectioned for ana-
lysing the distribution of IL12 in the tumor tissue through fluo-
rescence imaging in Olympus VS200 (EVIDENT, Japan).

NAM (200 pL, 1 mg per mouse) was peritumorally injected
into melanoma mice when the tumors reached ~400 mm®. The
tumor tissues were collected at Days 1 and 6 after treatment and
dissolved with aqua regia for 24 h to fully lyse the tissues. The
concentration of Mg>" in the tumor lysis was analyzed using ICP-
MS (Agilent 720 ES, USA).

2.9.  Analysis of pH in tumor tissues post injection

To assess the acid-buffering capacity of ILI2@NAM in vivo,
B16F10 tumor-bearing mice (~400 mm?®) were peritumorally
injected with 200 pL of saline containing 1 mg of IL12@NAM.
After 24 h, mice were intravenously injected with SNARF-1
(250 pg kg !, dissolved in 200 uL saline). At 30 min post in-
jection, tumors were harvested, bisected, and subjected to fluo-
rescence imaging using in vivo Imaging System. The pH values of
all tumor tissues were determined from the radiometric emission
of SNARF-1 at 580 and 640 nm.

2.10.  Analysis of side effects in vivo

To assess the side effects of IL1I2@NAM in mice, the blood
samples were collected at Day 4 after the peritumoral injection.
The sera were collected from blood samples by resting at room
temperature for 2 h and centrifuging at 2500x g for 20 min. The
cytokines in the serum were quantified by the LegendPlex Mouse
Inflammation Panel and analyzed by flow cytometry (Cytoflex,
USA). The hematology analysis of blood samples was conducted
in Auto Hematology Analyzer (Mindray, Shenzhen, BC-5000,
China) including white blood cells and red blood cells. The
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biochemistry analysis of serum samples was performed in Clinical
Chemistry Analyzer (Mindray, BS-240, China) including aspartate
aminotransferase (AST) and alanine aminotransferase (ALT).

2.11.  Analysis of tumor infiltration of immune cells in vivo

The tumor tissues were collected post treatment with IL12, NAM
and IL12@NAM. The tumors and spleens were cut into pieces of
~5 mm in size and digested in RPIM 1640 medium with 5% (v/v)
of FBS, 0.5 mg mL™' of Collagenase IV, and 100 IU/mL of
Dnasel at 37 °C for 1 h for single cell dissociation. The red blood
cells were removed using the red blood cell lysis buffer for 5 min.
The tumor cell suspension was strained via a 70-um cell sieve and
stained with fluorescence-labelled anti-mouse antibodies to anal-
yse the level of immune cells in tumor tissues. The cells were
analyzed through flow cytometry (CytoFlex LX, Beckman and
Auroroa, USA).

The spleen tissues were collected post treatment. The spleen
cell suspension was stimulated with TRP2 (40 pg mL™") in an
incubator at 37 °C with 5% (v/v) of carbon dioxide for 48 h. The
cells were stained with fluorescence-labelled anti-mouse anti-
bodies and analyzed through flow cytometry (CytoFlex LX,
Beckman and Auroroa, USA).

2.12.  Tissue immunofluorescence and immunocytochemistry
analysis

The tumors in melanoma mice were collected at 4 days post
treatment. Tissues were fixed in 10% paraformaldehyde and
embedded in paraffin for sectioning. The CDS8 fluorescence
staining was conducted to analyse the immune infiltration in
tumors. The TUNEL staining was performed to assess the tumor
apoptosis. The hematoxylin an eosin (H&E) staining was
performed to assess the tissue morphology in major organs. The
IFN-v staining was conducted to analyse the cytokine expression
in tumors. The histological analysis was performed using Imgae J
software.

2.13.  Calcium flux analysis

The CD8™ T cells were isolated from mouse spleens and lymph
modes and purified using the magnetic isolation kit. The CD8" T
cells were stained with Fluo-4 dyes at the concentration of 4 pmol/
L for 30 min at 37 °C. The cells were washed twice and diluted
into 1 x 10° cell mL ™" in PBS. The cells were collected to analyse
the Fluo-4 signal for 30 s as the baseline. The CD8" T cells were
then stimulated with anti CD3/CD28 and IL12@NAM for 3 s, and
their Fluo-4 signal was recorded for another 270 s.

2.14.  Activation, exhaustion and gene expression analysis of
CD8*' T cells

The CD8* T cells were isolated from mouse spleens and lymph
modes and monitored by flow cytometry. The CD8" T cells were
seeded in the CD3/28 antibodies pre-coated 96 well plate. The
IL12@NAM (100 pg mL ") was added and cultured for 8 h. The
CD25, CD69, p-ERK1/2 and p-FAK expression of cells were
measured.

For exhaustion analysis, the CD8" T cells were stimulated in
the CD3/CD28 antibodies pre-coated 96 well plate for 2 days.
Then IL12@NAM (100 pg mL ") was added and cultured for

another 3 days. The PD1 and LAG3 expression of cells were
measured every day for 5 days.

For gene expression analysis, the CD8" T cells were stimu-
lated in the CD3/CD28 antibodies pre-coated 96 well plate for
48 h and then cocultured with ILI2@NAM (100 pg mL ") for 3
days. The gene expression of these T cells was analyzed using
qPCR (QuantStudio 5.0, Thermo Fisher, USA). The primer se-
quences are listed in Supporting Information Table S3.

2.15.  Statistical analysis

Data are presented as the mean =+ standard error of the mean
(SEM) based on at least triplicate experiments. The means were
analyzed by one-way or two-way analysis of variance as indi-
cated, followed by multiple comparisons using Tukey’s test within
the Prism software package (Prism 10.2.1; GraphPad Software,
USA, 2024).

3. Results and discussion
3.1.  Characteristics of ILI12@NA

The TEM image shows that NA hydrothermally reengineered
from the mixture of AIOOH and Mg(OH), at an initial molar ratio
of 3:1 exhibited typical hexagonal morphology, with elements Mg,
Al and O evenly distributed in the layers (Fig. 1A)">. The X-ray
diffraction pattern confirms its layered crystal structure (evidenced
by the characteristic 003, 006, 009, 110 and 113 peaks; Fig. 1B),
and the Mg/Al molar ratio of NA was 2.94 as determined by ICP-
MS. These results indicate that the successful crystal recombina-
tion of AIOOH and Mg(OH), and formation of layered NA. To
prepare IL12@NAM, IL12 was loaded onto the NA surface first
through electrostatic adsorption and the outstanding protein
adsorption capacity ensures the complete loading of IL12
(Supporting Information Fig. S1). Then MSA was then adsorbed
to coat positively charged NA to maintain colloidal stability.
Surface coating with IL12 and albumin did not change the
morphology, crystal structure and element distribution of NA
(Fig. 1C and D). However, the surface charge decreased from
42.0 = 0.9 mV of NA to 40.0 + 1.8 mV of ILI2@NA (IL12:NA
mass ratio of 0.25:100) after IL12 loading (Fig. 1D), indicating
that a small portion of the positively charged surface of NA was
occupied by IL12%7. Meanwhile, the particle size increased from
66.6 £ 0.1 nm of NA to 116.1 £ 0.7 nm of ILI2@NA (Fig. 1D).
When the positively charged surface of IL12@NA was coated
with negatively charged MSA (IL12@NAM), the particle size of
IL12@NAM slightly decreased to 103.3 4+ 1.8 nm and the zeta
potential further decreased to —16.4 + 0.3 mV (Fig. 1D). The
adsorption of MSA significantly increased the stability of
IL12@NAM by preventing the potential bridge-linking effect
between particles. As a result, the resultant IL12@NAM exhibited
excellent dispersity in culture medium containing 10% of FBS for
24 h, compared to ILI2@NA (Fig. 1E).

NA inherits the weak alkalinity from the Mg-based layered
structure (e.g., Mg(OH),), where partial hydrolysis of Mg”—
containing hydroxide layers results in OH ™ release (e.g., Mg(OH),
— Mg*" + 20H"). Thus, the pH of IL12@NA solution increased
in a concentration-dependent manner and reached 9—10 at
50—200 pg mL ™' (Supporting Information Fig. S2). Subse-
quently, the incubation of ILI2@NAM (200 pg mL™') with
B16F10 cells elevated the culture medium pH by 0.3—0.4 unit
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Figure 1  Characteristics of prepared ILI2@NAM. (A) TEM image and element mapping of NAM in energy dispersive X-ray spectroscopy. (B)

XRD pattern of NA. (C) TEM image and element mapping of ILI2@NAM. (D) Particle size distribution and zeta potential of NA-based samples.
(E) Colloidal stability of ILI2Z@NAM and IL12@NA in culture medium supplemented with 10% of FBS was monitored by the average particle
size and PDI over 24 h. (F) pH variations of culture media in 24-well plates seeded with B16F10 cells in the presence or absence of ILI12@NAM.
(G) Mg2+ release profile of IL12@NAM determined using ICP-MS. (H) IL12 releases profile of ILI2@NAM determined using ELISA, n = 3

wells in (D—H). Data are presented as the mean + SEM.

after 36—48 h incubation (Fig. 1F), suggesting IL12@NAM
effectively neutralized the lactic acid produced by tumor cells.
To test the release of Mg®" and IL12 during the acid neutraliza-
tion, IL12@NAM was dispersed in buffers that mimic the pH of
TME (6.4) and lysosome (5.4), respectively. The release of Mg>*
in pH 7.4 buffer within 2 h was only 6.5%, mainly resulting from
the spontaneous hydrolysis of NA (Fig. 1G). This process was
significantly enhanced in acidic buffers, as 13.2% and 17.2% of
total Mg>" was burst released within the first 2 h in pH 6.4 and 5.4
buffers and then maintained almost unchanged due to the reach of
dissolution-precipitation balance (Fig. 1G). Similarly, release of
IL12 was largely associated with the dissolution of NA. Under
physiological conditions (pH 7.4), an ignorable amount of IL12
(<2%) was released from IL12@NAM after 24 h. In sharp
contrast, IL12 was sustainably released from IL12@NAM in the
acidic buffers, as around 8% and 17% was detected in pH 6.4 and
5.4 buffers for 24 h, respectively (Fig. 1H and Supporting
Information Fig. S3). Moreover, the treatment of IL12@NAM
significantly elevated CD8" T cell-mediated cytotoxicity against
tumor cells by enhanced CD8™ T cells activation, compared with
IL124+-NAM prepared by simply mixing NAM with free IL12
(Supporting Information Fig. S4). This is because less IL12 could
be adsorbed onto the negatively charged surface of MSA-coated
NAM after simple mixing. Collectively, IL12@NAM showcases

promising potential in neutralizing acidic TME while responsively
supplementing Mg>" and IL12 to improve the killing efficiency of
CD8" T cells.

3.2.  Biocompatible IL12@NAM neutralizes acid in the TME
and supplements Mg** and IL12

To evaluate the accumulation and retention as well as Mg®" and
IL12 supplement in the TME, IL12@NAM was administered
peritumorally to advanced (~400 mm?®) B16F10 tumor-bearing
mice. The in vivo fluorescence monitoring revealed that the fluo-
rescence of Cy5-IL12@NAM gradually decreased but remained
strong around tumor tissues over 6 days. In contrast, free Cy5-
IL12 rapidly disappeared from tumor tissue and was very weak
at Day 3 (Fig. 2A and B, Supporting Information Fig. S5A). The
ex vivo fluorescence imaging further showed that IL12@NAM
remained at tumor tissues even after 6 days of peritumoral in-
jection, but with minimal accumulation observed in the liver
(Fig. 2C and D, Fig. S5B and S5C). Importantly, the acidic tumor
pH was elevated to the physiological level at 24 h following
peritumoral injection of ILI2@NAM (Fig. 2E and F). During this
period, Mg?" and IL12 were released from ILI2@NAM due to
the dissolution of NA. Approximately 38% of the injected Mg>*
(in both ionic and particulate forms) was detected in tumor tissues
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IL12 or ILI2@NAM (IL12 labelled with Cy5). The retention of ILI2@NAM around the tumor tissues was monitored using the in vivo Imaging
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mice treated with free IL12 or IL12@NAM (IL12 labelled with Cy5) collected at Day 6 post-injection. (D) Digitalized data of the fluorescence
intensity in (C). (E) SNARF-1 fluorescence images (read at 580 and 640 nm) of tumors treated with IL12@NAM for 24 h. (F) The estimated pH
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at 24 h post-injection, which was decreased to 6% after 6 days
(Fig. 2G), in consistent with the in vivo and ex vivo fluorescence
images (Fig. 2A—D). This indicates that IL12@NAM continu-
ously stayed and infiltrated in tumor tissues and was gradually
consumed over time. Furthermore, free IL12 was found to rapidly
dissipate from tumor tissues, whereas IL12 delivered by
IL12@NAM effectively infiltrated into solid tumors, distributing
evenly across both the tumor margin and central region (Fig. 2H).

On this basis, the biosafety of ILI2@NAM was assessed in
B16F10 melanoma-bearing mice. Given the inflammatory toxicity
associated with IL12 in clinical applications, serum cytokine
levels were analyzed®. Peritumoral injection of IL12 alone
significantly elevated serum inflammatory cytokines, including
IFN-v (a direct downstream molecule of IL12)***%, IL6, ILla,
and IL16. In contrast, the controlled release of IL12 around the
tumors via IL12@NAM dramatically reduced the serum IFN-vy
level (Supporting Information Fig. S6). Moreover, peritumoral
injection of free IL12 led to an increase in serum levels of AST
and ALT, both of which are hallmarks of hepatotoxicity. By
comparison, the serum levels of AST and ALT in ILI2@NAM-
treated mice were comparable to those in saline-treated mice
(Supporting Information Fig. S7). Notably, treatment with
ILI2@NAM significantly prevented IL12-induced lymphope-
nia*®. Complete blood count analysis showed that levels of white
blood cells, lymphocytes, neutrophils, eosinophils, and monocytes
remained within the normal range in ILI2@NAM treated group
(Supporting  Information Fig. S8A—S8E).  Additionally,
IL12@NAM treatment restored the level of red blood cells and
neutrophils to the normal range, counteracting the decrease caused
by cancer cells (Fig. S8F)*'*2. Further analysis using H&E
staining of the major organs (kidney, lung, spleen, liver and heart)
revealed no significant pathological abnormalities in IL12@NAM
treated mice (Supporting Information Fig. S9). Correspondingly,
no body weight loss was observed in the IL12@NAM-treated
group (Supporting Information Fig. S10). Collectively, these re-
sults demonstrate that IL1I2@NAM is a highly biosafe agent for
the local delivery of IL12 for solid tumor therapy.

3.3.  ILI2@NAM recruits and activates CD8" T cells

To determine the optimal mass ratio of IL12: NA, CD8" T cell
mediated cytotoxicity assay against the tumor was performed
in vitro using a range of IL12: NA mass ratios (1: 200, 1: 400, and
1: 800). The data revealed that ILI2@NAM at 1: 400 induced the
highest tumor-killing activity (Supporting Information Fig. S11).
Moreover, IL12@NAM at 1: 400 exhibited the lowest PDI1
expression, leading to reduced exhaustion. Therefore, 1: 400 is the
most effective ratio for enhancing T cell cytotoxic activity.
Peritumorally supplemented Mg and IL12 by ILI2@NAM
have been observed to significantly enhance the recruitment and
activation of CD8™ T cells within the TME. A single peritumoral
injection of free IL12 to advanced (~400 mm?>) B16F10 tumor-
bearing mice did not obviously increase the level of CD8" T
cells in tumor tissues (G2) compared to the saline treatment group
(G1) (Fig. 3A and Supporting Information Fig. S12). In stark
contrast, a single injection of ILI2@NAM (G4) significantly
increased the level of CD8™ T cells in tumors, reaching approx-
imately 2.0—2.6 times that observed in saline- or free IL12-treated
groups (Fig. 3A). The level of chemokine CXCL9 (facilitates
CD8" T cell recruitment)™®?> was observed the highest in
IL12@NAM treated tumors, which was around 3 times that in
IL12 or NAM treated tumors (Supporting Information Fig. S13).

Therefore, IL12@NAM demonstrated superior efficacy in
recruiting CD8™ T cells from around and the tumor edge into
deeper tissues compared to IL12 or NAM treatment alone
(Fig. 3B). At the same time, IL12@NAM treatment led to a sig-
nificant increase in the levels of perforin and granzyme B in CD8 ™"
T cells (CD8" Perforin™ and CD8" Granzyme™ T cells) (Fig. 3C
and D, Supporting Information Fig. S14). Notably, among the
CD8* T cells recruited in tumor tissues, the level of memory
effector CD8" T cells (CD8" CD44" CD62L™ T cells) was the
highest in IL12@NAM treatment group, being around 2.1—2.3
times that treated with free IL12 or NAM (Fig. 3E and Supporting
Information Fig. S15).

The enhanced CD8" T cell recruitment and activation are
largely attributed to the synergistic immunomodulation between
Mg*" and IL12. In NAM- or ILI2@NAM-treated CD8" T cells,
the released Mg>™ was observed to participate in downstream
FAK (proximal signal) and ERK1/2 (distal signal) phosphoryla-
tion, following the interaction between Mg>" and LFA1 (Fig. 3F
and G, Supporting Information Fig. $16)*. In sharp contrast, IL12
treatment alone did not change the phosphorylation of FAK and
ERK1/2, while free Mg2+ (concentration similar to that in NAM,
G5) only increased the phosphorylation of FAK (Fig. 3F and G,
Fig. S16). As a result, effective activation of CD8" T cells was
observed in groups treated with NAM and IL12@NAM, especially
the levels of CD69 (an early activation marker) and CD25 (a late
activation marker) being 2.3—3.0 times that in cells treated with
saline (Fig. 3H and I, Supporting Information Fig. S17). This
activation is primarily attributed to the supplied Mg>" rather than
IL12, as the expression of CD69 and CD25 in CD8" T cells
treated with IL12 was nearly identical to that in cells treated with
saline.

Benefiting from the same charge in the replacement of Ca>" in
endoplasmic reticulum (ER) by Mg®*%’, addition of Mg>" in free
form or by hydrolysis from NAM rather than IL12 was observed
to increase the ER Ca" release in CD8™ T cells (Fig. 3J), thereby
contributing to activation of the Ca> —NFAT pathway>**.
Increased cytoplasm Ca®™ in both IL12 and NAM-treated CD8™ T
cells slightly elevated the expression of Nfatcl (encodes NFAT2
and controls the cytotoxicity and memory differentiation of
CD8" T cells)***!, compared with that in saline-treated group
(Fig. 3K). Excitedly, the synergy between Mg”>"-mediated ER
Ca®>" release and IL12 significantly increased the expression
NFATc1 in CD8™ T cells to 3.6 times that in saline-treated group
(Fig. 3K). As a result, dramatical increase of Ifn-y expression (3.7
times that in saline-treated group) was observed in CD8" T cells
treated with IL12@NAM due to potent activation of the Ca®"—
NFAT pathway (Fig. 3L). Collectively, the synergy between Mg* "
and IL12 effectively recruits CD8" T cells to filtrate into solid
tumors and promotes their activation, cytotoxicity and memory
differentiation (Fig. 3M).

34. ILI2@NAM reduces CD8" T cell exhaustion

Continuous exposure to anti-CD3/CD28 stimulation was observed
to elevate the expression of PD1, an early exhaustion marker in
CD8* T cells (Supporting Information Fig. SIS8A and S18B). As
shown in Fig. 4A, both IL12 and NAM treatments effectively
reduced PD1 expression in CD8" T cells*>. IL12 treatment
significantly increased the expression of LAG3, a marker associ-
ated with late T cell exhaustion (Fig. 4B and Fig. S18C)*. In
sharp contrast, NAM treatment markedly decreased LAG3
expression in CD8™ T cells (Fig. 4B). Consequently, an overall
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analysis of CD8" T cell exhaustion revealed that ILI2@NAM
effectively reduced the proportion of late-exhausted CD8" T
cells (PD1*/~ LAG3") in comparison with IL12 treatment, i.e.
from 61.9% in the IL12-treated group to 41.2% in the
IL12@NAM-treated group (Fig. 4C and Supporting Information
Fig. S19).

Interestingly, the normalization of tumor pH, combined with
continuous IL12 supplementation, significantly reshaped the

CD4" T cell populations within the TME, further contributing to
the alleviation of CD8" T cell exhaustion. Both ILI12 and
IL12@NAM treatments notably increased the total proportion of
CD4" T cells in tumors (Fig. 4D and Supporting Information
Fig. S20). Specifically, the proportions of activated CD4" T
cells (CD4" CD69" CD257) in IL12-and IL12@NAM-treated
cells were 1.9 to 2.5 times that in saline-treated group (Fig. 4E
and Supporting Information Fig. S21). Moreover, IL12@NAM
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Figure4 ILI2@NAM remodels the T cell immunity in TME. CD8™" T cells or tumors were treated as follows: G1, saline; G2, IL12; G3, NAM;
G4, ILI2@NAM. (A, B) The expression level of PD1 (A) and LAG3 (B) in CD8™" T cells after ex vivo treatment along with anti CD3/CD28 over
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CD3"(D), activated CD4" T cells (gating on CD69"CD25 in CD4") (E), Thl cells (gating on T-BET" in CD4") (F) and Tregs (gating on

FoxP3* in CD4™) (G) in tumors from tumor-bearing mice, measured by flow cytometry. (H) The PD1 expression in CD8™ T cells of tumor tissues

analyzed by flow cytometry. (I) The level of TNF-« in tumors at the indicated times measured by ELISA (n = 5 mice per group in (D—1)). (J) Ifn-

v expression by CD8" T cells after 72 h ex vivo treatment measured by qPCR (n
5 mice per group). Scale bar

measured by immunohistochemistry (L) and quantification (K) (n

3 wells per group). (K, L) The level of IFN-v in tumors
100 um. Data are presented as the

mean = SEM. The P values were analyzed by one-way analysis of variance, followed by multiple comparisons using Tukey’s test.

most effectively promoted the differentiation of T helper 1 (Thl)
cells (CD4% T-BET™) (Fig. 4F and Fig. S21). Concurrently, the
level of Tregs (CD4" FoxP3") was the lowest in ILI2@NAM-
treated tumors, likely due to the neutralization of the acidic
TME by NAM and IL12 effects (Fig. 4G and Supporting Infor-
mation Fig. $22)'*'>. As a result, the level of CD8" PD1" T cells
was the lowest in IL12@NAM-treated tumors (Fig. 4H and Sup-
porting Information Fig. S23). Meanwhile, IL12@NAM treatment

significantly elevated the levels of pro-inflammatory cytokines in
the TME (Fig. 41-L). Collectively, the pro-inflammatory effects
of IL12, combined with the tumor pH neutralization capacity of
NAM, eftectively increased the proportion of Thl cells, which is
essential for promoting CD8™ T cell survival, memory response,
tumor localization and cytotoxicity**. Simultaneously, this com-
bination also reduced the level of Tregs, thus reducing CD8" T
cell exhaustion*’. In addition, ILI2@NAM also functioned as an
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in-situ vaccine adjuvant, capturing tumor antigens released from
dying tumor cells. The increased natural killer (NK) cell infiltra-
tion within the tumor suggests an effective early antitumor
response mediated by innate immunity (Supporting Information
Fig. S24A). Together with the tumor killing by CD8" T cells,
the released tumor antigens from the dead tumor cells induced
robust dendritic cell activation in tumor-draining lymph nodes and
the generation of Trp2-specific CD8™ T cells in the splenocytes of
mice treated peritumorally with IL12@NAM (Fig. S24B and
S24C). Thus, beyond directly activating CDST T cells,
ILI2@NAM effectively remodels the CD41 T cell populations
within the TME, creating a favorable immunological milieu to
empower the functions of CD8" T effector cells.

3.5.  ILI2@NAM directly inhibits the progression of advanced
solid tumors

To further evaluate whether IL12@NAM effectively enhances the
suppression of solid tumors by activating CD8 " T cells and mitigating
their exhaustion, advanced ( ~400 mm®) B16F10 melanoma-bearing
mice were established and treated with IL12@NAM via peritumoral
injection (Fig. 5A). Notably, mice treated with saline had to be
euthanized at Day 16 as their tumor volumes exceeded 1500 mm?>. At
this time point, the tumor suppression efficiency in mice treated with
IL12@NAM was approximately 68%, which was significantly higher
than 33% observed with IL12 treatment and 50% with NAM treat-
ment (Fig. 5B and C). The superior tumor suppression efficiency
observed with NAM, compared to IL12, is largely attributed to the
prolonged retention of NAM for neutralization of the excess acid
within tumor tissues, whereas free IL12 is rapidly cleared from the
tumor site and/or degraded. By contrast, the combination of IL.12 and
NAM in IL12@NAM enabled sustained tumor growth inhibition, as
the excess acid was neutralized (Fig. 2F) and the IL12 was sustainably
released (Fig. 2H) within tumor tissues. Consistently, the terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assay demonstrated that IL12@NAM treatment significantly
enhanced apoptosis in tumor tissues, especially in the core region
(Fig. 5D). This finding suggests that IL12@NAM effectively recruits
and activates CD8™ T cells to target and eliminate tumor cells in the
deeper region of the tumor tissues.

Moreover, the therapeutic efficacy of IL12@NAM in miti-
gating tumor metastasis was further evaluated using a 4T1 breast
cancer mouse model, with peritumoral injection of the indicated
formulations to advanced (~250 mm?®) solid tumors (Fig. SE).
Similarly, IL12@NAM exhibited potent tumor suppression,
achieving a 54% inhibition at Day 24. In stark contrast, tumor
suppression achieved by IL12 and NAM treatment was only 19%
and 34%, respectively (Fig. 5SF and G). Consistently, the superior
control of tumor progression by IL12@NAM significantly delayed
tumor metastasis, as evidenced by fewer tumor nodules in the
lungs (Fig. S5H). In summary, peritumoral injection of
IL12@NAM is very potent in effectively inhibiting primary solid
tumor growth and preventing potential tumor metastasis, but its
application in hematological malignancies without the tumor
microenvironment may not be possible.

3.6. ILI2@NAM amplifies the therapeutic efficacy of adoptive T
cells

To assess the in vivo fate of adoptively transferred T cells, DiR-
labelled CD8" T cells were administered into B16F10 tumor-
bearing mice (~ 100 mm?). At Day 3 post injection, the ex vivo

fluorescence images proved a significantly elevated fluorescence
signal of tumor tissues, indicating successful infiltration and
retention of transferred T cells in the TME (Supporting Infor-
mation Fig. S25). To assess whether IL12@NAM-mediated CD8™*
T cell recruitment and activation in the TME improve adoptive
cell therapy, OT-I CD8" T cells, which specifically recognize
OVA, were transfused via retro-orbital injection into B16F10-
OVA-bearing mice that were pre-treated 1 day early with peri-
tumorally injection of the indicated formulations (Fig. 6A). This
process was repeated once 4 days later. Treatment with OT-I
CD8* T cells alone slightly inhibited tumor growth, achieving a
tumor suppression efficiency of only 18% at Day 16 (Fig. 6B and
C). In contrast, the combination of OT-I T cell transfusion and
peritumoral NAM treatment resulted in a higher tumor suppres-
sion (56%) (Fig. 6B and C), again demonstrating the contribution
of excess acid neutralization in the TME to T cell therapy.
Excitedly, together with OT-1 CD8" T cells, ILI2@NAM, which
combined the advantages of IL12 and NAM, significantly
inhibited the progression of B16F10-OVA tumors, achieving a
tumor suppression up to 90% at Day 16 (Fig. 6B and C).
Importantly, no significant body weight loss was observed in the
combination therapy group (Supporting Information Fig. S26).
The immunological analysis revealed that peritumoral admin-
istration of IL12@NAM significantly increased the infiltration of
both CD8" and CD4" T cells within the TME (Fig. 6D). Spe-
cifically, peritumoral treatment with IL12@NAM dramatically
elevated the level of CD8" T cells in tumors to 21.1% from 2.4%
with OT-I transfusion alone and 7.2% with NAM treatment
(Fig. 6E and Supporting Information Fig. S27), suggesting that
IL12 and NAM synergistically recruited CD8" T cells into solid
tumors. Moreover, IL12@NAM most efficiently enhanced CD8™"
T cell proliferation (Ki67" CD8* T cells) (Fig. 6F and Supporting
Information Fig. S28). In consistence with previous findings,
IL12@NAM not only increased the cytotoxicity of CD8™ T cells,
reflected by elevated levels of Perforin®™, Granzyme B¥, and IFN-
vyt CD8" T cells (Fig. 6G—I and Supporting Information
Fig. S29), but also reduced their exhaustion, as evidenced by
decreased expression of PD1 (Fig. 6J—L and Supporting Infor-
mation Fig. S30). The increased proliferation of CD4" T cells
(Ki67" in CD4™) within the tumor likely supported CD8" T cell
responses (Supporting Information Fig. S31). Furthermore, the
elevated population of effector CD8" T cells (CD44"CD62™ in
CD8™) and the higher proportion of MHCII DCs (IA-IE"H2Kb™
in CD457CDI11c") in tumor-draining lymph nodes (tdLNs) indi-
cate enhanced antigen presentation and more efficient effector
differentiation (Supporting Information Fig. S32). Collectively,
these findings demonstrate that IL12@NAM creates a favorable
microenvironment for the recruitment, activation, enhanced
cytotoxicity and decreased exhaustion of OT-I1 CD8" T cells,
thereby effectively controlling the progression of solid tumors.
In summary, ILI2@NAM has elegantly combined the envi-
ronmental and immunological modulation to synergically
empower T cells in the TME. The former modulation involves the
neutralization of excess acid and relieves the notorious acidosis,
preparing an immunoresponsive environment to well maintain the
functions of infiltrated T cells (e.g., activation, proliferation, and
cytotoxicity). The latter modulation stimulates infiltration and
activation of CD8" and CD4™ T cells in the TME by sustainably
providing Mg?" and IL12*°. Complementarily, the environmental
modulation mitigates CD8" T cell exhaustion that is often induced
by directly supplied IL12, but both modulations together effec-
tively increase the Thl cell population and decrease regulatory T
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Figure 5

IL12@NAM treatment directly inhibits melanoma and breast cancer progression. Tumor-bearing mice were treated as follows: saline;

IL12; NAM; IL12@NAM. (A) Schematic illustration of the therapeutic procedure of B16F10 melanoma mice. (B, C) The average (B) and

individual (C) volume of melanoma was measured every two days (n = 7 or 8 mice per group). (D) TUNEL staining of melanoma tumors. Scale

bar = 2 mm. (E) Schematic illustration of the therapeutic procedure of 4T1 breast cancer mice. (F, G) The average (F) and individual (G) volume

of breast cancer were measured every two days (n = 7 mice per group). (H) H&E staining of lungs collected at Day 24 for analyzing tumor

metastasis. Scale bar = 2 mm. Data are presented as the mean + SEM. The P values were analyzed by two-way analysis of variance, followed by

multiple comparisons using Tukey’s test.

cells. Therefore, IL12@NAM treatment restores a more favorable
immune microenvironment and network for enhanced CD8" T
cell-mediated anti-tumor immunity. Such an investigation is

TME**8,  or

different from other studies that focus on either augmenting the
abundance and activity of anti-tumor immune cells to alleviate
immunosuppressive

normalizing the TME
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physicochemical properties (low pH and hypoxia)'***°. This is 4. Conclusions

why dual-functional IL12@NAM effectively bolsters the re-

sponses of T cells, thus holding significant potential to transform TME significantly impedes the efficacy of T cell-based therapies
the therapeutic landscape for solid tumors. due to factors like acidosis and nutrient metal ion imbalance. In
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this study, we developed IL12@NAM to enhance T cell effector
function within the immunosuppressive TME. Peritumorally
injected IL1I2@NAM were mostly retained at the injection site,
which gradually diffused into tumor tissues, neutralizing excess
acid and releasing IL12 and Mg”". Different from conventional
IL12 delivery systems, NAM used in this study not only delivered
and maintained IL12 within the tumor tissues for a long time but
also normalized the immunosuppressive factors, such as acidosis
and Mg?" deficiency, that inactivate CD8" T cell function. First,
the supplemented Mg promoted CD8™ T cell activation via the
LFA1—NFAT?2 pathway. Then, the gradually released IL12 from
IL12@NAM further amplified the NFAT2-mediated activation
process in CD8" T cells. The synergy between Mg>™ and IL12
activates and ensures sufficient cytotoxic CD8" T cells in tumor
tissues. Moreover, neutralization of excess acid in tumor tissues by
NAM significantly decreased the Treg level and promoted Thl
polarization of CD4" T cells, which greatly alleviated the inac-
tivation of the activated CD8" T cells. Meanwhile, intracellularly
released IL12 also decreased the expression of PD1 and LAG3 in
CD8" T cells and reduced their exhaustion. Thus, the anti-acid
and Mg>" supplementation of NAM enables it to create a favor-
able microenvironment to maintain the effector function of CD8*
T cells. As a result, ILI2@NAM significantly improved cyto-
toxicity of CD8" T cells that are inherently reside in the tumor
tissues or enter from the peripheral blood, being an ideal candidate
for cancer adjuvant therapy. This will be further benefited from the
combination of ILI2@NAM and clinical tumor ablation tech-
niques, which enable direct, high-dose, multi-site injection of
IL12@NAM into deep-seated tumors at once or a few times to
achieve local delivery and amplify therapeutic efficacy. Despite
this, the application of IL12@NAM for hematological malig-
nancies may be achieved by using it for in vitro adoptive T cell
expansion or in vivo T cell immune modulation through appro-
priate particle modification. Nevertheless, the designed
IL12@NAM in this study presents a novel paradigm for effective
and safe cytokine-based tumor T cell therapy.
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