




Nature Nanotechnology | Volume 21 | March 2026 | 430–442 432

Article https://doi.org/10.1038/s41565-025-02102-z

synthesize an indoximod pIL, we first generated an intermediate 
prodrug structure, Nitro-SS-AA (Supplementary Fig. 1). As shown in 
Supplementary Fig. 1, the hydroxyls of 2-hydroxyethyl disulfide were 
first protected by 4-nitrophenyl carbonochloridate to generate reactive 
carbonates (Supplementary Figs. 1 and 4) for a subsequent reaction 

with indoximod (1-methyl-D-tryptophan) to obtain 4-Nitro-SS-AA 
(Supplementary Fig. 5). The presence of a disulfide linkage in this 
structure enables intracellular release of indoximod via GSH cleav-
age. Next, Nitro-SS-AA was reacted with seven amine heads to generate 
seven prodrug polyamine heads, and all structures were confirmed by 
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Fig. 2 | In vitro and in vivo screening of pIL library and lead pLNPs for mRNA 
delivery. a, Schematic showing screening method for pILs. pLNPs were 
formulated with a pIL, cholesterol, DOPE and DMG-PEG at a molar ratio of 
50:38.5:10:1.5. MC38 cells were used for in vitro screening of pLNPs encapsulating 
FLuc mRNA. Lead pLNPs were selected for in vivo evaluation via MC38 
intratumoural administration. b, Heat map showing luminescence intensities 
of MC38 cells after treatment with pLNPs formulated from 21 distinct pILs. c, Ex 
vivo FLuc expression in tumour tissue (n = 3). Mice were intratumourally injected 
with G0-SS-AA-C10/C12/C14 FLuc pLNPs and MC3 FLuc LNP at an mRNA dosage 

of 2.5 μg per mouse for 6 h and the total flux was quantified. Data are presented 
as mean ± s.d. Statistical differences were calculated using one-way analysis 
of variance (ANOVA) with Fisher’s least significant difference (LSD) multiple 
comparisons test. d, Representative confocal images showing endosomal escape 
of G0-SS-AA-C12 pLNP and MC3 LNP. MC38 cells were treated with DiO-labelled 
LNPs for 2 h, and then stained with LysoTracker Deep Red and Hoechst 33342 
before imaging. The experiments were repeated three times with similar results. 
****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. Panel a created in BioRender; 
Hamilton, A. https://biorender.com/h01uj00 (2025).
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NMR and electrospray ionization mass spectrometry (ESI-MS) spec-
tra (Fig. 1a and Supplementary Figs. 2 and 6–19). These structures 
were then reacted with 1 of the 3 epoxide-terminated alkyl tails for 
12 h at 70 °C to yield a library of 21 pILs (Supplementary Fig. 3), and all 
structures of pILs were confirmed by NMR and high resolution mass 
spectrometry (HRMS) spectra (Supplementary Figs. 20–39). In this 
study, pILs are denoted by a specific nomenclature: P2A to DAB refers 
to the seven amine head groups, SS refers to the presence of a disulfide 
linkage, AA refers to the presence of 1-methyl-D-tryptophan, and C10/
C12/C14 refers to the length of the alkyl tails in the ionizable lipid. For 
example, ‘G0-SS-AA-C12’ has a G0 amine head, a disulfide linkage, 
1-methyl-D-tryptophan and C12 alkyl tails.

Next, the pILs were combined with 1,2-dioleoyl-sn-glycero-3-p
hosphoethanolamine (DOPE), 1,2-dimyristoyl-rac-glycero-3-m
ethoxypolyethylene glycol-2000 (DMG-PEG) and cholesterol in etha-
nol and pipette-mixed with 1-methylpseudouridine (m1ψ)-modified 
firefly luciferase (FLuc) mRNA to formulate 21 pLNPs. The molar ratio 
of pIL/cholesterol/DOPE/DMG-PEG was kept constant at 50:38.5:10:1.5 
(Fig. 2a). The pLNP library was screened in HepG2 cells, an immortalized 
human hepatocellular carcinoma cell line. Among the 21 pILs, G0-based 
pILs had the highest transfection efficiency in vitro among the 7 amine 
head groups (Supplementary Fig. 47). The top eight pILs were advanced 
for study of in vivo efficiency following intravenous administration 
of pLNPs encapsulating FLuc mRNA at a dose of 2.5 μg per mouse. All 
pLNPs primarily transfected the liver. G0-based pLNPs (G0-SS-AA-C10/
C12/C14) exhibited higher expression of reporter protein compared 
with other LNPs, including LNPs containing the ionizable lipid MC3, 
which is used in US Food and Drug Administration (FDA)-approved 
formulations (Supplementary Fig. 48).

Then, we verified that pILs could be used to transfect an additional 
cancer cell line. We repeated a similar workflow, this time using MC38 
cells, a mouse colon adenocarcinoma cell line (Fig. 2a). Treatment 
of MC38 cells in vitro with our library of pLNPs encapsulating FLuc 
mRNA showed that G0-SS-AA-C12 pLNP had the highest transfec-
tion efficiency (Fig. 2b). All pLNPs exhibited low cytotoxicity in vitro 
(Supplementary Fig. 49). To emphasize the structural advantage of the 
pIL, we also designed a control lipid, termed G0-6C-AA-C12, that could 
not release drug by substituting the disulfide linkage with carbon–car-
bon linkage (Supplementary Figs. 40–46). Interestingly, G0-SS-AA-C12 
pLNP facilitated 1.5-fold greater transfection of MC38 cells than LNPs 
formulated with a structural analogue that lacked the disulfide linkage 
(G0-6C-AA-C12) (Supplementary Fig. 50). Since G0-6C-AA-C12 has 
a carbon–carbon bond instead of a disulfide linkage, it is unable to 
release indoximod in the cytoplasm, implying that the prodrug itself 
within the pIL potentially aids in pLNP-mediated mRNA transfection.

The top three pILs (G0-SS-AA-C10, G0-SS-AA-C12 and G0-SS-AA-C14)  
from our initial screens were advanced for further study. Given our 
interest in applying pLNPs for solid tumour therapy, we next assessed 
pIL efficiency relative to two control lipids (G0-6C-AA-C12 and MC3) 
after intratumoural injection into mouse MC38 tumours. In brief, 
LNPs encapsulating FLuc mRNA at a dose of 2.5 μg per mouse were 

administered to MC38 tumour-bearing mice, and luciferase expres-
sion was quantified 6 h post-injection using bioluminescence imaging 
(Fig. 2c and Supplementary Fig. 51). G0-SS-AA-C12 pLNP facilitated 
greater whole-body mRNA transfection compared with MC3 LNP 
(Supplementary Fig. 51). Ex vivo quantification of luminescence inten-
sity specifically within MC38 tumours demonstrated that G0-SS-AA-C12 
pLNP outperformed other pLNPs and MC3 LNP (Fig. 2c). Moreo-
ver, G0-SS-AA-C12 pLNP induced low off-target transfection of the 
liver, while MC3 LNP induced substantially higher liver transfection 
(Supplementary Fig. 51). On the basis of these data, G0-SS-AA-C12 was 
selected as the lead pIL for further study.

Purified G0-SS-AA-C12 or G0-6C-AA-C12 were combined with stand-
ard excipients and mixed with FLuc mRNA using a microfluidic device 
to generate pLNPs for physiochemical characterization. Transmission 
electron microscopy images showed uniform, multilamellar, complex 
spherical morphologies of both G0-SS-AA-C12 pLNP and G0-6C-AA-C12 
LNP with hydrodynamic diameters of 43 nm and 78 nm, polydispersity 
index values of 0.12 and 0.26, and slightly positive surface charges 
(Supplementary Figs. 52 and 53). FLuc mRNA encapsulation efficiency 
(EE) of G0-SS-AA-C12 pLNP and G0-6C-AA-C12 LNP was determined to 
be 91.2% and 89.6%, respectively, and their pKa values were approxi-
mately 6.67 and 6.50, respectively (Supplementary Figs. 52–54). Next, 
we compared the cellular uptake of G0-SS-AA-C12 pLNP, G0-6C-AA-C12 
LNP and MC3 LNP via 3,3′-dioctadecyloxacarbocyanine perchlorate 
(DiO) labelling. Confocal imaging showed greater intracellular uptake 
of G0-SS-AA-C12 pLNP relative to MC3 and G0-6C-AA-C12 LNPs in MC38 
cells (Supplementary Fig. 55). Moreover, we assessed the endosomal 
escape of the lead pLNP. A higher percentage of G0-SS-AA-C12 pLNP 
achieved endosomal escape compared with MC3 LNP in MC38 cells 
(Fig. 2d), demonstrating a potential mechanism for enhanced effi-
ciency for the lead delivery platform.

pLNP packaging IL-12 mRNA limits T cell 
exhaustion in vitro
Encouraged by the strong in vitro and in vivo efficiency of G0-SS-AA-C12 
pLNP, we next assessed its potential to deliver IL-12 mRNA. We formu-
lated G0-SS-AA-C12 pLNP, G0-6C-AA-C12 LNP and MC3 LNP encapsu-
lating IL-12 mRNA and treated MC38 cells at a dose of 0.5 μg ml−1 of 
mRNA. After 16 h, both the supernatant and cells were collected for 
enzyme-linked immunosorbent assay (ELISA)-based analysis of extra-
cellular and intracellular IL-12 protein expression (Fig. 3a). Although 
both extracellular and intracellular IL-12 protein was detected in all 
three treatment groups, G0-SS-AA-C12 pLNP facilitated 44-fold greater 
extracellular IL-12 protein and 8.6-fold greater intracellular IL-12 protein 
than MC3 LNP (Fig. 3b,c). Moreover, treatment with G0-SS-AA-C12 
pLNP resulted in 2.8-fold greater extracellular IL-12 protein and 4.4-fold 
greater intracellular IL-12 protein than G0-6C-AA-C12 LNP (Fig. 3b,c). 
Flow cytometry (Supplementary Fig. 56) and confocal imaging 
confirmed strong intracellular IL-12 expression in MC38 cells after 
G0-SS-AA-C12 pLNP treatment (Fig. 3d,e). We then investigated the drug 
release profile of G0-SS-AA-C12 pLNP. Specifically, G0-SS-AA-C12 pLNPs 

Fig. 3 | G0-SS-AA-C12 LNP for potent IL-12 mRNA transfection and suppression 
of T cell exhaustion in vitro. a, Scheme depicting intracellular and extracellular 
IL-12 detection via ELISA. MC38 cells were treated with MC3 LNP, G0-6C-AA-C12 
LNP or G0-SS-AA-C12 pLNP encapsulating IL-12 mRNA for 16 h at a dosage 
of 0.5 μg ml−1 per well. The supernatants and MC38 cells were collected for 
analysis via ELISA. b, Secreted IL-12 in cell growth medium 16 h after treatment 
(n = 4). c, IL-12 expression in lysed MC38 cells 16 h after incubation (n = 4). 
d, Immunofluorescence images of MC38 cells treated with different LNPs. 
MC38 cells were treated with MC3 LNP, G0-6C-AA-C12 LNP and G0-SS-AA-C12 
pLNP encapsulating IL-12 mRNA for 16 h. Then, cells were subjected to an 
immunofluorescence assay and imaged via confocal microscopy. e, Mean 
fluorescence intensity (MFI) of anti-mouse IL-12 PE in MC38 cells after treatment 
with MC3 IL-12 LNP, G0-6C-AA-C12 IL-12 LNP and G0-SS-AA-C12 IL-12 pLNP 

(n = 6 for MC3 group, n = 9 for G0-6C-AA-C12 group and n = 5 for G0-SS-AA-C12 
group). f, Scheme depicting potential release of IDO inhibitor indoximod 
(1-methyl-D-tryptophan) from G0-SS-AA-C12 pLNP triggered by GSH via a 
hypothesized cyclization. g, Corresponding indoximod (1-methyl-D-tryptophan) 
release curve after GSH triggering at different time points. h, Workflow to 
characterize the effect of pLNP-mediated indoximod release and IL-12 secretion 
on T cell exhaustion and activation. i–k, Quantification of CD69 (i), CD25 (j) and 
PD-1 (k) expression on OT-I CD3+ T cells after treatment with different groups 
(n = 4). The experiments were repeated three times in d with similar results. Data 
are presented as mean ± s.d. Statistical differences were calculated using one-way 
ANOVA with Tukey’s multiple comparisons test. ****P < 0.0001; ***P < 0.001; 
**P < 0.01; *P < 0.05. Panels a and h created in BioRender; Hamilton, A. https://
biorender.com/ftfrniv (2025).

http://www.nature.com/naturenanotechnology
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were dialysed against 1.0 ml phosphate-buffered saline (PBS) medium 
containing 5 mM GSH, corresponding to the approximate concentra-
tion of GSH in cancer cells44. The disulfide linkage of G0-SS-AA-C12 was 
dissociated by GSH, which triggered a hypothesized cyclization and 

subsequent release of indoximod42,45 (Fig. 3f). Indoximod concentration 
was quantified over time by high-performance liquid chromatography 
(Supplementary Figs. 57–59). Approximately 87% of indoximod was 
released from G0-SS-AA-C12 pLNP after GSH treatment for 72 h (Fig. 3g).
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Fig. 4 | G0-SS-AA-C12 IL-12 pLNP achieves synergistic therapeutic effects in vivo 
in an MC38 tumour model and induces a splenic T cell response. a, Evaluation 
of pLNP-mediated anti-tumour efficacy. Mice were subcutaneously injected with 
MC38 cells on day 0. PBS, G0-SS-AA-C12 pLNP encapsulating IL-12 mRNA, G0-
6C-AA-C12 LNP encapsulating IL-12 mRNA or G0-SS-AA-C12 pLNP encapsulating 
FLuc mRNA were intratumourally administered on days 6, 8 and 10. b–d, Spider 
plots depicting tumour growth of each mouse in a given treatment group (b); 
tumour size monitoring for different treatment groups (c); body weight changes 
monitored across treatment groups (d) (n = 8). e, Survival curves for mice in each 
treatment group (n = 8). To assess whether pLNP treatment activated splenic 
T cells, the experiment described in a was repeated, but on day 12, mice were 

euthanized and spleens were collected and analysed via flow cytometry.  
f–h, Representative flow dot plots (f) and corresponding statistical analysis  
(g,h) of CD8+ T cells and CD4+ T cells among CD3+ T cells in the spleen after 
treatment are shown (n = 5). i,j, Quantification of effector memory CD8+ T cells 
(i) and effector memory CD4+ T cells (j) in spleen (n = 5). k,l, Quantification of 
central memory CD8+ T cells (k) and central memory CD4+ T cells (l) in spleen 
(n = 5). m, Quantification of regulatory T (Treg) cells in spleen (n = 5). Data are 
presented as mean ± s.d. Statistical differences were calculated using one-way 
ANOVA with Tukey’s multiple comparisons test. NS, not significant. Survival 
analysis in e was performed using a log-rank (Mantel–Cox) test. ****P < 0.0001; 
***P < 0.001; **P < 0.01; *P < 0.05.
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We subsequently explored the potential of G0-SS-AA-C12 pLNP to 
promote T cell activation and limit T cell exhaustion via an in vitro serial 
culture assay (Supplementary Figs. 60–63). In brief, MC38 cells were 
treated with PBS (negative control) or G0-SS-AA-C12 pLNP encapsulat-
ing either IL-12 mRNA or FLuc mRNA. After 24 h, the supernatant of each 
group was collected and used to culture primary mouse CD3+ T cells. 
Following 48 h of culture, T cells were collected and analysed for pro-
duction of key effector cytokines, including tumour necrosis factor-α 
(TNF-α), interferon-γ (IFNγ) and granzyme B (Supplementary Fig. 60a). 
Cytokine levels were measured via intracellular cytokine staining 
and flow cytometry. CD3+ T cells cultured in supernatant from MC38 
cells treated with G0-SS-AA-C12 IL-12 pLNP exhibited notably higher 
levels of TNF-α, IFNγ and granzyme B compared with those cultured in 
control supernatants (Supplementary Fig. 60). Moreover, treatment 
with G0-SS-AA-C12 IL-12 pLNP enhanced cytokine production in CD4+ 
and CD8+ T cells (Supplementary Figs. 61 and 62) and enhanced T cell 
proliferation (Supplementary Fig. 67).

The capacity of G0-SS-AA-C12 pLNP to mitigate T cell exhaustion  
was evaluated by co-culturing primary OT-I CD3+ T cells with  
ovalbumin-modified MC38 (MC38-OVA) cancer cells at a 1:1 
effector-to-target (E:T) ratio. G0-SS-AA-C12 IL-12 pLNP and G0-SS- 
AA-C12 FLuc pLNP were added at 0.5 μg per well for 3 days. Cells 
treated with PBS served as a negative control. Every 3 days, equivalent 
numbers of MC38-OVA cells and corresponding amounts of mRNA- 
pLNP were added, for a total of 5 cycles, to mimic chronic T cell 
stimulation within the TME. After the final stimulation, cells were 
collected and analysed via flow cytometry for CD69 and CD25 expres-
sion, markers of T cell activation, and for PD-1 expression, a marker 
of T cell exhaustion5,46 (Fig. 3h). Treatment with G0-SS-AA-C12 IL-12 
pLNP upregulated CD69 and CD25 on OT-I CD3+ T cells (Fig. 3i,j and 
Supplementary Figs. 64a,b and 65) and downregulated PD-1 (Fig. 3k and 
Supplementary Figs. 64c and 66) relative to control groups. Interest-
ingly, G0-SS-AA-C12 pLNP encapsulating IL-12 mRNA mediated greater 
suppression of PD-1 expression than pLNP encapsulating FLuc mRNA 
(Fig. 3k and Supplementary Fig. 64c). Together, these results imply a 
synergistic mechanism between the released indoximod and translated 
IL-12 in resisting T cell exhaustion.

pLNP delivering IL-12 mRNA enables MC38 tumour 
immunotherapy
We next evaluated the therapeutic efficacy of G0-SS-AA-C12 pLNP in 
an MC38 tumour mouse model. To highlight the synergistic effect of 
this platform, composed of both a small-molecule IDO inhibitor and 
therapeutic IL-12 mRNA, we prepared two control LNPs. G0-SS-AA-C12 
pLNP encapsulating FLuc mRNA was used to assess the effect of IDO 
inhibitor only, while G0-6C-AA-C12 LNP encapsulating IL-12 mRNA 
was used to evaluate the anti-tumour efficacy of IL-12 mRNA only 
(Supplementary Fig. 68). After subcutaneous injection of MC38 cells 
into the right flank of mice, G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 
IL-12 LNP or G0-SS-AA-C12 IL-12 pLNP were administered intratumour-
ally at an mRNA dose of 2.5 μg per mouse on days 6, 8 and 10 (Fig. 4a). 
PBS was administered via the same procedure as a negative control. 
G0-SS-AA-C12 pLNP encapsulating IL-12 mRNA suppressed tumour 

growth (Fig. 4b), inducing compelete tumour regression in all treated 
mice within 31 days of model initiation (Fig. 4b,c). In comparison, 
G0-SS-AA-C12 pLNP encapsulating FLuc mRNA and G0-6C-AA-C12 
LNP encapsulating IL-12 mRNA only partially inhibited tumour growth 
(Fig. 4b,c). All LNPs were well tolerated with no effect on body weight 
(Fig. 4d) or major organ histology (Supplementary Fig. 69) relative to 
control mice. Finally, PBS-treated mice succumbed to tumour burden 
before day 45, G0-SS-AA-C12 FLuc pLNP and G0-6C-AA-C12 IL-12 LNP 
treatment moderately increased survival, and all G0-SS-AA-C12 IL-12 
pLNP-treated mice survived to our study endpoint (Fig. 4e).

To further characterize the importance of co-formulation 
of the IDO inhibitor with IL-12 mRNA in a single LNP, we evalu-
ated three additional control groups: free IL-12 mRNA, free IDO 
inhibitor and G0-6C-AA-C12 IL-12 LNP with free IDO inhibitor 
(Supplementary Fig. 70a). G0-SS-AA-C12 IL-12 pLNP demonstrated 
superior anti-tumour efficacy compared to these control groups. 
Neither free IL-12 mRNA nor free IDO inhibitor alone notably sup-
pressed tumour growth (Supplementary Fig. 70b,e). G0-6C-AA-C12 
IL-12 LNP plus free IDO inhibitor only partially inhibited tumour 
progression with mean tumour volumes rising rapidly after day 22 
(Supplementary Fig. 70b,c). By contrast, G0-SS-AA-C12 IL-12 pLNP com-
pletely suppressed tumour growth, and achieved complete regression 
of all tumours within 32 days in this study (Supplementary Fig. 70c,e). 
All mice in the G0-SS-AA-C12 IL-12 pLNP-treated group survived to study 
endpoint (Supplementary Fig. 70d). Splenic CD4+, CD8+ and regulatory 
T cell response was also assessed for each of these groups on day 12 
(Supplementary Fig. 71a). Notably, G0-SS-AA-C12 IL-12 pLNP elicited a 
robust CD8+ T cell response and diminished the number of CD4+ and reg-
ulatory T cells compared with control groups (Supplementary Figs. 71–
73). Overall, these data confirmed that co-formulation of both an IDO 
inhibitor and IL-12 mRNA in a single LNP is integral to induction of a 
potent immune response and anti-tumour efficacy.

We next investigated the anti-tumour mechanism of G0-SS-AA-C12 
IL-12 pLNP. Given that IL-12 is known to activate cells in both the innate 
and adaptive immune compartment and the spleen plays a major role in 
immunoregulation47,48, we more specifically explored the effect of pLNPs 
specifically on splenic T cell populations in the MC38 tumour mouse 
model. As observed previously, G0-SS-AA-C12 IL-12 pLNP biased splenic 
T cells towards CD8+ populations and away from CD4+ populations rela-
tive to control groups (Fig. 4f–h). More specifically, G0-SS-AA-C12 IL-12 
pLNP enhanced effector memory (CD44+CD62L−) and central memory 
(CD44+CD62L+) CD4+ and CD8+ splenic T cell populations (Fig. 4i–l and 
Supplementary Figs. 74 and 75), and reduced the presence of splenic regu-
latory T cells (CD4+CD25+FOXP3+) (Fig. 4m and Supplementary Figs. 76 
and 77). Together, these results demonstrate that G0-SS-AA-C12 IL-12 
pLNP achieves anti-tumour efficacy via immune priming towards an effec-
tor T cell phenotype while also generating long-term immune memory.

pLNP drives effector T cell infiltration and  
TME activation
Having characterized the impact of G0-SS-AA-C12 IL-12 pLNP on splenic 
immunoregulation, we next evaluated the mechanisms of anti-tumour 
efficacy in MC38 tumours. A subcutaneous MC38 tumour mouse model 

Fig. 5 | Characterization of TME after treatment with G0-SS-AA IL-12 pLNPs 
encapsulating IL-12 mRNA. a, Schematic showing establishment of the MC38 
tumour model for flow cytometry and bulk RNA sequencing (RNA-seq) after 
treatment. Mice bearing MC38 tumours received intratumoural injection of 
PBS, G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 IL-12 LNP or G0-SS-AA-C12 IL-12 
pLNP. On day 12, tumours in each treatment group were collected, and a portion 
of tumour tissues was digested into a single-cell suspension for analysis of T cell 
populations via flow cytometry, while the remaining cells were digested for 
RNA-seq of tumour tissues. b,c, Quantification of CD8+ T cells (b) and CD4+  
T cells (c) among CD3+ T cells in tumour tissues after different treatments (n = 5).  
d,e, Analysis of PD-1 expression on the surface of CD8+ T cells (d) and CD4+ T cells 
(e) (n = 5). f,g, Cytokine levels of TNF-α (f) and IFNγ (g) in tumour tissues (n = 3). 

h, Volcano plots of changes in gene expression (log2) between MC38 tumours 
treated with PBS and G0-SS-AA-C12 IL-12 pLNPs. i, IFNγ gene expression after 
treatment with G0-6C-AA-C12 IL-12 LNP and G0-SS-AA-C12 IL-12 pLNP relative to 
PBS treatment (n = 3). j–o, Heat maps of differentially expressed genes, including 
pro-inflammatory cytokines (j), leukocyte chemokines (k), T cell priming  
and DC activation (l), NOD-like receptor signalling pathway (m), apoptosis  
(n) and T cell and natural killer cell activation (o), in response to treatment  
with PBS or G0-SS-AA-C12 IL-12 pLNP. Data are presented as mean ± s.d.  
(n = 3). Statistical differences were calculated using one-way ANOVA with Tukey’s 
multiple comparisons test. Statistical difference in i was calculated using t-tests. 
****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. Panel a created in BioRender; 
Hamilton, A. https://biorender.com/1kx9cw2 (2025).
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was prepared and treated with either PBS, G0-SS-AA-C12 FLuc pLNP, 
G0-6C-AA-C12 IL-12 LNP or G0-SS-AA-C12 IL-12 pLNP as described previ-
ously. On day 12, tumours were collected and digested into single-cell 
suspensions (Fig. 5a). G0-SS-AA-C12 IL-12 pLNP increased CD8+ T cells 

within the TME (Fig. 5b) relative to control groups, likely owing to 
IL-12-mediated recruitment and stimulation of T cell effector functions. 
There was no significant difference between the number of CD4+ cells 
between treatment groups (Fig. 5c). In line with the observed increase 
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in T cell infiltration, intracellular levels of TNF-α, IFNγ and granzyme B 
in CD3+ T cells were elevated after treatment with G0-SS-AA-C12 IL-12 
pLNP (Supplementary Fig. 78a,b,d–i). Relative to PBS-treated tumours, 
G0-SS-AA-C12 FLuc pLNP downregulated PD-1 expression on CD4+ and 
CD8+ T cells, demonstrating the influence of the released IDO inhibi-
tor (Fig. 5d,e). G0-SS-AA-C12 IL-12 pLNP further decreased CD4+ and 
CD8+ T cell exhaustion in the TME, demonstrating further synergy in 
therapeutic function between IL-12 and IDO inhibitor (Fig. 5d,e and 
Supplementary Figs. 81 and 82). G0-SS-AA-C12 IL-12 pLNP also signifi-
cantly elevated pro-inflammatory cytokines IL-6, TNF-α and IFNγ levels 
in tumour tissues (Fig. 5f,g and Supplementary Fig. 78a–c). Finally, 
G0-SS-AA-C12 IL-12 pLNP maintained performance relative to tumours 
treated with free IL-12 mRNA, free IDO inhibitor and G0-6C-AA-C12 IL-12 
LNP with free IDO inhibitor (Supplementary Figs. 79 and 80), highlight-
ing the importance of IDO inhibitor and IL-12 mRNA co-formulation. 
Thus, G0-SS-AA-C12 IL-12 pLNP enhances effector T cell infiltration 
and reduces T cell exhaustion in the TME via synergistic mechanisms, 
leading to the anti-tumour efficacy observed in the MC38 tumour 
mouse model.

To understand the impact of IDO inhibitor and IL-12 release from 
pLNPs on the gene expression profile of cells within the TME, we per-
formed bulk RNA sequencing (RNA-seq) on collected MC38 tumours 
(Fig. 5a,h–o). IL-12 exerts many of its downstream effects via IFNγ49. 
Thus, it was unsurprising that both G0-SS-AA-C12 IL-12 pLNP- and 
G0-6C-AA-C12 IL-12 LNP-treated tumours had an upregulation of IFNγ 
transcripts by 6.3-fold and 2.1-fold, respectively, relative to PBS-treated 
tumours (Fig. 5i), which was consistent with high IFNγ levels in tumour 
tissue (Fig. 5g). Twenty-eight pro-inflammatory cytokine genes were 
significantly enriched following treatment with G0-SS-AA-C12 IL-12 
pLNP (Fig. 5j and Supplementary Fig. 83a), while G0-SS-AA-C12 FLuc 
pLNP and G0-6C-AA-C12 IL-12 LNP induced expression of 11 and 
4 genes, respectively (Supplementary Figs. 84 and 85). At a macro 
level, G0-SS-AA-C12 IL-12 pLNP shifted the gene expression profile of 
the TME from ‘cold’ to ‘hot’, evidenced by upregulation of leukocyte 
chemokines and pathways responsible for T cell priming, dendritic 
cell (DC) activation, nucleotide-binding oligomerization domain 
(NOD)-like receptor signalling, cancer cell apoptosis, and T cell and 
natural killer (NK) cell activation (Fig. 5j–o). By contrast, G0-SS-AA-C12 
FLuc pLNP and G0-6C-AA-C12 IL-12 LNP induced only modest changes 
in immune-response genes (Supplementary Figs. 83b,c, 84 and 85). 
These data imply that G0-SS-AA-C12 IL-12 pLNPs modulate the TME 
by exerting immunostimulatory effects that lead to the anti-tumour 
efficacy of this platform.

Anti-tumour efficacy and safety of pLNP after 
systemic dosing
Given the robust anti-tumour efficacy of G0-SS-AA-C12 IL-12 pLNP 
after intratumoural administration, we further explored the efficacy 
of pLNP after intravenous administration in a mouse MC38 tumour 
model. Mice were treated with free IL-12 mRNA, free IDO inhibitor, 
G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 IL-12 LNP, G0-6C-AA-C12 IL-12 

LNP plus free IDO inhibitor, or G0-SS-AA-C12 IL-12 pLNP at an mRNA 
dose of 2.5 μg per mouse on days 6, 8 and 10 (Supplementary Fig. 86a). 
Treatment with PBS served as a negative control. Treatment with 
G0-SS-AA-C12 IL-12 pLNP, G0-6C-AA-C12 IL-12 LNP or G0-6C-AA-C12 
IL-12 LNP with free IDO inhibitor inhibited tumour growth 
(Supplementary Fig. 86b). In comparison, free IL-12 mRNA and free 
IDO inhibitor failed to exhibit anti-tumour function relative to the 
PBS-treated group (Supplementary Fig. 86c). Long-term monitoring 
of tumour progression and mouse survival showed that while LNPs 
encapsulating IL-12 mRNA partially suppressed tumour burden, they 
were unable to eradicate tumours (Supplementary Fig. 86d).

We next assessed systemic toxicity of the seven distinct treatment 
groups. Serum was collected on day 12 for assessment of cytokine 
levels, liver function markers and pro-inflammatory cytokines 
(Supplementary Fig. 87a). All LNPs encapsulating IL-12 mRNA ele-
vated serum levels of IL-6, TNF-α and IFNγ after intravenous injection 
(Supplementary Fig. 87b–d), while treatment with free IL-12 mRNA, free 
IDO inhibitor and G0-SS-AA-C12 FLuc LNP resulted in serum cytokine 
levels comparable to the negative control (Supplementary Fig. 87b–d). 
Similarly, all LNPs encapsulating IL-12 mRNA increased levels of the liver 
enzymes aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) compared with the PBS group (Supplementary Fig. 88). 
By contrast, G0-SS-AA-C12 IL-12 pLNP administered via intratumoural 
injection did not increase serum IL-6 and TNF-α relative to PBS treat-
ment (Supplementary Fig. 87e–g), and these cytokine levels were 
3.4-fold and 2.2-fold lower, respectively, than those after intravenous 
administration of pLNP (Supplementary Fig. 87h,i). No significant 
hepatotoxicity was observed after intratumoural injection of any treat-
ment (Supplementary Fig. 89). Together, although pLNP encapsulat-
ing IL-12 mRNA has moderate anti-tumour efficacy after intravenous 
injection, systemic toxicity limits the potential of the platform via 
systemic administration. By contrast, intratumoural injection of pLNP 
encapsulating IL-12 mRNA boasts significant anti-cancer efficacy with 
minimal systemic toxicity.

Intratumoural pLNP administration prevents 
rechallenge and regresses distal tumours
Since G0-SS-AA-C12 IL-12 pLNPs elicited a substantial memory T cell 
response upon intratumoural administration, we tested whether this 
platform could be used to protect against tumour rechallenge. To this 
end, we inoculated mice with subcutaneous MC38 tumours and admin-
istered G0-SS-AA-C12 IL-12 pLNP intratumourally at an mRNA dose of 
2.5 μg per mouse on days 6, 8 and 10. On day 30, MC38 cancer cells 
were injected into the flank of mice with primary MC38 tumours that 
were previously eliminated by pLNP treatment or age-matched normal 
mice as a control (Fig. 6a). All mice that successfully eliminated their 
primary tumours after G0-SS-AA-C12 IL-12 pLNP treatment rejected 
growth of a secondary tumour (Fig. 6b,c) and survived to the terminal 
endpoint (>60 days) without detectable tumour burden (Fig. 6d). By 
contrast, control mice grew tumours (Fig. 6b,c) and all succumbed to 
their tumour burden within 40 days (Fig. 6d). No loss in body weight 

Fig. 6 | Intratumoural injection of G0-SS-AA-C12 IL-12 pLNP elicits effective 
long-term anti-tumour response and drives regression of distal tumours. a, 
Schematic depicting in vivo MC38 tumour rechallenge. Mice bearing ~100 mm3 
MC38 tumours were injected with G0-SS-AA-C12 IL-12 pLNP on days 6, 8 and 10, 
resulting in tumour elimination by day 30. Then, MC38 cells were subcutaneously 
reinjected into the same position to monitor tumour regrowth and mouse 
survival. Mice naive to pLNP treatment served as a control group. b, Mean 
tumour volume from two independent experiments. c, Spider plots of individual 
tumour growth curves of each mouse in the treatment group and control group. 
d, Survival curve of mice for the treatment group compared with the control 
group. e, Body weight changes of mice in the treatment group and control group. 
The biologically independent samples in b–d were n = 5 for the control group 
and n = 8 for the treated group. f, Scheme depicting the bilateral tumour model. 
Mice were treated with PBS, G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 IL-12 LNP 

or G0-SS-AA-C12 IL-12 pLNP in only the right tumour. Tumour growth and mouse 
survival in each group were monitored. g, Representative images of tumours on 
day 30 after initiation of treatment. h, Spider plots of individual tumour growth 
curves of each mouse in different treatment groups. i, Survival curves from the 
four different treatment groups. j, Body weight changes of mice in the treatment 
group and control group. The biologically independent samples in h–j were n = 5 
for PBS and G0-SS-AA-C12 IL-12 pLNP groups, n = 4 for G0-SS-AA-C12 FLuc pLNP 
and G0-6C-AA-C12 IL-12 LNP groups. k,l, Quantification of CD8+ T cells (k) and 
CD4+ T cells (l) among CD3+ T cells in contralateral tumour tissue after treatment 
(n = 3). Data are presented as mean ± s.d. Statistical differences in b were 
calculated using two-way ANOVA with Sidak’s multiple comparisons test. Survival 
analysis in d was performed using a log-rank (Mantel–Cox) test. ****P < 0.0001; 
***P < 0.001; **P < 0.01; *P < 0.05.
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was observed in the treatment group after tumour rechallenge (Fig. 6e). 
Taken together, G0-SS-AA-C12 IL-12 pLNP not only has the potential to 
treat and eliminate primary tumours, but can also induce sufficient 
immune memory to protect against local tumour regrowth.

We next probed whether the global immunomodulatory effect of 
G0-SS-AA-C12 IL-12 pLNP could drive the regression of tumours distal 
to the primary tumour injection site. To test this, mice were inocu-
lated with two subcutaneous MC38 tumours, one on each flank. Then, 
only the right tumour was injected with either PBS (negative control), 
G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 IL-12 LNP or G0-SS-AA-C12 
IL-12 pLNP at an mRNA dose of 2.5 μg per mouse on days 6, 8 and 10 
(Fig. 6f). G0-SS-AA-C12 IL-12 pLNP induced notable regression of not 
only the treated tumour but also the contralateral tumour (Fig. 6g,h). 
All mice treated with G0-SS-AA-C12 IL-12 pLNP survived to the terminal 
endpoint, nearly 3 months after tumour inoculation (Fig. 6i). By con-
trast, both flank tumours of G0-SS-AA-C12 FLuc pLNP-treated mice 
showed rapid growth and resulted in minimal survival benefit relative 
to PBS-treated mice, demonstrating that IDO inhibitor alone is not suf-
ficient for therapeutic efficacy (Fig. 6h,i). For the G0-6C-AA-C12 IL-12 
LNP-treated mice, untreated distal tumour growth was not inhibited 
(Fig. 6h), limiting long-term survival without a cleavable IDO inhibi-
tor (Fig. 6i). No body weight changes were observed in all treatment 
groups, demonstrating the biocompatibility of pLNP platforms 
(Fig. 6j). Finally, we explored changes in T cell populations within 
the contralateral TME via flow cytometry. Akin to the perturbation 
of T cell populations observed within the primary tumour (Fig. 5b), 
treatment with G0-SS-AA-C12 IL-12 pLNP resulted in greater CD8+ T cells 
in the contralateral tumour relative to control groups (Fig. 6k,l and 
Supplementary Fig. 90). Of note, G0-SS-AA-C12 IL-12 pLNP resulted in 
lower numbers of CD4+ T cells in the contralateral tumour relative to 
control groups (Fig. 6k,l and Supplementary Fig. 90), likely resulting in 
effective tumour regression owing to reduction of tumour-protective 
regulatory T cells. Together, these results imply that both IDO inhibitor 
release and IL-12 expression are necessary within pLNP for elimination 
of distal tumours and maximal therapeutic efficacy of this platform.

Conclusion
In this study, we engineered a synergistic immunotherapy platform, 
G0-SS-AA-C12 IL-12 pLNP, which showed robust anti-tumour efficacy. 
Further optimization of this therapeutic platform could be accom-
plished by balancing pLNP stability and IDO inhibitor release. Sev-
eral factors influence pLNP stability, including the tail length of pIL 
and the molar ratio of the helper lipids in the LNP50, which modulate 
the intramolecular forces that drive pLNP formulation. The chemical 
structures of constituent lipids within pLNPs are likely to influence 
IDO release kinetics. Different linker chemistries may be designed to 
respond to specific biological triggers in the TME, such as pH, redox 
markers (for example, reactive oxygen species (ROS) and GSH) or enzy-
matic activity41. While in the present study we utilized a cyclic reac-
tion for IDO inhibitor release, self-immolative linkers based on 1,6- or 
1,4-azaquinone methide elimination could also be used to precisely con-
trol IDO inhibitor release kinetics51. Optimization of these parameters 
may identify a next-generation pLNP formulation that balances stability 
and IDO inhibitor release to achieve superior therapeutic outcomes.

Intravenous administration of G0-SS-AA-C12 IL-12 pLNPs dem-
onstrated significant anti-tumour efficacy (Supplementary Fig. 86) 
but was accompanied by systemic toxicity, including cytokine release 
syndrome and hepatotoxicity in mice (Supplementary Figs. 87 and 88). 
To mitigate these adverse effects, several strategies could be imple-
mented. For example, incorporating microRNA-122 target sequences 
(miR-122T) into the 3′-untranslated region of IL-12 mRNA may substan-
tially reduce hepatic IL-12 expression52. Alternatively, the use of pro-IL-12 
mRNA could generate an inactive precursor that is specifically activated 
within the TME. Conjugating a tumour-targeting antibody to pLNPs 
may further enhance tumour localization while minimizing hepatic 

transfection. Finally, co-administration of inhibitors targeting IL-6, 
TNF-α or IFNγ could reduce IL-12-induced toxicity without compromis-
ing anti-tumour efficacy.

Although systemically administered immunotherapies (that is, 
checkpoint blockade, bispecific antibodies and adoptive T cell transfer) 
have had clinical success53, especially in haematologic cancers54, the 
majority of solid tumours have remained refractory to these therapies. 
For these difficult-to-treat cancers, intratumoural immunotherapies, a 
strategy that involves directly injecting immunostimulatory agents into 
tumour sites, are currently being tested in clinical trials55–57. Advantages 
of this approach include overcoming barriers of drug biodistribution to 
tumours and the ability to achieve high local concentrations of drug with 
lower systemic exposure. Indeed, while we observed systemic toxicity 
after intravenous administration of pLNPs encapsulating IL-12 mRNA 
(Supplementary Figs. 86 and 87), intratumoural administration of this 
platform elicited potent anti-cancer activity with a strong safety profile 
(Supplementary Fig. 87).

A critical requirement for the success of intratumoural immuno-
therapy is treating metastatic tumours via generation of a systemic 
anti-tumour immune response, referred to as the abscopal effect. This 
requires the intratumoural agent to trigger events leading to ‘in situ’ 
vaccination58, that is, the generation or expansion of tumour-specific 
T cells that not only attack the tumour at the site of injection but also 
circulate and target distant, non-injected tumours. Encouragingly, 
in the present study, we observed that intratumoural injection of 
G0-SS-AA-C12 pLNP encapsulating IL-12 mRNA resulted in systemic 
(splenic) T cell activation (Fig. 4), immunologic memory (Figs. 4i–l 
and 6a–e) and, importantly, a strong abscopal effect (Fig. 6f–j). These 
data support the use of pLNPs for disseminated cancers after local 
intratumoural injection.

In summary, our data demonstrate the potential of G0-SS-AA-C12 
IL-12 pLNP for solid tumour treatment and provide a framework to 
develop next-generation mRNA-LNP therapeutics, co-delivering both a 
small-molecule drug and an mRNA transcript, for cancer immunotherapy.
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Methods
Materials
DLin-MC3-DMA was obtained from MedChemExpress. 1,2-Dioleoyl-sn- 
glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-p
hosphocholine (DSPC), cholesterol and 1,2-dimyristoyl-rac-glycero-3-m
ethoxypolyethylene glycol-2000 (DMG-PEG 2000) were pur-
chased from Avanti Polar Lipids. 2,2′-Disulfanediylbis(ethan-1-ol), 
1-methyl-D-tryptophan, hexane-1,6-diol, 2-hydroxyethyl disulfide and 
polyamine heads were purchased from Sigma-Aldrich. Epoxydecane 
(C10), epoxydodecane (C12), epoxytetradecane (C14) and 4-nitrophenyl 
carbonochloridate were purchased from Tokyo Chemical Industry. All 
organic solvents were purchased from Fisher Scientific. FLuc mRNA 
(5moU) (L-7202) was purchased from TriLink BioTechnologies.

Preparation of LNPs
For the preparation of MC3 LNPs, DLin-MC3-DMA, DSPC, cholesterol 
and DMG-PEG were mixed at a molar ratio of 50:10:38.5:1.5 and dis-
solved in 200 proof ethanol. For the preparation of other LNPs, ioniz-
able lipid, DOPE, cholesterol and DMG-PEG were mixed at a molar ratio 
of 50:10:38.5:1.5 and dissolved in ethanol. mRNA was dissolved in 10 mM 
citrate buffer (pH = 3). For in vitro screening experiments, the ethanol 
phase and the citrate buffer phase were mixed using pipette mixing. For 
other in vitro experiments and animal experiments, the ethanol phase 
and the citrate buffer phase were mixed in a microfluidic chip device at a 
flow rate ratio of 1:3. LNPs were then purified by dialysing against 1× PBS 
(dialysis cassette molecular weight cut-off (MWCO) 20 kDa) for 2 h to 
remove ethanol and citrate buffer. A 0.22 μM pore size filtration device 
was used to remove any aggregates, and the LNPs were then stored at 
4 °C until use. A Quant-iT RiboGreen RNA assay was used to quantify 
the mRNA encapsulation efficiency. mRNA encoding FLuc was used to 
formulate the LNPs for in vivo screening experiments.

In vitro screening of pLNPs
HepG2 cells were seeded in 96-well plates at a density of 5,000 
per well in 100 μl cell culture medium (DMEM, 10% FBS and 1% 
penicillin-streptomycin (P/S)) overnight. Then fresh DMEM medium 
was changed and pLNPs were added in the wells at a dose of 50 ng FLuc 
per well (MC3 LNPs served as a control). The expression of FLuc mRNA 
and cell viability were measured after treating cells for 24 h using a 
Luciferase Reporter 1000 Assay System (#E4550, Promega), and cell 
viability was measured using a CellTiter-Glo Luminescent Cell Viability 
Assay (#G7572, Promega) according to the manufacturer’s protocols.

In vivo screening of pLNPs
Female mice were intravenously injected with FLuc mRNA-loaded 
pLNPs at a dose of 2.5 μg per mouse (MC3 LNPs served as a positive 
control). D-Luciferin potassium salt (150 mg kg−1) was intraperitoneally 
injected into mice 6 h post-injection, and bioluminescence imaging was 
performed using an in vivo imaging system (PerkinElmer). For in vivo 
screening in a mouse tumour model, pLNPs encapsulating FLuc mRNA 
were intratumourally injected at a dose of 2.5 μg per mouse. After 6 h, 
mice were intraperitoneally injected with D-luciferin potassium salt 
(150 mg kg−1). After that, FLuc mRNA expression was measured by biolu-
minescence imaging using an in vivo imaging system (IVIS; PerkinElmer).

IVIS imaging
A PerkinElmer Lumina III IVIS was used to collect the IVIS images shown 
in this study. Images were collected under the defined luminescence 
channel using the auto exposure mode. Living Image 4.5 software and 
the Auto ROI function were used to quantify the luminescence level in 
each image.

Measuring pKa of mRNA-LNP
TNS reagent was dissolved in ultrapure water at a concentration of 
0.16 mM. Then, buffered solutions of 150 mM sodium chloride, 20 mM 

sodium phosphate, 25 mM ammonium citrate and 20 mM ammonium 
acetate were created and adjusted to different pH values ranging from 
2.5 to 9.5 in increments of 0.5. After that, 2.5 μl of the LNP formulation was 
added to each pH-adjusted buffer solution in a black-wall black-bottom 
96-well plate (3 wells for each pH). 6-(p-toluidino)-2-naphthalenesulfonic 
acid (TNS) reagent was then added to each well so that the final TNS 
concentration was 6 μM. The 96-well plate was incubated in a dark loca-
tion for 5 min. Fluorescence at an excitation/emission of 322 nm/431 nm 
was measured using a fluorescence plate reader. The data were fitted to 
a sigmoidal curve, and the pKa was calculated as the pH corresponding 
to half of the maximum TNS fluorescence value.

Labelling LNPs with 3,3'-dioctadecyloxacarbocyanine 
perchlorate (DiO)
One millilitre of LNPs was added to a 1.5 ml tube with 2 μl DMSO con-
taining DiO (1 mg ml−1). After vortex mixing and incubation at room 
temperature (25 min), the mixture was loaded into a centrifugal filter 
device (MWCO 10 kDa) and LNP-DiO was washed with PBS three times 
to remove free DiO. The purified LNP-DiO nanoparticles were stored 
at 4 °C fridge before use.

ELISA for IL-12 characterization in vitro
MC38 cells were incubated in a 12-well plate at a density of 5 × 105 
cells per well in 1 ml DMEM overnight. Then PBS, MC3 IL-12 LNP, 
G0-6C-AA-C12 IL-12 LNP and G0-SS-AA-C12 IL-12 pLNP were added at 
a dose of 0.5 μg ml−1 IL-12 mRNA per well (PBS served as a negative 
control). After 16 h co-culture, the supernatants of each group were 
collected. MC38 cells were then lysed using 300 μl of lysis buffer. The 
protein levels of IL-12 in each group were measured using an ELISA kit 
from Thermo Fisher Scientific (catalogue number 88-7121-22), follow-
ing the manufacturer’s instructions.

Immunofluorescence for analysing intracellular IL-12
MC38 cells were seeded in confocal imaging dishes at a density of 
5 × 104 cells per dish in 300 μl DMEM overnight. Then MC3 IL-12 LNP, 
G0-6C-AA-C12 IL-12 LNP and G0-SS-AA-C12 IL-12 pLNP were added at 
a dose of 0.5 μg ml−1 IL-12 mRNA, respectively. PBS was also added 
as a negative control. After 16 h, cells were fixed by fixation buffer 
(catalogue number 420801, BioLegend) and treated by intracellular 
staining permeabilization wash buffer (catalogue number 421002, 
BioLegend) for 10 min. After that, cells were treated with anti-mouse 
IL-12 antibody at a concentration of 5 μg ml−1 in PBST buffer contain-
ing 5% BSA at 37 °C for 3 h. Then, cells were washed with PBS 2 times, 
stained by IL-12 (p40/p70) rat anti-mouse phycoerythrin (PE) antibody 
(catalogue number 562038, clone C15.6, BD Biosciences) at 37 °C for 
1 h. Subsequently, cells were washed with PBS 3 times, and Hoechst 
(10 μg ml−1) was added for staining the cell nucleus at 37 °C for 15 min. 
Afterwards, cells were washed with PBS 3 times and 300 μl PBS was 
added for following confocal imaging.

Flow cytometry analysis for intracellular IL-12 characterization
MC38 cells were seeded in a 6-well plate at a cell density of 3 × 105 in 1.5 ml of 
DMEM overnight. MC3 IL-12 LNP, G0-6C-AA-C12 IL-12 LNP and G0-SS-AA-C12 
IL-12 pLNP were treated with MC38 cells at a dose of 0.5 μg ml−1 IL-12 mRNA 
per well at 37 °C for 16 h. Fixation buffer was used to fix cells for 15 min. 
Then cells were treated by intracellular staining permeabilization wash 
buffer for 10 min. Anti-mouse IL-12 PE antibody in permeabilization wash 
buffer was added and incubated for 45 min. After that, cells were collected 
by centrifugation at 400 × g for 5 min. Then MC38 cells were washed with 
PBS three times and processed for flow cytometry analysis.

In vitro IDO inhibitor indoximod (1-methyl-D-tryptophan) 
release from G0-SS-AA-C12 pLNP
G0-SS-AA-C12 pLNP with the concentration of pIL at 1.7 mg ml−1 were 
dispersed in 100 μl PBS buffer containing 5 mM GSH. Afterwards, 
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the mixture solution was placed in a well of a 96-well microdialysis 
plate (MWCO 20 kDa) and then immersed into 1 ml PBS containing 
5 mM GSH at 37 °C. Then 50 μl external PBS buffer solution was used 
for high-performance liquid chromatography analysis at a detected 
wavelength of 286 nm at different time points. The calibration curve 
of indoximod was used to quantify the drug release.

G0-SS-AA-C12 pLNP-mediated increase of T cell cytokine 
(TNF-α, IFNγ and granzyme B) secretion in vitro
MC38 cells were incubated with either G0-SS-AA-C12 IL-12 pLNP or 
G0-SS-AA-C12 FLuc pLNP at an mRNA dose of 0.5 μg ml−1 per well for 
24 h, after which the culture supernatants were collected. Primary mouse 
CD3+ T cells were isolated from the spleens of female C57BL/6 mice using 
a CD3+ T cell isolation kit (catalogue number 480024, BioLegend) and 
subsequently activated with mouse T cell activation beads (catalogue 
number 11456D, Thermo Fisher) in complete T cell culture medium lack-
ing mouse IL-2 (mIL-2) for 3 days. After removal of the activation beads, the 
CD3+ T cells were resuspended in medium. Supernatants from the treated 
MC38 cells were then mixed with T cell culture medium (without mIL-2) at 
a volume ratio of 1:1 and used to culture CD3+ T cells for 48 h (PBS served as 
a negative control). Following this incubation, T cells were collected and 
stimulated with a cell stimulation cocktail (catalogue number 00-4970-
93, Thermo Fisher) and a protein transport inhibitor cocktail (catalogue 
number 00-4930-93, Thermo Fisher) for 4 h. After stimulation, the cells 
were collected and stained for surface markers on ice for 1 h. They were 
then washed with PBS buffer and treated with fixation and permeabiliza-
tion buffers, respectively. Intracellular cytokines were then stained with 
corresponding antibodies. Finally, cells were subjected to flow cytometry 
to assess intracellular TNF-α, IFNγ and granzyme B production.

G0-SS-AA-C12 pLNP-mediated T cell proliferation in vitro
MC38 cells were treated with G0-SS-AA-C12 IL-12 pLNP and G0-SS-AA- 
C12 FLuc pLNP for 24 h at a dose of 0.5 μg ml−1 per well, respectively. 
Then, supernatants were collected and mixed with T cell culture 
medium at a volume ratio of 1:1. Primary CD3+ T cells were isolated from 
the spleens of female C57BL/6 mice and activated by T cell activation 
beads for 3 days. After removal of all activation beads, T cells were dyed 
with a CFSE cell proliferation kit (catalogue number C34554, Thermo 
Fisher) and further cultured with T cell culture medium (without mIL-2) 
for 3 days. After that, CD3+ T cells were collected and subjected to flow 
cytometry to analyse T cell proliferation.

G0-SS-AA-C12 pLNP-mediated suppression of T cell 
exhaustion in vitro
To investigate the effects of G0-SS-AA-C12 pLNP on T cell exhaustion, 
MC38-OVA cancer cells were co-cultured with primary OT-I CD3+ T cells 
isolated from the spleens of OT-I female mice using a CD3+ T cell isola-
tion kit (catalogue number 480024, BioLegend). The cells were plated 
at an E:T ratio of 1:1 in a 6-well plate (MC38-OVA, 5 × 105 cells; OT-I CD3+ 
T cells, 5 × 105 cells). G0-SS-AA-C12 IL-12 pLNP or G0-SS-AA-C12 FLuc 
pLNP was then added to the co-culture system at an mRNA dose of 
0.5 μg ml−1 per well, followed by incubation for 3 days. Subsequently, 
an additional 5 × 105 MC38-OVA cancer cells were added to the well 
along with a second dose of pLNP at the same mRNA dose (0.5 μg ml−1), 
and the culture was maintained for another 3 days. This process was 
repeated four times in total. At the end of the experiment, all cells were 
collected and analysed by flow cytometry to assess T cell activation, 
as indicated by CD69 and CD25 expression, and to evaluate changes in 
PD-1 levels, a key marker of T cell exhaustion.

Intratumoural administration of LNPs to evaluate the effect of 
cancer immunotherapy
C57BL/6 mice (6–8 weeks) were subcutaneously inoculated ~1 × 106 MC38 
cells on day 0. The treatments were performed in tumour-bearing mice 
at the indicated time points (days 6, 8 and 10) by intratumoural injection 

of G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 IL-12 LNP and G0-SS-AA-C12 
IL-12 pLNP at a dose of 2.5 μg mRNA per mouse, respectively. Control 
mice were injected intratumourally with 50 μl of PBS. Tumours were then 
measured by a precision caliper with a 2,000 mm3 ethical limit, which was 
never exceeded in this study. Mice were also monitored for predefined 
humane endpoints, including tumour ulceration, and were euthanized 
and the last tumour measurement was recorded. At the same time, the 
body weights of mice were recorded. Complete tumour regression was 
defined as no measurable tumour by caliper and the tumour becoming 
no-palpable. All protocols performed on animals in this study were 
approved by the Institutional Animal Care and Use Committee of the 
University of Pennsylvania (protocol # 806540).

RNA-seq
MC38 tumour tissues were collected on day 12 after 3 intratumoural 
injections of G0-SS-AA-C12 FLuc pLNP, G0-6C-AA-C12 IL-12 LNP, 
G0-SS-AA-C12 IL-12 pLNP and PBS, respectively. After that, total RNA 
was extracted. Sequencing was performed in Novogene, and the dif-
ferentially expressed genes were analysed using DEGSeq R package 
(1.20.0). The P values were adjusted using the Benjamini–Hochberg 
method. The threshold of corrected P value of 0.05 and log2 (fold 
change) of 1 was selected to determine the significantly differentially 
expressed genes.

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

Data availability
All relevant data supporting the findings of this study are available 
within the paper, Supplementary Information or Source Data file. 
Source data are provided with this paper.
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