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αPD-1-conjugated acid-cleavable nanodrugs
overcomes cellular immunotherapy barriers
in pancreatic tumors

Ziqi Gan 1,2,5 , Jing Huang1,3,4,5, Shuting Duan1,5, Minzhao Lin3, Shaohui Deng3,
Sicong Huang3, Jiachen Wang3, Xintao Shuai 1 & Zecong Xiao 1

Overcoming barriers in solid tumor immunotherapy remains challenging, with
adoptive T cell therapies limited by antigen loss, poor tumor infiltration, and T
cell exhaustion. Here, we present a nanoengineered tumor-infiltrating lym-
phocyte (TIL) therapy using anti-PD-1 antibody (αPD-1)-conjugated ZIF-8
nanoparticles to effectively suppress pancreatic tumor growth. These nano-
particles release hyaluronidase (HAase) and decitabine (DEC) in acidic tumor
microenvironments, promoting stroma degradation and C–C motif chemo-
kine ligand 5 (CCL5) secretion, while retaining αPD-1 on TILs to prevent
exhaustion. CCL5 recruits additional nanodrug-loaded TILs for further release
of HAase and DEC, establishing a self-reinforcing infiltration loop. This
approach increases TIL infiltration by 12-fold in immunodeficient mice and, in
immunocompetent settings, mobilizes both exogenous TILs and endogenous
CD8+ T cells, enabling tumor eradication and metastasis suppression with 10-
fold lower TIL doses than conventional therapies. Collectively, this nanoen-
gineered TIL therapy offers a potential strategy for addressing immune-
resistant tumors, showing distinct benefits in stromal-rich settings.

The advent of adoptive cell transfer (ACT) therapies, particularly
chimeric antigen receptor T-cell (CAR-T) therapy, has revolutionized
cancer treatment1. Despite notable success in hematologic malig-
nancies, the therapeutic efficacy of CAR-T and other genetically
modified cell-based immunotherapies in solid tumors remains sub-
optimal due to the biological complexities inherent in solid tumors2.
A major limitation is their reliance on antigen-specific targeting,
which is susceptible to tumor heterogeneity and antigen loss, leading
to tumor escape and treatment failure3. TIL therapy offers a pro-
mising alternative. Unlike therapies targeting one or two antigens,
TILs naturally possess polyclonal T-cell receptor (TCR) repertoires
that recognize a broad spectrum of tumor-specific epitopes, mini-
mizing antigen escape4. Additionally, TILs exhibit intrinsic tumor
tropism, improving their homing to tumor niches compared to

peripherally activated T cells5,6. These attributes, coupled with their
favorable safety profile relative to genetically modified cell products,
position TIL therapy as a compelling alternative for solid tumors.

However, the efficacy of TIL therapy in immune-resistant solid
tumors is constrained by microenvironmental barriers. Pancreatic
ductal adenocarcinoma (PDAC), a prototypical immunogenically
“cold” malignancy, exemplifies this challenge: dense desmoplastic
stroma and aberrant chemokine gradients exclude immune cells
from tumor cores, hindering therapeutic outcomes7. Beyond stro-
mal exclusion, adoptive T cells in PDAC often undergo dysfunction
and exhaustion due to repeated TCR stimulation and harsh tumor
microenvironment (TME) conditions, including hypoxia, acidosis,
and immunosuppressive signals8. These stressors induce the
upregulation of inhibitory immune checkpoints (e.g., PD-1, CTLA-4,
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and LAG-3), ultimately curtailing T cell persistence and cytotoxic
efficacy post-infusion9. Thus, overcoming stromal and exhaustion
barriers is crucial to unlocking the full potential of TIL therapy in
PDAC and other immune-resistant tumors, where conventional
single-agent immunotherapies, including checkpoint blockade
(ICB), have so far failed to achieve meaningful efficacy10.

To address these challenges, we explored nanotechnology to
enhance TIL’s antitumor capabilities by engineering multifunctional
nanoparticle (NP) conjugates. Our prior work11,12 has shown that well-
designed NPs can “hitchhike” on circulating T cells, delivering immu-
nomodulatory payloads directly to tumors without compromising T-cell
function. These NPs can actively concentrate in tumor sites along with
the circulating T cells, and once arriving, the NPs-T cell complexes will
locally release therapeutic payloads either in a pseudo-autocrine fashion
to support T cell survival, proliferation, and effector functions, or in a
pseudo-paracrine manner, reshaping the surrounding immunosup-
pressive TME or activating bystander immune cells13,14. Building upon
this platform, we reasoned that equipping TILs with such backpacking
NPs could enhance their antitumor activity and potentially overcome
current ACT barriers in immune-resistant solid tumors, leveraging TILs’
natural tumor-homing and broad antigen recognition capabilities.

In this work, we use pancreatic cancer as a model to explore the
potential of nanoengineered TIL therapy (Fig. 1). We employe an acid-
sensitive ZIF-8 metal–organic framework (MOF) nanocarrier to
encapsulate HAase and DEC, which degrades the tumor matrix and
enhances TIL infiltration, αPD-1 is tethered to the nanoparticles,
enabling them tobind toTILs andprevent exhaustion. After reinfusion,
these nanodrug-carrying TILs navigate to tumor foci, where the acidic
TME triggers MOF disintegration, releasing the payloads. HAase
degrades the dense stroma, facilitating TIL infiltration and DEC pene-
tration, which reactivates CCL5 production and further recruits TILs.
This system may establish a self-amplifying loop of TIL recruitment,
enhancing antitumor efficacy in immunologically “cold” tumor types.

Results
Polymer synthesis and nanodrug preparation
The synthesis of 1-(3-aminopropyl)imidazole)-(polyethylene glycol)-
(2,5-Dihydro-4-methyl-2,5-dioxo-3-furanpropanoic acid (NAID-PEG-
CDM) is shown in Supplementary Fig. 1 and its characterization was
confirmed via 1H NMR (Supplementary Figs. 2, 3 and Fig. 2a). The
preparation of αPD-1-MOF@H/D is illustrated in Fig. 2b; briefly, an
aqueous solution containing HAase, polyvinyl pyrrolidone (PVP) and
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Fig. 1 | Schematic illustration of the preparation of nanodrug-carrying TILs
(TILs-α-H/D) and their antitumor effect. a The preparation process of TILs and
the nanodrug α-H/D, including the synthesis of TILs-α-H/D. b The antitumor
mechanism of TILs-α-H/D, wherein TILs utilize their natural tumor-homing prop-
erties to deliver the nanodrug into the tumor. Upon reaching the tumor micro-
environment, the nanodrug releases HAase, which degrades hyaluronic acid,
facilitating TILs infiltration into the tumor. Simultaneously, DEC upregulates CCL5

expression within the tumor, further enhancing the recruitment of TILs-α-H/D into
the tumor. TILs tumor-infiltrating lymphocytes; HAase hyaluronidase; DEC decita-
bine; NAID-PEG-CDM 1-(3-aminopropyl)imidazole)-(polyethylene glycol)-(2,5-
Dihydro-4-methyl-2,5-dioxo-3-furanpropanoic acid); α-PD-1 anti-PD-1 antibody;
MOFmetal–organic framework; CCL5 chemokine (C–Cmotif) ligand 5;α-H/D αPD-
1-MOF@HAase/DEC; TILs-α-H/D TILs-αPD-1-MOF@HAase/DEC.
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L-cysteine (Cys) was stirred at room temperature, followed by the
sequential addition of imidazole and zinc acetate solutions. The
resulting MOF@HAase (MOF@H) was incubated with a DEC solution
to obtain MOF@H/D, which was then coated with NAID-PEG-CDM to
improve its stability. Finally, αPD-1 antibodies were conjugated to the
PEG via a CDM linker, thereby endowing the nanoparticles with T-cell
binding capability through αPD-1/PD-1 interactions. ZIF-8 frameworks
are characterized by their high permeability to small molecules and
structural defects caused by protein encapsulation15. Accordingly, N2

adsorption experiments confirmed the porosity and structural con-
tinuity of the MOF exoskeleton during MOF@H preparation (Fig. 2c).
The protein content of MOF@H was further calculated to be 8.3% (wt
%) according to the weight loss within 180–360 °C via thermo-
gravimetric analysis (Fig. 2d).

According to transmission electron microscope (TEM) images
(Fig. 2e), MOF@H/D nanoparticles were spherical with a smaller
average size than pristine MOFs due to crystal defects induced by
protein encapsulation, which also caused discernible attenuation in

the Bragg diffraction peaks (Fig. 2f). Moreover, protein loading
reversed the surface charge of MOF from positive to negative and
reduced the hydrodynamic size from 108 to 50.7 nm (Fig. 2g, h).
Subsequent PEG coating resulted in a blurred boundary, an increased
hydrodynamic size, and a shift in zeta potential from −21.3 ± 0.4 to
−11.3 ± 1.2mV, indicating the efficacious preparation of CDM-MOF@H/
D. Finally, αPD-1 conjugation further increased the particle size to
approximately 91.3 nm and slightly decreased the zeta potential to
−16.7 ± 1.4mV, without any noticeable alteration in morphology.
Together, the above results demonstrated the successful preparation
of αPD-1-MOF@H/D.

pH sensitivity and drug release behaviors in vitro
To investigate the pH-triggered release of αPD-1 via CDM linkage
hydrolysis under mildly acidic conditions (pH~6.5), a fluorescence
resonance energy transfer (FRET) assay was employed. αPD-1 and the
nanoparticles were labeled with fluorescein isothiocyanate (FITC) and
Rhodamine B (RhoB), respectively. FRET occurred when αPD-1/FITC
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Fig. 2 | Characterizations of α-H/D. a 1H nuclear magnetic resonance (1H NMR)
characterization of NAID-PEG-CDM. 1H NMR (400MHz, chloroform-d1, 298 K):
δ(ppm) = 7.57ppm (-CH2NCHNCHCH- of NAID, a), 6.68–7.05ppm
(-CH2NCHNCHCH-of NAID, b, c), 4.25 ppm (-CH2CH2OCO-, m), 3.47–3.83ppm
(-(C(CH2)2O)- of PEG, k), 3.27 ppm (-CH2CH2NHCO-, f), 3.13 ppm (-NHCOCH2S-, g),
2.77 ppm (-OCO(CH2)2CH-, n), 1.93–2.27 ppm (-CH2CHCOOCOCH(CH3)-, p).The H
preceded by each letter (a, b, c, etc.) denotes the specific proton whose resonance
is correspondingly labeled in the 1H NMR spectrum. b Schematic illustration of the
preparation process for the nanodrug α-H/D. c N2 adsorption experiments of
metal–organic framework (MOF) andMOF@H. d The protein content of MOF@H/
D was determined by thermogravimetric analysis. e Transmission electron
microscopy (TEM) images of nanodrugs (scale bar: 200nm). f Powder X-ray

diffraction (PXRD) patterns of nanodrugs (a.u., arbitrary units). The particle sizes
(g) and zeta potentials (h) of nanodrugs, data points represent mean ± SD (n = 3
independent experiments). i Fluorescence spectra of fluorescein isothiocyanate
(FITC) and rhodamine B (RhoB)-labeled nanoparticle (αPD-1/FITC-MOF@RhoB) in
PBS at pH 6.5 at different time points (a.u., arbitrary units). j Sodium dodecyl
sulfate-polyacrylamidegel electrophoresis (SDS-PAGE)pictureofα-H/Dpretreated
at pH values of 6.5 and 7.4 (0.5 μg of αPD-1 per sample; 1.4 μg of hyaluronidase
(HAase) per sample). In vitro decitabine (DEC) (k), HAase (l) release fromMOF@H/
D, and anti-PD-1 antibody (αPD-1) (m) release from αPD-1-MOF@H/D at pH values
of 7.4 and 6.5, data points represent mean ± SD (n = 3 independent experiments).
Source data are provided as a Source data file.
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conjugated to the MOF/RhoB, while at pH~6.5, the hydrolysis of the
CDM linkage would lead to the release of αPD-1/FITC from the MOF/
RhoB surface, diminishing FRET owing to the increased distance
between FITC and RhoB,which resulted in amplified FITC fluorescence
and attenuated RhoB fluorescence (Fig. 2i). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) experiment further
revealed pH-triggered release of αPD-1 and HAase. As shown in Fig. 2j,
no electrophoretic bands for free HAase and αPD-1 could be observed
at pH~7.4, indicating the stability of the prepared nanodrug under
physiological conditions. In contrast, clear bands representing free
HAase and αPD-1 appeared at pH~6.5, confirming the pH-dependent
release of both encapsulated HAase and conjugated αPD-1.

The release profiles of DEC, HAase, and αPD-1 were quantitatively
assessed at pH ~7.4 and ~6.5. As shown in Fig. 2k, l, MOF@H/D exhib-
ited limited HAase and DEC release (<30%) at pH~7.4. In contrast, over
80% of HAase and DEC were released at pH~6.5 after 24h, which was
attributed to the protonation of imidazole moieties and the sub-
sequent MOF disintegration. A similar pattern was observed for αPD-1
release (Fig. 2m): less than 20% αPD-1 was released from αPD-1-
MOF@H/D at pH~7.4, whereas more than 75% was released at pH~6.5,
indicating the robust CDM stability in neutral environments but rapid
αPD-1 liberation under acidic conditions. Additionally, the enzymatic
activity of HAase was evaluated, demonstrating that MOF encapsula-
tion prolongs the activity of HAase. Notably, the MOF-encapsulated
HAase maintained a nearly 60% clearance rate of hyaluronic acid (HA)
after 72 h of incubation in pH~6.5 PBS (Supplementary Fig. 4).

Nanodrug-carrying TILs preparation and in vitro function
assessment
TILs were obtained from subcutaneous tumors in mice on day 9 fol-
lowing inoculation with Panc02 cells (Fig. 3a). After positive selection
bymagnetic bead,more than90%of the sorted cellswereCD3-positive
(Supplementary Fig. 5). Additionally, 58.9% of these CD3+ TILs
expressed PD-1 (Supplementary Fig. 5), which facilitates the binding of
the outermost antibodies of α-H/D nanodrug to the TILs through
affinity interactions. The obtained TILs were co-cultured with tumor
cells and supplemented with IL-2/IL-12, leading to the significant pro-
liferation of the TILs (Fig. 3b). To prepare nanodrug-carrying TILs,
various concentrations of the nanodrug were co-incubated with TILs
(Fig. 3c), and the binding efficiencywas assessed using flow cytometry.
As shown in Supplementary Fig. 6a, increasing the nanodrug con-
centration to 0.4mgmL−1 did not further enhance the fluorescent
intensity of the TILs. At this concentration, the T cells exhibited high
viability (Supplementary Fig. 6b). Thus, 0.4mgmL−1 was finally selec-
ted as the incubation concentration of the nanodrug. Confocal laser
scanning microscopy (CLSM) displayed red fluorescence at the out-
ermost layer of T cells (Fig. 3d) in this incubation concentration,
indicating that the nanodrug was positioned on the cell membrane
rather than being internalized. To further confirm that the binding was
specifically mediated by PD-1/anti-PD-1 antibody interactions, we pre-
pared nanoparticles surface-modifiedwith an isotype control antibody
(ISO-NPs). CLSM and scanning electron microscopy (SEM) imaging
revealed that ISO-NPs did not bind to TILs (Supplementary Fig. 7). TILs
were then pretreated with free α-PD-1 to block PD-1, followed by
incubation with α-NPs, which also resulted in no detectable binding. In
contrast, direct incubation of α-NPs with untreated TILs led to clear
nanoparticle attachment to the TIL surface, as confirmed by SEM
(Supplementary Fig. 7b, indicated by green arrows).

Then, the binding and release of the nanodrug from T cells at
pH~7.4 and ~6.5 were investigated via CLSM. CD8+ TILs were labeled
with Alexa Fluor®647 (purple fluorescence), and a dual-fluorescence-
visible nanodrug was created using αPD-1 labeled with Alexa
Fluor®488 (green fluorescence) and RhoB (red fluorescence) instead
of encapsulated drugs. As depicted in Supplementary Fig. 8a and
Fig. 3e, at pH~7.4, both the green and red fluorescence signals

increased over the incubation time, suggesting a gradual binding of
the nanodrug to CD8+ TILs due to the PD-1/αPD-1 interaction. After
24 h, RhoB fluorescence remained stable, reflecting nanoparticle
retention (Supplementary Fig. 8a). However, upon adjusting the pH
to 6.5, the red fluorescence on the cell membrane quickly diminished
over time, indicating the detachment of the RhoB-labeled nano-
particle from CD8+ TILs through CDM linkage cleavage (Fig. 3e and
Supplementary Fig. 9). Flow cytometry confirmed these findings:
RhoB-positive CD8⁺ TILs accumulated steadily at pH~7.4 but
decreased significantly after another 24 h of incubation at pH~6.5
(Fig. 3f, g and Supplementary Fig. 8b, c). These results suggest that
the TIL-bound nanodrug could undergo detachment upon nanodrug-
carrying TILs infiltrating into the TME (pH~6.5).

Subsequently, the effector functions of expanded TILs were
evaluated by measuring cytokine levels in the supernatants. As shown
in Fig. 3h, following co-culture with tumor cells under both pH~6.5 and
~7.4 conditions, supernatants from TIL treatments exhibited increases
in tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and
interleukin-12p70 (IL-12p70), demonstrating that the expanded TILs
retained robust anti-tumor activity, largely unaffected by pH changes.
Notably, cytokine levels were highest in the nanodrug-carrying TILs
group, reflecting PD-1 blockade by surface-conjugated αPD-1. In con-
trast, conventional TILs secreted lower cytokine levels, due to PD-1/PD-
L1-mediated exhaustion after chronic antigen exposure16. Importantly,
linking nanodrug to TILs via αPD-1, which blocks PD-1/PD-L1 interac-
tions, reactivated the anti-tumor functions of TILs, resulting in the
highest cytokine secretion in the nanodrug-carrying TILs treatment
group. Furthermore, there was no significant difference in cytokine
levels between the pH~6.5 and ~7.4 conditions in the nanodrug-
carrying TILs treatment, suggesting that αPD-1 remained on the TIL
surface despite partial nanoparticle at pH 6.5 (Fig. 3e–g and Supple-
mentary Fig. 9), thus maintaining their anti-tumor activity. Live-cell
imaging and a luciferin-luciferase bioluminescence assay showed the
same trend: TILs alone exhibited modest tumor killing, whereas
nanodrug-carryingTILs induced substantial tumor cell death (Fig. 3i, j).
Additionally, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays demonstrated thatDEC at equivalent doses showed
minimal direct cytotoxicity (Supplementary Fig. 10a), suggesting that
tumor cell suppression was predominantly TIL-mediated in the
nanodrug-carrying TILs group.

Given that DEC has been reported to epigenetically reactivate
silenced CCL5 expression in tumor cells, promoting CD8+ T-cell
recruitment17, we hypothesized that after nanodrug-carrying TILs
infiltrate the tumor, the release of DEC could enhance CCL5
expression in tumor cells. This, in turn, would chemotactically attract
our reinfused nanodrug-carrying TILs to further infiltrate the tumor,
thereby enhancing the antitumor immune response. Enzyme-linked
immunosorbent assay (ELISA) results confirmed that DEC-loaded
nanodrug significantly increased CCL5 secretion under simulated
tumor microenvironment conditions (pH~6.5) (Supplementary
Fig. 10b). Finally, we evaluated the role of HAase in improving TIL
infiltration. The pancreatic cancer microenvironment is typically
characterized by excessive deposition of the extracellular matrix
(ECM), which our previous research has demonstrated significantly
impedes immune cell infiltration into tumors18. Central to this matrix
is hyaluronic acid (HA), which creates physical barriers that hinder
antitumor immune responses19. By administering HAase, HA could be
effectively degraded, thereby enhancing the infiltration of antitumor
immune cells. Herein, we co-cultured these TILs with ex vivo Panc02
tumors and evaluated their infiltration using CLSM (Supplementary
Fig. 10c). As depicted in Fig. 3k, DiI-labeled TILs (TILs/Di) incubated
with excised Panc02 tumor tissue for 24 h exhibited obviously
enhanced penetration when HAase was encapsulated, compared to
nanodrugs without HAase. Quantitative analysis confirmed superior
infiltration depths in TILs-α-H and TILs-α-H/D groups (Fig. 3l),
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Fig. 3 | Ex vivo tumor-infiltrating lymphocytes (TILs) expansion and nanodrug-
carrying TILs preparation. a Schematic of TIL extraction and expansion. b TIL
proliferation analyzed by flow cytometry using carboxyfluorescein diacetate
succinimidyl ester (CFSE) dilution. c Schematic of nanodrug-carrying TILs (TILs-
α-H/D) preparation. d Confocal laser scanning microscope (CLSM) images of
TILs-α-NPs, with rhodamine B (RhoB, red) loaded into the nanodrug for fluor-
escent tracing (scale bar: 10 μm). e CLSM of TIL binding to α-RhoB nanoparticles
at pH 7.4 and RhoB nanoparticle release at pH 6.5 (scale bar: 25 μm). CD8 was
labeled with Alexa Fluor®647 (purple), αPD-1 with Alexa Fluor®488 (green), and
the nanoparticle with RhoB (red) (α-RhoB concentration: 0.4mgmL−1). f Flow
cytometry results for T cell binding of α-RhoB nanoparticles at pH 7.4 and RhoB
nanoparticle release at pH~6.5. g Quantitative flow cytometry for T cell binding
and nanoparticle release at pH~7.4 and pH~6.5, data points represent mean ± SD
(n = 3 independent samples). h Quantification of tumor necrosis factor-α (TNF-
α), interferon-γ (IFN-γ), and interleukin-12p70 (IL-12p70) in supernatant 48 h

post-treatment; data points represent mean ± SD (n = 5 independent samples).
i CLSM of live cells stained with Calcein-AM (scale bar: 200 μm). j Relative
luciferase intensity of Panc02-Luc cells after treatment, data points represent
mean ± SD (n = 5 independent samples). k Fluorescent images and TILs infil-
tration depth in ex vivo tumor tissues after 24 h coculture (scale bar: 100 μm).
TILs labeled with DiI (red) and nuclei with DAPI (blue). x-axis represents the
position of individual TILs along the fluorescent images, from left to right.
l Quantitative analysis of individual T cell infiltration depth in the tumor tissue,
mean ± SD, n = 50 from 3 independent samples (TILs), n = 66 from 3 indepen-
dent samples (TILs-α-D), n = 105 from 3 independent samples (TILs-α-H),
n = 155 from 3 independent samples (TILs-α-H/D). Statistical significance was
calculated using unpaired one-way ANOVA (h, j, l): *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001, ns indicates no significance. Data in (d, e) are
representative of at least three independent experiments with similar results.
Source data are provided as a Source data file.
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demonstrating the contribution of HAase-mediated ECM degrada-
tion to improved intratumoral TIL accumulation.

In vivo distribution of nanodrug-carrying TILs
TILs are well-known for their intrinsic tumor-homing capabilities and
natural ability to recognize and target tumor cells following infusion20.
To evaluate their biodistribution, we utilized highly immunodeficient
NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju (NCG) mice to establish orthotopic
pancreatic tumors andminimize the influence of endogenous immune
cells. Onday5post-model establishment, nanodrug-carryingTILswere
infused, with nanoparticles loaded with the fluorescent probe 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR) to
track in vivo distribution (Fig. 4a). As shown in Fig. 4b, c, within 36 h
post-injection of the nanodrug-carrying TILs, increasing fluorescence
intensity was observed at the site of the orthotopic pancreatic tumors,
demonstrating the effective tumor targeting of TILs. Further ex vivo
organ analysis revealed that the fluorescence intensity at the tumor
site was significantly higher compared to other major organs, such as
the heart, liver, spleen, lungs, and kidneys (Fig. 4d, e). These results
suggest that attaching nanodrugs to TILs can leverage the superior
tumor-homing properties of TILs to deliver nanodrugs to pancreatic
tumors efficiently.

Since DEC-loaded nanodrugs upregulated CCL5 expression in
vitro and HAase promoted TIL infiltration by degrading ECM, we
hypothesized that nanodrug-carrying TILs (i.e., TILs-α-H/D) would
establish a positive feedback loop in vivo. Upon infiltrating tumors,
DEC would induce CCL5 expression, thereby recruiting additional
nanodrug-carrying TILs, while HAase would degrade ECM barriers to
facilitate further infiltration. To verify this hypothesis, we labeled TILs
withDiI (TILs/Di) and collected tumor tissues at designated timepoints
to quantify TILs infiltration using flow cytometry (Fig. 4f). As shown in
Supplementary Fig. 11, on day 7 post-injection of 1 × 104 TILs, tumors
treated with TILs/Di-α-H/D contained over 400 infiltrating TILs, sig-
nificantly higher than groups receiving TILs alone (~68) or single-
loaded formulations. Between day 7 and day 11, TIL numbers increased
modestly in the TIL-only group but tripled in the TILs/Di-α-H/D group.
T-distributed stochastic neighbor embedding (t-SNE) analysis further
confirmed substantially increased TILs/Di infiltration in the TILs/Di-α-
H/D group (Fig. 4g). Flow cytometry quantitative analysis further
demonstrated that the infiltration efficiency was less than 1% in the
TILs-treated group, while it reached 11.59% in the TILs/Di-α-H/D group
(Fig. 4h). Moreover, ELISA showed significantly elevated intratumoral
CCL5 levels in the TILs-α-H/D group compared with other groups on
day 7, with further increases by day 11 (Fig. 4i). These results suggested
that DEC release triggers CCL5 upregulation, creating a self-amplifying
recruitment loop thatt promotes continuous accumulation of
nanodrug-carrying TILs in tumors (Fig. 4j).

To better visualize intratumoral distribution, nanoparticles were
dual-labeled with RhoB and green Alexa Fluor-conjugated αPD-1, and
the distributionwas observed viaCLSMon day 7 post-injection (Fig. 4k
and Supplementary Fig. 12a). As shown in Fig. 4l and Supplementary
Fig. 12b, a significant colocalization of green and red fluorescence was
noted within the vessels in the PBS control and TILs group after the
injection of TILs-α-RhoB, with minimal fluorescence observed outside
the vessels. This limited extravascular dispersion possibly is due to the
enriched extracellular matrix of pancreatic cancer forming a physical
barrier that hindered the permeation of nanodrug-carrying TILs out-
side the vessels. Remarkably, after treating tumor-bearing NCG mice
with TILs-α-H/D on day 5 and subsequent injection with TILs-α-RhoB
on day 7, nearly no colocalized fluorescence was detected in the ves-
sels, suggesting that the TILs-α-H/D treatment degraded the hya-
luronic acid in the extracellular matrix, thereby facilitating infused TIL
penetration from the vessels into the tumor tissue. To demonstrate
this, we performed immunofluorescence staining to assess HA levels
within tumor tissues. As shown in Supplementary Fig. 12d, e, HA

expressionwas reduced in the TILs-α-H/D group compared to both the
PBS and TILs groups, demonstrating that intratumoral HA was effec-
tively degraded inTILs-α-H/D–treatedmice. Additionally, at sites distal
to the vessels, separate green and red fluorescence signalswere noted,
likely due to the nanodrugs’ disintegration or the cleavage of CDM
bonds within the acidic tumor microenvironment, resulting in the
separation of nanodrugs and TILs. This observation was further con-
firmedby colocalization analysis, which showed that in the control and
TILs group, fluorescence was predominantly confined to the vessels,
whereas in the TILs-α-H/D pretreated group, it extended beyond the
vessels with minimal overlap (Fig. 4m and Supplementary Fig. 12c).

Finally, to better mimic clinical conditions, we evaluated the TIL
biodistribution in immunocompetent C57BL/6j mice, which under-
went cyclophosphamide myeloablation 24 h prior to drug adminis-
tration. In vivo imaging demonstrated a gradual increase in tumor
fluorescence intensity, peaking at 36 h after TILs-α-H/D injection
(Fig. 4n, o). Ex vivo organ analysis further exhibited significantly higher
fluorescence intensity in tumors than inothermajororgans (Fig. 4p, q),
validating the tumor-targeting efficiency of nanodrug-carrying TILs in
both immunodeficient and immunocompetent settings.

Therapeutic efficacy of nanodrug-carrying TILs in vivo
Encouraged by the superior tumor infiltration of TILs-α-H/D, we fur-
ther assessed their tumor-suppressive effects in a subcutaneous pan-
creatic cancer model. Initially, a subcutaneous tumor model was
established in NCG mice, which then received TILs or nanodrug-
carrying TILs via tail vein injections on days 5 and 11 (Fig. 5a). As shown
in Fig. 5b, c, there was no significant difference in tumor volume
growth between the TILs-treated group and the control group. In
contrast, treatment with TILs plus free drugs (TILs + α/H/D) or TILs
carrying single agents (TILs-α-H or TILs-α-D) achieved only modest
tumor suppression. In contrast, TILs-α-H/D induced marked tumor
inhibition, significantly outperforming all other groups. Ex vivo tumor
imaging and weight measurements further confirmed substantial
tumor regression in the TILs-α-H/D groups (Fig. 5g). Consistent with
these findings, TILs-α-H/D treatment prolonged survival, with no
deaths observed within 47 days (Fig. 5i).

We subsequently evaluated the therapeutic efficacy of nanodrug-
carrying TILs in immunocompetent C57BL/6j mice, which were pre-
conditioned with cyclophosphamide a day prior to TILs or nanodrug-
carrying TILs treatment (Fig. 5d). Similar to the results observed in
NCG mice, TILs-α-H/D markedly reduced tumor growth in C57BL/6j
mice (Fig. 5e, f, h), maintaining tumor volumes at 82.2mm3 after 40
days and extending survival with no mortalities recorded for up to
60 days (Fig. 5j). Interestingly, the TILs-α-H/D treatment appeared to
have a higher tumor suppression rate in the C57BL/6j mice compared
to the NCG mouse model. The analysis of tumor inhibition rates
showed a greater reduction in tumor size in the C57BL/6j mice, with
suppression rates of 74% in NCG mice versus 98% in C57BL/6j mice
(Fig. 5k). Moreover, Hematoxylin and eosin (H&E) staining and term-
inal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining indicated that the tumor tissues in C57BL/6j mice treated with
TILs-α-H/D exhibited more extensive areas of apoptosis than those in
NCG mice (Fig. 5l and Supplementary Fig. 13).

Cyclophosphamide-induced immunosuppression typically begins
to recover within 7–14 days in mouse models21,22. Therefore, we
hypothesized that the enhanced tumor suppression rates observed in
C57BL/6jmice reflectednot only infusedTIL activity but also enhanced
endogenous CD8+ T-cell recruitment, mediated by DEC-induced CCL5
upregulation and HAase-driven stromal remodeling. To test this
hypothesis,we labeled TILswithDiI and collected tumor tissues onday
14 post-reinfusion. The tumor tissues were stained with CD8 anti-
bodies and analyzed using CLSM. As shown in Fig. 5m and Supple-
mentary Fig. 14, a small number of CD8⁺ T cells (identified by green
fluorescence only, representing endogenous T cells) were detected in
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PBS-treated C57BL/6j mice, suggesting partial immune recovery from
cyclophosphamide-induced immunosuppression. Both NCG and
C57BL/6j mice treated with TILs-α-H/D showed substantial infiltration
of Di-labeled TILs (red fluorescence), which was greater than that
observed in the TILs group. Notably, in NCG mice, most CD8⁺ T cells
were Di⁺, indicating that they were primarily infused TILs rather than

endogenous T cells. In contrast, C57BL/6j mice exhibited both a large
number of Di⁺TILs and a substantial population of CD8⁺T cells labeled
solely by green fluorescence, indicating successful recruitment of
endogenous CD8⁺ T cells following immunosuppression recovery.
These findings were further supported by flow cytometry analysis. In
the C57BL/6j mice receiving TILs/Di-α-H/D treatment, approximately
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Fig. 4 | In vivo distribution of nanodrug-carrying tumor-infiltrating lympho-
cytes (TILs). a Experimental design for in vivo imaging using NOD-
Prkdcem26Cd52Il2rgem26Cd22/Nju (NCG) mice. b In vivo 1,1′-dioctadecyl-3,3,3′,3′-tetra-
methylindotricarbocyanine iodide (DiR) fluorescence images after tail vein injec-
tion of nanodrug-carrying TILs in orthotopic pancreatic tumor-bearing NCG mice.
c Quantitative fluorescence intensities (a.u., arbitrary units) in orthotopic tumors
over time, data points representmean± SD (n = 3mice).d Ex vivo images ofmajor
organs and orthotopic tumors excised 24h post-injection. e Quantitative fluores-
cence intensities (a.u., arbitrary units) inmajor organs and orthotopic tumors, data
points represent mean± SD (n = 3 mice). f Experimental design for (g–i).
g t-distributed stochastic neighbor embedding (t-SNE) plots of tumor flow cyto-
metry data (red dots represent infiltrated TILs). h Quantification of intratumoral
TILs in NCGmice, data points representmean± SD (n = 3mice). iQuantification of
C–C motif chemokine ligand 5 (CCL5) levels in tumors via enzyme-linked immu-
nosorbent assay (ELISA), data points represent mean ± SD (n = 5 mice). j Diagram

of cyclic recruitment of nanodrug-carrying TILs. k Experimental design for (l, m).
l Confocal laser scanning microscope (CLSM) images of tumor sections showing
colocalization of nanodrug (RhoB, red) and αPD-1 (Alexa Fluor®488, green) on
T cells after tail vein injection (scale bar: 100μm), nuclei stained with 4′,6-diami-
dino-2-phenylindole (DAPI, blue). m Fluorescence intensity profiles across the
selected line in (l). n In vivo DiR fluorescence imaging in C57BL/6j mice.
o Quantitative fluorescence intensities (a.u., arbitrary units) in orthotopic pan-
creatic tumors at various time points post-injection, data points represent
mean ± SD (n = 3 mice). p Ex vivo DiR fluorescence imaging of major organs and
orthotopic tumors excised 24 h post-injection. q Quantitative analysis of fluores-
cence intensities (a.u., arbitrary units) inmajor organs and orthotopic tumors, data
points represent mean± SD (n = 3 mice). Statistical significance was calculated
using unpaired one-way ANOVA: ****p <0.0001. Data in (l) are representative of
three independent experiments with similar results. Source data are provided as a
Source data file.
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15% of the CD45+ cells were exogenous Di+ TILs, and 20% were Di-CD8+

endogenous T cells (Supplementary Fig. 15). Quantitative flow cyto-
metry revealed similar proportions of Di+CD45+ cells in both NCG and
C57BL/6j tumors, but Di-CD8+ T cells reached 10% only in C57BL/6j
mice (Fig. 5n). t-SNE analysis further revealed extensive infiltration of
infused TILs (orange and green dots) in tumor tissues from both
mouse strains, whereas a notable population of endogenous CD8⁺
T cells (red dots) was only observed in C57BL/6j mice (Fig. 5o). These
results indicate that nanodrug-loaded TILs not only deliver infused

TILs effectively but also potentiate endogenous T-cell responses fol-
lowing immune recovery.

The antitumor efficacy of nanodrug-carrying TILs was further
assessed in an orthotopic C57BL/6j mouse model of pancreatic
tumors. Mice were randomly divided into four groups: PBS, TIL-α-H,
TIL-α-D, and TIL-α-H/D. Each group received intravenous injections on
days 5 and 11, with tumor growth monitored via magnetic resonance
imaging (MRI) (Fig. 6a). Consistentwith subcutaneous results, TIL-α-H/
D exhibited the greatest tumor growth inhibition (Fig. 6b–d). Similarly,

Fig. 5 | Effect of antitumor and immune regulation in vivo. a Schematic of the
experimental design for the antitumor study in NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju
(NCG)mice.b Individual tumor growth curves for Panc02 tumor-bearingNCGmice
receiving different treatments. c Tumor growth in Panc02 tumor-bearing NCG
mice, data points represent mean± SD (n = 5 mice). d Experimental design for the
antitumor study in C57BL/6j mice, with cyclophosphamide intraperitoneal injec-
tion (200mg kg−1). e Individual tumor growth curves for Panc02 tumor-bearing
C57BL/6j mice receiving different treatments. f Tumor growth in Panc02 tumor-
bearing C57BL/6j mice, data points represent mean± SD (n = 5 mice). g Images of
subcutaneous tumors and tumor weights from Panc02 tumor-bearing NCG mice
after 20 days, data points represent mean± SD (n = 3 mice). h Images of sub-
cutaneous tumors and tumor weights from Panc02 tumor-bearing C57BL/6j mice
after 20 days, data points represent mean ± SD (n = 3 mice). i Cumulative survival
of NCG mice, n = 5 mice. j Cumulative survival of C57BL/6j mice, n = 5 mice.

k Tumor growth inhibition (%) in NCG and C57BL/6j mice treated with nanodrug-
carrying TILs, data points represent mean ± SD (n = 3 mice). l Hematoxylin and
eosin (H&E) staining of tumor tissues at 20 days, tumor margins marked with a
dotted line (scale bar: 200μm). m Confocal laser scanning microscope (CLSM)
images of tumor sections showing TILs and CD8+ T cells. Red fluorescence: TILs,
green fluorescence: CD8+ T cells, blue fluorescence: nuclei (scale bar: 50 μm).
n Quantification of TILs and CD8+ T cells in tumor tissue from NCG and C57BL/6j
mice, data points represent mean ± SD (n = 3 mice). o t-distributed stochastic
neighbor embedding (t-SNE) plots of flow cytometry data from tumor samples in
NCG and C57BL/6j mice treated with TILs-α-H/D. Red dots: endogenous CD8+

T cells, green/orange dots: exogenous TILs. Statistical significance was calculated
using unpaired one-wayANOVA (c, f, g,h), two-sidedunpaired t-test (k,n), and log-
rank (Mantel–Cox) test (i, j): *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001, ns
indicates no significance. Source data are provided as a Source data file.
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while TILs carrying single agents showed moderate survival benefit,
dual-loading with HAase and DEC provided the most significant
extension in survival (Fig. 6e). Additionally, H&E and TUNEL staining
revealed that the tumor tissues from mice treated with TIL-α-H/D
exhibited more extensive areas of apoptosis than those in other
groups (Fig. 6f and Supplementary Fig. 16).

In vivo immune modulation by nanodrug-carrying TILs
To investigate how nanodrug-carrying TILs remodel the tumor
immune microenvironment, we first assessed CD3+ T cell infiltration
and HA deposition by immunofluorescence staining and confocal
microscopy. As shown in Fig. 6g and Supplementary Fig. 17, HA levels
were significantly lower in the tumor tissues of mice treated with

Fig. 6 | Antitumor efficacy of treatments in an orthotopic Panc02 pancreatic
tumor model in C57BL/6j mice. a Schematic of the experimental design for the
antitumor study in C57BL/6j mice. b Tumor growth was monitored by magnetic
resonance imaging (MRI) at 5, 10, and 17 days post-treatment initiation.
c Representative photographs of excised orthotopic pancreatic tumors and spleens
from each treatment group. d Weights of tumors and spleens at the study endpoint,
data points represent mean±SD (n = 3 mice). e Cumulative survival of mice bearing
orthotopic tumors after different treatments, n = 5 mice. f Hematoxylin and eosin
(H&E) staining of tumor tissues, scale bar: 200μm. gDouble immunofluorescence for
hyaluronic acid (HA) and CD3+ T cells in tumor sections, HA (labeled with Alexa
Fluor®488, green), CD3+ T cells (labeled with Alexa Fluor®555, red), nuclei (stained with
4′,6-diamidino-2-phenylindole (DAPI), blue), scale bar: 100μm. h Flow cytometry
quantification of CD8+ T cells (gated onCD3+ T cells) in orthotopic tumors, data points

represent mean±SD (n = 3 mice). i Quantification of CD4+ (gated on CD3+ T cells)
T cells in tumors, data points represent mean±SD (n = 3 mice). j Flow cytometry
analysis of CD8+IFN-γ+ T cells (gated on CD3+CD4-CD8+ T cells) in tumors, data points
representmean±SD (n = 3mice). kQuantitative analysis of CD4+IFN-γ+ T cells (gated
on CD3+CD4+CD8− T cells) in tumors, data points represent mean±SD (n = 3 mice).
l Flow cytometry analysis of exhausted CD8+ TILs (PD-1+Tim3+CD8+; gated on
CD3+CD4−CD8+ T cells), data points represent mean±SD (n = 3 mice).
m Quantification of exhausted CD4+ TILs (PD-1+Tim3+CD4+; gated on CD3+CD4+CD8−

T cells), data points represent mean±SD (n = 3 mice). n Immunohistochemical
staining of granzyme B and interferon-γ (IFN-γ) in tumor tissues, scale bar: 50μm.
Statistical significance was calculated using unpaired one-way ANOVA
(d, h, i, j, k, l,m), and log-rank (Mantel–Cox) test (e): *p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001. Source data are provided as a Source data file.
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HAase-loaded nanodrug-carrying TILs compared to those in the PBS
and TIL-α-D groups. This reduction likely resulted from the infiltration
of HAase-bearing TILs into the tumor, where they released HAase in
response to the tumor microenvironment, facilitating local stromal
degradation. Furthermore, the TIL-α-H/D group exhibited the lowest
HA expression, consistent with enhanced infiltration efficiency leading
to greater HAase delivery. Additionally, TIL infiltration also varied
across treatment groups. Both TIL-α-H and TIL-α-D groups demon-
strated modest increases in CD3+ T-cell density compared to the PBS
control. Strikingly, TIL-α-H/D achieved the highest CD3+ T-cell infil-
tration, likely attributable to synergistic effects of stromal degradation
and CCL5-driven recruitment.

To directly determinewhether CD3⁺T cell recruitmentwas driven
by DEC-induced upregulation of CCL5, we established a stable CCL5
knockdown (KD) Panc02 cell line via lentiviral transduction with CCL5-
targeting short hairpin RNA (shRNA) and green fluorescent protein
(GFP) co-expression. Successful knockdown was validated by clearly
observed GFP fluorescence and significantly reduced CCL5 protein
levels confirmedbywestern blot analysis (Supplementary Fig. 18a). For
in vivo testing, wild-type Panc02 cells and Panc02/CCL5 KD cells were
simultaneously inoculated into opposite hindlimbs of the sameC57BL/
6j mouse, followed by PBS or TILs-α-H/D treatment (Supplementary
Fig. 18b). As shown in Supplementary Fig. 18c–e, tumors derived from
Panc02/CCL5 KD cells exhibited significantly accelerated growth
compared to Panc02 tumors under TILs-α-H/D treatment. ELISA fur-
ther confirmed a significant decrease in intratumoral CCL5 levels in the
CCL5 KD tumors (Supplementary Fig. 18f). Moreover, immuno-
fluorescence staining revealed substantially fewer infiltrating CD3+

T cells in Panc02/CCL5 KD tumors than in Panc02 tumors after TILs-α-
H/D treatment (Supplementary Fig. 18g). Collectively, these results
demonstrate that DEC-induced CCL5 upregulation is a keymechanism
driving CD3⁺ T cells recruitment into tumors.

To further identify the specific subpopulations infiltrating ortho-
topic pancreatic tumors, we isolated lymphocytes from the tumors
and analyzed themusing flowcytometry. As shown in Fig. 6h, i, the TIL-
α-H and TIL-α-D treatment groups exhibited limited infiltration of
CD4+ and CD8+ T cells infiltrating the tumors. Conversely, the TIL-α-H/
D group showed a significantly higher infiltration of these cells com-
pared to groups treated with TILs carrying either HAase or DEC alone.
We next assessed T-cell functional activation by quantifying CD3+IFN-
γ+ effector cells using flow cytometry. As shown in Fig. 6j, k and Sup-
plementary Fig. 19a, the TIL-α-H and TIL-α-D treatments increased the
percentage of CD4+ and CD8+ T cells expressing IFN-γ, with the TIL-α-
H/D treatment yielding the highest percentage of these cells. Fur-
thermore, we evaluated the exhaustion status of intratumoral TILs. As
shown in Fig. 6l, m, and Supplementary Fig. 19b, the TIL-α-H/D treat-
ment group exhibited the lowest proportion of exhausted TILs—
including exhausted CD4⁺ T cells (PD-1⁺Tim3⁺CD4⁺) and CD8⁺ T cells
(PD-1⁺Tim3⁺CD8⁺)—among all treatments. Consistently, immunohis-
tochemical analysis revealed that TIL-α-H/D treatment resulted in the
strongest upregulation of granzyme B and IFN-γ expression compared
with other groups (Fig. 6n and Supplementary Fig. 20).

Anti-metastatic efficacy and biosafety of nanodrug-
carrying TILs
Pancreatic cancer is notably metastatic, contributing substantially to
the high mortality rate among patients23. To assess the efficacy of
nanodrug-carrying TILs in inhibiting metastasis and invasion of pan-
creatic cancer, we utilized a systemic metastasis model by injecting
Panc02 cells into the tail veins of C57BL/6j mice. Four days post-
injection, mice underwent myeloablation with cyclophosphamide,
followed by intravenous administration of nanodrug-carrying TILs
(Fig. 7a). The progression of metastases was monitored by the biolu-
minescence of Panc02 cells in vivo. As shown in Fig. 7b, c, the PBS-
treated group displayed rapid cancer progression, with strong

bioluminescence signals and early mortality by day 17. Treatment with
TILs-α-H or TILs-α-D exhibited significantly attenuated biolumines-
cence, whereas TILs-α-H/D showed the slowest tumor dissemination
and markedly weaker bioluminescence signals on day 17 compared to
single-agent groups. Correspondingly, survival analysis demonstrated
that TILs-α-H/D conferred the greatest survival benefit among all
treatment groups (Fig. 7d).

H&E staining of major organs revealed numerous tumor nodules
in the lungs, liver, and kidneys of PBS-treated mice (Fig. 7e), while
hearts and spleens were largely unaffected (Supplementary Fig. 21).
In comparison, mice treated with TILs carrying either HAase or DEC
alone exhibited significantly fewer metastatic nodules. Notably,
organs from the TILs-α-H/D group displayed almost complete
absence of metastases. Quantitative analysis confirmed that TILs-α-
H/D achieved the lowest metastatic burden among all groups
(Fig. 7f). These results demonstrate that TILs-α-H/D effectively inhibit
pancreatic cancer metastasis and prevent the formation of meta-
static foci in vital organs such as the lungs, liver, and kidneys
(Fig. 7g). Additionally, to assess spontaneous metastasis in the
orthotopic pancreatic cancer model, histological analysis of lung
tissues was conducted. As shown in Supplementary Fig. 22, no
metastatic lesions were detected in the lungs of mice treated with
TIL-α-H/D at either day 20 or day 30, underscoring the superior
efficacy of TIL-α-H/D in preventing spontaneous metastasis.

Compared to other ACT therapies, such as CAR-T and TCR-T, TIL
therapy typically requires a larger T-cell dose24. This large-scale infu-
sion can potentially trigger excessive immune responses, including
cytokine release syndrome. Recognizing the enhanced infiltration
efficiency of nanodrug-carrying TILs, we opted for a significantly lower
dose of 106 cells, in contrast to the dosages of ~107 cells per mouse
reported in other studies16,25, to evaluate tumor inhibition effects. This
reduced dose potentially can offer greater safety. To verify this, we
infused TILs intravenously into non-tumor-bearing C57BL/6j mice and
measured serum cytokines associated with CRS (IL-6 and TNF-α) using
ELISA (Fig. 7h). As shown in Fig. 7i, j, cytokine levels showed onlymild,
nonsignificant increases compared to PBS controls, indicating a
favorable safety profile. Further serum biochemical analysis revealed
no significant differences in liver function markers (i.e., alanine ami-
notransferase (ALT), total bilirubin (TBIL)) and kidney function indi-
cators (i.e., UREA, creatinine (CREA)) between the treated groups and
the control (Fig. 7k–n), further confirming the good biosafety of
nanodrug-carrying TILs.

Discussion
The efficacy of TIL therapy against solid tumors is no longer merely
conceptual, as evidenced by the FDA’s accelerated approval of Iovan-
ce’s lifileucel for melanoma in February 202426. Encouraged by this
success, TIL therapy is now being explored in other solid cancer types,
such as recurrent cervical cancer (NCT04766320)27 and metastatic
lung cancer (NCT03215810)28. To further enhance efficacy, next-
generation TIL products is endeavoring to incorporate other sophis-
ticated manipulations, including genetic engineering to improve traf-
ficking, persistence, and effector function29. For instance,
overexpressed chemokine receptors such as C-X-C chemokine recep-
tor type 6 (CXCR6) has been proposed to optimize TIL infiltration in
pancreatic cancer30. However, genetic modification raises safety,
ethical, and logistical challenges, including off-target toxicity, manu-
facturing complexity, and regulatory barriers.

In this context, nanoengineering provides a compelling, modular
alternative to enhance TIL functionality without genomic manipula-
tion. Nanocarriers can stabilize, solubilize, and locally retain ther-
apeutic cargos31–33, overcoming the rapid diffusion of naked agents
even after direct intratumoral or peritumoral administration34,35.
Importantly, TILs’ inherent tumor-homing ability can concentrate
therapeutic agents at tumor foci, further increasing the accumulation
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of their therapeutic effects36. Such convergence of nanoengineering
and TIL therapy provides a flexible platform: onceoptimized, the same
framework can integrate diverse drug combinations tailored to tumor-
specific barriers while avoiding irreversible genetic alterations.

Building on this concept, we designed nanoengineered TILs to
address two major challenges in immune-resistant pancreatic cancer:
insufficient TIL infiltration and suppressed antitumor activity within
the highly fibrotic and immunosuppressive TME.We engineered a self-
directed nanodrug-TIL system, tethering αPD-1-conjugated MOF
nanocarriers loaded with HAase and the small-molecule drug DEC
(“CCL5 replenisher”) onto the TIL surface. This multifunctional
“backpack” promotes TIL infiltration by degrading stromal barriers,

enhances local chemokine-driven recruitment of both infused and
endogenous T cells, and simultaneously relieves PD-1-mediated
exhaustion. This combinational design demonstrated profound ben-
efits. Even when only a minor fraction of infused TILs reached early
tumor foci, the self-amplifying recruitment loop enabled sustained
infiltration into otherwise inaccessible tumor parenchyma. In ortho-
topic pancreatic tumors, 11.59% of nanoengineered TILs accumulated
locally versus only 0.96% for free TILs (Fig. 4h). Concurrently, αPD-1
blockade reinvigorated exhausted TILs, fully unleashing their anti-
tumor potency. Strikingly, in immunocompetent mice, nanoengi-
neered TILs also recruited endogenous CD8+ T cells and thus achieving
a much more impressive tumor growth inhibition rate (98%),
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substantially outperforming the 74% suppression observed in immu-
nodeficient NCGmodels (Fig. 5k). These results further underscore the
translational advantage of this system: mobilizing both adoptively
transferred and host-derived immune responses, which often rapid
recover after lymphodepletion37 to maximize antitumor effects.

Another noteworthy improvement achieved in this study is the
significant therapeutic outcomes obtained with a modest dose of
nanoengineered TILs (1 × 106 cells), a dosage at which non-engineered
TILs showed few effects. Based on FDA interspecies extrapolation
guidelines37, this corresponds to 1.95 × 108–2.43 × 108 TILs for a 60 kg
human patient. While the standard dosage of TILs for pancreatic can-
cer remains undetermined yet, referencing the FDA-recommended
lifileucel doses for melanoma (7.5 × 109–72 × 109 viable cells) reflects
the great potential of our system to substantially reduce TIL dosing by
up to one or two orders of magnitude compared to traditional TIL
therapy. We envision this reduction could improve safety, accelerate
manufacturing timelines, and expand patient accessibility, especially
for terminal-stage cases requiring rapid intervention. Moreover, given
the scarcity of original effector lymphocytes in immunologically “cold”
tumors10,38, it is of equal importance in future exploration to develop
advanced ex vivo manufacturing and expansion techniques to meet
therapeutic dosage requirements. Since the MOF nanocarrier devised
here is conducive to protein loading, it is fairly conceivable to utilize
this system for combining supporting cytokines (e.g., IL-2, IL-12, or IL-
15) to realize in situ expansion of TILs in the near future.

To date, the optimal timing of implementing TIL therapy is still
pending, particularly in relation to ICB therapy. TIL therapy is typi-
cally deployed after ICB failure39. But prior PD-1 blockade might
compromise the neoantigen reactivity of TILs, potentially leading to
therapeutic resistance40,41. By employing αPD-1 antibodies as both
functional inhibitors and tethering ligands, our approach synchro-
nizes TIL and ICB therapies. The engineered backpacks provide
tumor-responsive, pH-triggered release of nanocarriers and drugs,
integrating checkpoint blockade directly into TIL delivery while
bypassing sequencing dilemmas. Compared to other commonly used
backpacking methods (e.g., physical adsorption or covalent
coupling)42. This αPD-1-mediated tethering offers a stable, repro-
ducible, and minimally disruptive approach that preserves TIL
membrane integrity and functional plasticity42,43. Furthermore, as the
high flexibility of this formulation allows incorporation of various
therapeutic agents (not limited to small molecule drugs, proteins,
and RNA), its application scope is bound to extend far beyond the
pancreatic cancer illustrated here.

Despite these encouraging results, two limitations of our study
should be clarified here. First, while approximately 15–20% of PDAC
patients undergo surgical resection, the majority only receive diag-
nostic biopsies44,45. Ensuring sufficient TIL yield from limited biopsy
samples remains a potential constraint. Encouragingly, emerging
biopsy-derived TIL (bTIL) protocols have demonstrated recovery of
>5 × 106 functional TILs from core-needle biopsies in melanoma, with
comparable phenotypic and functional profiles to those obtained
from surgical resections46. Some of these approaches are already
being evaluated in clinical trials (e.g., NCT05470283). Extending and
optimizing these protocols for PDAC may expand patient eligibility.
Second, the TILs used here were derived from a rapidly established
murine tumor model, which may not fully reflect the exhaustion
states of TILs in long-standing human PDAC. While T-cell dysfunction
programs often initiate within the first 1–2 weeks of
tumorigenesis47–49, human TILs experience more chronic and multi-
factorial exhaustion. Future studies should therefore validate this
strategy in longer-established murine models or patient-derived
xenografts to strengthen clinical translatability.

In summary, we developed a nanoengineered TIL platform inte-
grating αPD-1-conjugated MOF nanocarriers carrying HAase and DEC,
enabling self-amplifying infiltration and synchronized checkpoint

blockade in pancreatic cancer. This strategy achieved robust tumor
suppression, enhanced endogenous T cell recruitment, and prolonged
survival, even with significantly reduced TIL doses. By lowering the
therapeutic threshold and offering a versatile, modular formulation,
this αPD-1-based backpacking strategy may hold promise for shifting
TIL therapy earlier in the treatment continuum, either as a standalone
approach or in synergy with ICB or standard-of-care chemotherapy.
Given its adaptability, this platform holds potential for extension
across diverse solid tumor types, paving the way toward next-
generation adoptive T cell therapies.

Methods
The synthesis of COOH-PEG-OH
Five grams APEG-OH was dissolved into 48mL DMA, the solution was
bubbled for 20min to remove O2. Then, 3.84 g 3-mercaptopropionic
acid and 1.71 g 2,2′-azobis(2-methylpropionitrile) were added to the
solution. The mixture was kept in an oil bath at 65 °C for 24h. COOH-
PEG-OH was purified by precipitation into diethyl ether three times.
The product was dried under a vacuum to obtain a white solid.

The synthesis of NAID-PEG-OH
0.5 g COOH-PEG-OH was dissolved in 5mL dichloromethane (DCM),
followed by the addition of 0.319 g EDCI and 0.192 g NHS. The above
mixture was stirred for 4 h. The DMSO solution of NAID was then
added to the above solution. After 24 h of reaction, the mixture was
poured into a large amount of diethyl ether. The white precipitate was
centrifugated and isolated from the supernatant, achieving the crude
product. The crude productwas then dissolved in DCMand purified as
described above two times to obtain NAID-PEG-OH.

The synthesis of NAID-PEG-CDM
0.15 g CDM was dissolved in 5mL anhydrous DCM, into which 30 µL
dry DMF was added. 1.05 g oxalyl chloride was dissolved in dry DCM
and then added to the CDM solution. Themixturewas stirred for 6 h in
the dark. The remained oxalyl chloride was removed alongside the
removal of the solvent. 0.275 gNAID-PEG-OHwas dissolved in 5mLdry
DCM, into which 0.053g TEA, 0.051 g DMAP, and the above activated
CDMwere added. The whole processes were conducted in an ice bath.
Themixturewas then transferred into a separatory funnel. The organic
phase was washed by isopycnic saturated ammonium chloride solu-
tion and saturated sodium chloride solution. The organic phase was
then isolated and dried by anhydrous MgSO4. After the removal of
MgSO4, the organic phase was poured into a large amount of diethyl
ether. The precipitate was then isolated and dissolved in DCM,
achieving the crude product. The crude product was then purified as
described above two times to obtain the final NAID-PEG-CDM.

Characterization
Powder X-ray diffraction (PXRD) patterns were collected (0.02 o/step,
0.06 s/step) on a Bruker D8 Advance diffractometer (Cu Kα) at room
temperature. N2 adsorption isotherms were collected with a JW-DX
surface area analyzer at −196 °C. All the sampleswere pretreated under
100 °C for 12 h before measurements. Thermogravimetric analyses
(TGA) were performed under an N2 atmosphere (20mLmin−1) with
temperature increasing at 10 °Cmin−1 using a TA-Q50 system. The
samples were dried in vacuo at 100 °C for 12 h before TGA analysis.
Transmission electron microscopy (TEM) observations were con-
ducted on a JEOL1400 plus electron microscope at an acceleration
voltage of 120 kV. The sample solution was deposited onto a carbon-
coated copper grid, and the solvent was completely evaporated under
an infrared lamp before TEM observation. The hydrodynamic dia-
meter, size distribution of nanoparticles, and zeta potentials of nano-
particles were measured using the Zeta-Nanosizer (ZEN3600, Malvern
Instruments Ltd, Worcestershire, UK), which was routinely calibrated
with a −50mV Zeta-potential standard (Malvern Instruments). To
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observe the binding between TILs and nanodrugs, TILs were treated
with various formulations, including ISO-NPs, α-PD-1 block +α-NPs,
and α-NPs. The cells, collected by centrifugation, were fixed with glu-
taraldehyde for 30min, followed by dehydration through a gradient
ethanol series and subsequent transfer to glass slides. After gold
sputter-coating, the cell samples were analyzed using a field-emission
scanning electron microscope (Gemini SEM500, Carl Zeiss, Germany)
to visualize the binding of TILs to nanodrugs.

The preparation of α-H/D nanoparticle
Five hundred microliters aqueous solution of HAase (20mgmL−1),
400 µL aqueous solution of PVP (50mgmL−1), and 500 µL aqueous
solution of Cys (10mgmL−1) weremixed at room temperature. Then, a
20mL aqueous solution of 2-MIM (160mM) was added to the above
mixture, followed by the addition of 10mL aqueous solution of zinc
acetate (50mM). MOF@H was obtained after 10min of stirring. The
above dispersion of MOF@H was centrifuged to remove the free
components in the supernatant. The isolated MOF@H was washed
twice with water, achieving MOF nanoparticles encapsulating HAE
(MOF@H). The above-prepared MOF@H was dispersed in 1.8mL
DMSO, into which 200 µL DMSO solution of DEC (10mgmL−1) was
added. After incubation in the dark for 4 h, the dispersion was cen-
trifuged, and the MOF nanoparticles encapsulating both HAE and DEC
(MOF@H/D) were isolated and washed with water for further use. The
obtained MOF@H/D was dispersed in an aqueous solution containing
NAID-PEG-CDM. After stirring overnight, the functional NAID-PEG-
CDM was coated on the MOF@H/D surface. Free NAID-PEG-CDM was
removed after centrifugation and washing. The obtained CDM-
MOF@H/D was then dispersed in PBS, followed by the addition of an
aqueous solution containing αPD-1 (0.5mgmL−1). After incubation at
4 °C for 24h, free antibodies were removed via centrifugation. The
obtained CDM-MOF@H/D (α-H/D) nanoparticles were then washed
and dispersed in PBS for further use. The loading contents of DEC,
HAase, and αPD-1 of the nanodrug were determined to be 0.25%, 7.9%,
and 2.8%, respectively.

In vitro release
Human serum albumin labeled with FITC (HAS-FITC) was employed
as a model to investigate the release profile of loaded HAase. HAS-
FITC and DEC were incorporated into an MOF to produce MOF@-
HAS-FITC. Subsequently, αPD-1 was conjugated to MOF@HAS-FITC,
yielding αPD-1-MOF@HAS-FITC. This conjugate was dispersed in
15mL of PBS at pH ~7.4 or ~6.5. The dispersions were subjected to a
constant temperature shaker set at 37 °C and 75 rpm. At specific time
intervals (1, 2, 4, 6, 8, 12, and 24 h), the dispersion was centrifuged,
and 0.5mL of the supernatant was withdrawn from the system, fol-
lowed by the addition of 0.5mL of PBS solution. The concentration
of HSA-FITC in the supernatant was measured using a fluorospec-
trophotometer (F-7100, Hitachi High-Tech Co., Ltd., Tokyo, Japan) at
an excitation wavelength of 495 nm and an emission wavelength of
595 nm. DEC was analyzed by high-performance liquid chromato-
graphy (HPLC) using an Agilent Technologies 1260 Infinity II (Cali-
fornia, USA), equipped with a C18 column (4.6 × 250mm, 5 μm,
Welch). A mixture of acetonitrile and water (60/40, v/v) was used as
the mobile phase at a flow rate of 1mLmin−1 and a temperature of
40 °C. αPD-1 levels were measured using an ELISA kit (NEO-
BIOSCIENCE, China). The cumulative release of HAS-FITC, DEC, and
αPD-1 from the MOF was quantified based on a standard curve.

In this work, fluorescence resonance energy transfer was utilized
tomonitor the release behavior ofαPD-1 from theMOF surface. Firstly,
MOFwas labeled with RhoB and coated with NAID-PEG-CDM, followed
by the covalent modification with αPD-1 labeled with FITC. The fluor-
escence emission spectra excited at 480nmwere recorded atdifferent
time points after incubation with PBS (pH~6.5).

Cell culture
The mice pancreatic cancer cells (Panc02, Catalog No.CL-0736) were
purchased from Wuhan Pricella Biotechnology Co., Ltd (Wuhan,
China) and maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS) and 1%penicillin-streptomycin at 37 °C in a 5%
CO2 humidified incubator. Cell lines were tested negative for myco-
plasma contamination by using MycAwayTM-Color one-step Myco-
plasma Detection Kit. The luciferase-expressing Panc02-Luc cell line
was constructed by Wuhan Pricella Biotechnology Co., Ltd. The CCL5-
shRNA-Lentivirus (sequence (5′ to 3′): TTCTCCGAACGTGTCACGT)
used to construct stable CCL5 knockdown Panc02 cells (Panc02/CCL5
KD) were designed by Suzhou Jima Gene Co., Ltd (Suzhou, China). To
construct Panc02 cell lines with stable CCL5 knockdown, Panc02 cells
were seeded in 12-well plates and incubated for 12 h. Then, lentivirus
was added to incubate the cells for 48 h. The transfection efficiency
was observed under a fluorescence microscope after a fresh medium
was added. Puromycin (1μgmL−1) was added to treat the cells for 24 h
to remove non-transfected cells. The remaining cells were collected,
seeded in 96-well plates at a cell density of single cell per well, and
further cultured for 2 weeks. Panc02 cells expressing only green
fluorescent protein (GFP) were collected and expanded to obtain
Panc02/CCL5 KD cells.

TILs and nanodrug-carrying TILs preparation
For the TILs preparation, C57BL/6j mice were anesthetized with
sodiumpentobarbital (75mg kg−1) and inoculated subcutaneouslywith
1 × 106 Panc02 cells suspended in 100μL sterile PBS. Tumors were
harvested once they reached approximately 1 cm in diameter, then
minced and digested enzymatically with collagenase IV (Sigma-
Aldrich, USA), DNase I (Sigma-Aldrich, USA), and hyaluronidase at
37 °C for 1 h. The resulting cell suspensionwasfiltered through a 70 µm
strainer, washed with PBS, and centrifuged at 300 × g for 5min. CD3+

T cells were isolated using anti-CD3 magnetic beads according to the
manufacturer’s instructions (Miltenyi Biotec). These isolated CD3+

T cells were then cultured in RPMI-1640 medium supplemented with
10% FBS, IL-2 (6000 IUmL–1), IL-12 (2000 IUmL−1), and anti-CD3 anti-
body (1 µgmL−1) to promote activation and expansion. After 3 days,
cells were transferred to larger flasks and maintained at a density of
1 × 106 cells mL−1, with freshmedium, IL-2, and IL-12 added every 3 days
to ensure optimal growth conditions. For T cell proliferation, Panc02
cells were seeded into the lower chamber of a Transwell system at a
density of 5 × 104 cells per well. After 24 h, TILs were resuspended at a
concentration of 5 × 104 cells mL−1, and carboxyfluorescein diacetate
succinimidyl ester (CFSE) was added at a final concentration of 2 µM.
The suspension was incubated at 37 °C for 10min. The CFSE labeling
reaction was terminated by adding cold PBS. After centrifugation, the
labeled TILs were washed twice with cold RPMI medium and trans-
ferred to the upper chamber of the Transwell (5.0 × 104 cellsmL−1). The
TILs were expanded for 14 days and subsequently harvested for
downstream applications. To prepare nanodrug-carrying TILs, various
concentrations (e.g., 0.1, 0.2, 0.4, 0.6, 0.8mgmL−1) of the nanodrug
were co-incubated with TILs for 24 h, then the cells were centrifuged
and collected for further experiments.

In vitro T cell binding
The nanodrugwas incubatedwith cells at pH ~7.4 for 0, 6, 12, or 24h to
allow binding. Subsequently, to assess nanodrug release from T cells,
themediumpHwas either adjusted to 6.5 ormaintained at pH 7.4, and
the cells were incubated for an additional 6, 12, or 24 h. For visualizing
fluorescence, cells were labeled with Alexa Fluor 647 anti-mouse CD8
antibody and a secondary Alexa Fluor 488 antibody for αPD-1, each for
1 h. Cell nuclei were stained usingHoechst 33342 (Beyotime, China) for
15min, followed by observation under a confocal laser scanning
microscope (CLSM, LSM710, Germany).
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ELISA and biochemistry index
To detect HAase activity, the nanodrug or hyaluronidase solution in
PBS was allowed to stand for specified intervals (e.g., 12, 24, 48, and
72 h). Subsequently, the samples were analyzed using a hyaluronidase
activity enzyme-linked immunosorbent assay (ELISA) kit, following the
manufacturer’s instructions. To evaluate CCL5 chemokine and cyto-
kine (e.g., TNF-α, IFN-γ, and IL-12p70) expression levels in cell culture
supernatants, TILs (1 × 106mL−1) were co-cultured with tumor cells for
48 h. Following co-culture, the supernatants were collected by cen-
trifugation at 300 × g for 5min. The chemokine and cytokine levels in
the supernatants were measured using ELISA kits (according to the
manufacturer’s instructions) after the samples were harvested and
homogenized in radioimmunoprecipitation assay (RIPA) buffer
(Beyotime, China) containing protease inhibitors (Beyotime, China).
To detect the levels of specific target proteins in tumor tissues, the
homogenateswere centrifuged at 10,000× g for 15min at 4 °C, and the
resulting supernatants were analyzed using ELISA kits according to the
manufacturer’s instructions. Todetect the TNF-α and IL-6 in the serum,
blood samples were collected frommice via retro-orbital bleeding and
allowed to clot at room temperature for 30min. The serum was
separated by centrifugation at 2000 × g for 10min. The levels of TNF-α
and IL-6 in the serumweremeasured using ELISA kits according to the
manufacturer’s instructions. Biochemical parameters were analyzed
using an automatic biochemical analyzer (Autobiochemical analyzer,
Rayto Chemray 240, China).

TILs killing assay in vitro
For the live cell fluorescence staining, Panc02 cells were seeded at a
density of 1 × 105 cells per well in confocal dishes (Nest, China) and
cultured for 24 h. After receiving various treatments (PBS, TILs at pH
7.4, TILs-α-H/D at pH 7.4, TILs at pH 6.5, or TILs-α-H/D at pH 6.5), the
cells were further cultured for 48 h. TILs (1 × 106 cells per well) were
then removed by washing with PBS. The remaining tumor cells were
incubated with Calcein-AM (Beyotime, China) for 30min. Subse-
quently, the cells were washed three times with PBS and observed
using CLSM (LSM710, Germany) to assess live cell staining. For the
luciferin-luciferase bioluminescence assay, Panc02-Luc cells (Wuhan
Pricella Biotechnology Co., Ltd., China) were seeded in 96-well plates
at a density of 1 × 104 and allowed to adhereovernight. TILs (1 × 105 cells
per well) were added and co-cultured for 48 h. D-luciferin substrate
(Aladdin, China) was then added to the wells at the concentration
recommended by the manufacturer. Bioluminescence was measured
using a microplate reader (Tecan, Switzerland), with the signal inten-
sity correlating with the number of viable tumor cells.

Animal models
Four-week-old male immunodeficient NOD-Prkdcem26Cd52Il2rgem26Cd22/
Nju (NCG)mice were purchased from the GemPharmatech Co., Ltd., 4-
week-old male or female C57BL/6j mice were purchased from Guang-
dong Medical Laboratory Animal Center. All animal procedures were
performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Sun Yat-sen University (SYSU) and approved by
the Animal Ethics Committee of SYSU. For all surgical procedures,
mice were anesthetized with sodium pentobarbital (75mgkg−1, intra-
peritoneally), and perioperative pain management was provided in
accordance with the requirements of the SYSU Animal Ethics Com-
mittee. To develop a subcutaneous tumor model, NCG or C57BL/6j
mice were anesthetized, and leg hair was shaved. Panc02 cells (1 × 106)
suspended in 100μL of sterile PBS were subcutaneously injected into
the hind legs. For the orthotopic pancreatic tumor model, NCG or
C57BL/6j mice were anesthetized, and abdominal hair was removed
with depilatory cream. A 1 cm incision was made in the lower left
abdomen to expose the pancreas, and Panc02 cells (1 × 106) suspended
in 10μL of sterile PBS were directly injected into the pancreatic tissue.
The incision was sutured and disinfected with iodophor. In the

establishment of a systemic metastasis model, Panc02-Luc cells
(1 × 106) suspended in 100μL of sterile PBSwere injected intravenously
via the tail vein. To induce immunosuppression in the C57BL/6j mouse
model, cyclophosphamide (Selleck, S1217) was dissolved in 0.9% phy-
siological saline and administered intraperitoneally at a dose of
200mgkg−1 1 dayprior to treatment50. At the experimental endpoint or
for ex vivo analysis, mice were euthanized by carbon dioxide (CO2)
inhalation followed by cervical dislocation, in compliance with the
SYSU Animal Ethics Committee guidelines.

In vivo and ex vivo fluorescence imaging
Following the establishment of the tumor model, mice received an
intravenous injection of TILs loaded with nanodrugs (1 × 104 TILs in
100μL PBS per mouse) via the tail vein. Subsequently, the mice were
monitored at predetermined time intervals using an in vivo fluores-
cence imaging system (FX PRO, Carestream, USA). For ex vivo fluor-
escence analysis, mice were euthanized 24 h after treatment with
nanodrug-loaded TILs. Tumors and principal organs were harvested
and imaged separately. Fluorescence intensities were measured and
analyzedusing semi-quantitative biodistribution techniqueswithin the
imaging system.

In vivo antitumor activity
After establishing the tumor model, mice in different groups were
injected once with PBS, TILs +α/H/D, and nanodrug-carrying TILs
(TILs, TILs-α-H, TILs-α-D, and TILs-α-H/D) through the tail vein. The
doses per injection, if applied, were 1 × 106 TILs per mouse. Tumor
volume in the subcutaneous tumor model was measured using a cali-
per and calculated as follows: tumor volume =0.5 × length ×width2. To
measure tumor growth in the orthotopic pancreatic tumor model
(Panc02 in C57BL/6j mice), tumor-bearing mice were anesthetized
with sodium pentobarbital (75mg kg−1) and scanned on days 5, 10, and
17 using a 3-T clinical MR scanner (Achieva, Philips Medical Systems,
Best, the Netherlands) equipped with a 50-mm small animal coil
(Zhongzhi Medical Technologies, Suzhou, China). T2-weighted images
were then acquired. Tumor growth in the systemic metastasis model
was evaluated using an in vivo fluorescence imaging system (FX PRO,
Carestream, USA).

Histological analysis
Tumor tissues and significant organs were preserved in 4% paraf-
ormaldehyde for 2 days at 4 °C and then embedded in paraffin.
Representative sections were obtained from a single standardized site
for each organ to ensure consistency across samples. Specifically, liver
sections were taken from the left lateral lobe, kidney sections were
longitudinally prepared from the left kidney, and lung sections were
obtained from the largest lobe (left lung). Tissue sections of 2μm
thickness were cut using a microtome (Leica RM2245, Germany) and
stained with an H&E staining kit (Solarbio, China) according to the
manufacturer’s instructions. Stained sections were imaged and ana-
lyzed using a Perkin-Elmer Vectra pathology imaging system (USA).

Immunofluorescence staining
Tumor sections were first dewaxed and rehydrated using a series of
alcohol solutions. Theywere then immersed in a heated sodiumcitrate
buffer for antigen retrieval using amicrowave oven. The sections were
treated with 3% hydrogen peroxide for 15min, followed by blocking
with 5% bovine serum albumin (BSA) for 30min at room temperature.
Overnight incubation with primary antibodies, such as CD8, HA, and
CD3, was performed at 4 °C. Following washes with PBST, the sections
were exposed to fluorescently tagged secondary antibodies (Abcam,
UK) for 1 h. Excess secondary antibodies were washed awaywith PBST,
and the nuclei were stainedwith DAPI (Beyotime, China) for 5min. The
prepared sections were then examined under a confocal microscope
(LSM710, Germany).
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Immunohistochemical staining
Tumor sections underwent dewaxing and rehydration through a series
of alcohol gradients. These sections were then placed in a heated
sodium citrate buffer for antigen retrieval using a microwave. After a
15-min treatment with 3% hydrogen peroxide, the sections were
blocked using 5% BSA at room temperature for 30min, followed by an
overnight incubation at 4 °C with antibodies for IFN-γ or granzyme B
(Abcam, UK). The sections were washed with PBST and then treated
with HRP-conjugated secondary antibodies (Arigo Biolaboratory,
China) for 30min at 37 °C. Staining was completed using a DAB kit
(ZSGB-BIO, China), and sections were counterstained with hematox-
ylin (Solarbio, China) before being examinedwith a pathology imaging
system (Perkin-Elmer Vectra, USA).

Flow cytometric analysis
For proliferation studies, CD3+ TILs were stained with CFSE (Thermo
Scientific, USA) before in vitro co-culture experiments with tumor
cells. Subsequently, the collected cells were analyzed using flow
cytometry assays (NovoCyte 2060R). For evaluating binding effi-
ciency, various concentrations of the nanodrug (e.g., 0.1, 0.2, 0.4, 0.6,
0.8mgmL−1) were co-incubated with TILs for 12 h, after which the cells
were collected and analyzed with flow cytometry assays (NovoCyte
2060R). In the apoptosis study, TILs were co-incubated with similar
concentrations of the nanodrug for 12 h. Post incubation, the cells
were stained with an apoptosis assay kit (Annexin-V-FITC/PI) and
subsequently collected by centrifugation for flow cytometric analysis.
For flow cytometry studies, tumor tissues were cut into small pieces,
incubated for 30min in pre-digestion solution, and filtered through a
70μm cell strainer. Erythrocytes in the resultant cell suspension were
eliminated by red cell lysis solution (Solarbio, China). The resulting
cells were incubated with TILs-α-RhoB or pre-stained with Cell-
Tracker™ CM-DiI dye or surface antibodies, e.g., CD3, CD4, and CD8.
The intracellular IFN-γ was stained after fixation with cold 4% paraf-
ormaldehyde and permeabilization with 0.1% Triton X-100. Stained
cells were analyzed via flow cytometry assays (NovoCyte 2060R). To
assess the exhaustion status of CD8⁺ and CD4⁺ TILs, following the
above method, cells were isolated and stained with antibodies, e.g.,
CD3, CD4, CD8, Tim3, and PD-1, and subsequently analyzed by flow
cytometry. The corresponding flow cytometry gating strategy is
shown in the Supplementary Fig. 23.

Western blot assay
Total proteins were extracted from Panc02 or Panc02 CCL5/KD cells
with radioimmunoprecipitation assay (RIPA) buffer and separated by
SDS-PAGE gel electrophoresis. Then, the proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Bio-Rad, USA) and then
incubated separately with primary antibodies of CCL5 and GAPDH
overnight after blocking with 5% non-fat dried milk for 1 h. After
washing with TBST for three times, the membranes were incubated
with secondary antibodies for 1 h. After washing with TBST for three
times, the membranes were incubated with a chemiluminescent sub-
strate for 1min and visualized on a chemiluminescent system (Pro-
teinSimple FR 0183, USA).

TUNEL analysis
Tomore accurately quantify the apoptosis of tumor tissues, according
to the manufacturer’s DABmethod (Solarbio, China), the tumor tissue
sections underwent several steps, including deparaffinization and
rehydration, permeabilization, rinsing, blocking, and TUNEL reaction,
and then observed using a pathology imaging system (Perkin-Elmer
Vectra, USA).

Statistics and reproducibility
The sample sizes are provided in the respective figure legends and are
consistent with common practice in the field. Mice were randomly

assigned to the experimental groups. No data were excluded from the
analyses. The investigators were not blinded to group allocation dur-
ing the experiments and outcome assessment. The following experi-
mentswere repeated three times independentlywith similar results: N2

adsorption, TEM observation, PXRD analysis, SDS-PAGE, CLSM ima-
ging for TIL binding, live cell staining, in vitro TIL infiltration depth
assay, CLSM-based visualization of intratumoral TIL distribution, his-
tological analysis, and western blotting. All other experiments were
performed at least three times to ensure reproducibility. Data are
presented as mean± SD. Statistical analyses were performed using
GraphPad Prism software (Version 10). Differences between the two
groups were evaluated using an unpaired two-sided t-test. Compar-
isons among multiple groups were analyzed by unpaired one-way
analysis of variance (ANOVA) test. A log-rank (Mantel–Cox) test was
conducted to compare the survival curves. Significance levels are
denoted as follows: ns no significance; *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.

Ethical statement
The animal experiments conducted in this study comply with all
applicable ethical regulations. All surgical procedures and post-
operative care protocols received prior approval from the Institutional
Animal Care and Use Committee of Sun Yat-sen University, Guangz-
hou, China. The assigned approval number of the ethical application of
animal experiments is SYSU-IACUC-2023-001684. Animal sex was not
considered as a variable in the experimental design, and both males
and females were utilized. The approved protocol stipulated that the
maximal tumor burden must not exceed a diameter of 2 cm or 10% of
the animal’s total body weight. No animals in this study surpassed
these established limits. All experiments involving animals strictly
followed the Animal Management Regulations of China (1988, revised
2017) and the Guideline on the Humane Treatment of Laboratory
Animals of China (MOST 2006).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The figures of NMR spectra are summarized in Fig. 2a in the article and
Supplementary Figs. 2 and 3 in the Supplementary Information and the
Source data file. All data supporting the findings of this study are
availablewithin the article, Supplementary Information, or Source data
file. Source data are provided within this paper. Source data are pro-
vided with this paper.
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