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Intratumoral delivery of lipid nanoparticle-
formulated mRNA encoding IL-21, IL-7, and
4-1BBL induces systemic anti-tumor
immunity
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Local delivery of mRNA-based immunotherapy offers a promising avenue as it
enables the production of specific immunomodulatory proteins that can sti-
mulate the immune system to recognize and eliminate cancer cells while
limiting systemic exposure and toxicities. Here, we develop and employ lipid-
based nanoparticles (LNPs) to intratumorally deliver an mRNA mixture
encoding the cytokines interleukin (IL)−21 and IL-7 and the immunostimula-
tory molecule 4-1BB ligand (Triplet LNP). IL-21 synergy with IL-7 and 4-1BBL
leads to a profound increase in the frequency of tumor-infiltrating CD8+ T cells
and their capacity to produce granzyme B and IFN-γ, leading to tumor eradi-
cation and the development of long-term immunological memory. Mechan-
istically, the efficacy of the Triplet LNP depends on tumor-draining lymph
nodes to tumor CD8+ T-cell trafficking.Moreover, we highlight the therapeutic
potential of the Triplet LNP in multiple tumor models in female mice and its
superior therapeutic efficacy to immune checkpoint blockade. Ultimately, the
expression of these immunomodulators is associated with better overall sur-
vival in patients with cancer.

TherapeuticmRNA is a versatile and precise tool that can be exploited
against a wide range of diseases, including cancer1,2. mRNA encoding
immunostimulatory proteins, such as cytokines and costimulatory
molecules, can boost immune effector cells to target and eradicate
cancer cells. Intratumoral administration of therapeutic mRNA
increases the concentration of immunostimulatory proteins within the

tumor microenvironment (TME), inducing potent anti-tumor respon-
ses in preclinical tumormodels, while reducing systemic exposure and
hence toxicity3–6. Nonetheless, poor translation efficiency of naked
mRNA remains a challenge due to its instability, high susceptibility to
degradation by ribonucleases, and limited cellular uptake7. The
encapsulation of therapeutic mRNA in lipid-based nanoparticles
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(LNPs) can overcome these issues, improving its translation efficiency
within the TME and overall therapeutic efficacy5,6,8,9.

Interleukin (IL)−21, a member of the common γ-chain cytokine
family, modulates diverse immune cell subsets, including T cells, B
cells, natural killer (NK) cells, macrophages, monocytes, and dendritic
cells (DCs)10. IL-21 was shown to promote NK and T-cell proliferation
and regulate their effector functions including their cytotoxic capacity
and secretion of interferon (IFN)-γ, eliciting anti-tumor responses in
multiple preclinical tumor models11–16. In these studies, either recom-
binant IL-2111–14 or oncolytic viruses armed with IL-2115,16 were used.
Recombinant IL-21 exhibits a short half-life of 0.2 h in mice17 and 2 h in
humans18, which has limited its therapeutic efficacy in clinical trials19.
On the other hand, the use of viral vectors is associated with the risk of
insertionalmutagenesis and the development of anti-vector immunity,
preventing their repeated administration.Moreover, the use of IL-21 as
a monotherapy does not result in optimal therapeutic responses, and
combinations with chemotherapeutics, the immune checkpoint
blocker (ICB) anti-PD1, or anti-T-cell immunoglobulin and mucin
domain (TIM) 3 were necessary to elevate its efficacy13,14. Local
administration of IL-21-encoding mRNA can be a beneficial approach
since mRNA is safe, transient, easier to manufacture, and can be
administered repeatedly1,2. Additionally, the therapy can be tailored by
combining IL-21-encoding mRNA with an mRNA mixture encoding
potentially synergistic immunomodulators, thus optimizing its ther-
apeutic efficacy.

IL-7, another member of the common γ-chain cytokine family,
plays a pivotal role in naïve CD8+ T-cell development and survival, and
homeostatic proliferation in the periphery20,21. IL-7 was also shown to
induce naïve CD8+ T-cell differentiation towards a memory phenotype
and enhance their effector functions22,23. Within the TME, IL-7 can
protect CD8+ T cells against adenosine-mediated immunosuppression,
thus promoting anti-tumor effects24. However, systemic administra-
tion of recombinant IL-7monotherapy had no benefits in patients with
cancer despite a notable increase in circulating CD8+ T cells25,26, which
is presumablydue to a general expansion of IL-7 receptor+ CD8+ T cells,
most of which are not tumor-specific27.

4-1BB, a member of the tumor necrosis factor (TNF) receptor
family, is transiently induced on CD8+ T cells following T-cell receptor
(TCR) stimulation, which upon binding to its ligand (4-1BBL), initiates a
signaling cascade that leads to enhanced CD8+ T-cell proliferation,
cytotoxic capacity, and cytokine production28. Systemic administra-
tion of 4-1BB agonistic antibodies conferred encouraging anti-tumor
responses, however, its clinical efficacy is hampered due to severe
dose-limiting hepatotoxicity29–32.

In this study,wedemonstrate the capacity of our LNPs to transfect
human andmurine cells and the therapeutic efficacy of intratumorally
administered LNPs carrying nucleoside-modified mRNA encoding IL-
21, IL-7, and 4-1BBL against treated and distal tumors. In addition, the
Triplet LNP treatment can resensitize resistant tumor models to anti-
PD1. Using high-dimensional flow cytometry and single-cell RNA and
surface protein co-profiling, we assess the effects of the Triplet LNP on
the immune cell composition and activation status within the TME.
Finally, we show that the Triplet LNP treatment induces tumor-specific
CD8+ T cells and immunological memory that protects against tumor
rechallenge.

Results
Intratumoral injection of LNP-formulated mRNA leads to effi-
cient protein expression in myeloid and cancer cells
Lipid-based nanoparticles are highly effective carriers to enhance
mRNA delivery in vivo. The ionizable lipid is considered the most cri-
tical component within the LNP, as it mediates mRNA encapsulation
and the efficiency of endosomal escape. Recently, we have reported
the design of the ionizable cationic lipid S-Ac7-DOG that combines

improved expression levels with reduced reactogenicity upon intra-
muscular injection (Supplementary Fig. 1A)33,34. To evaluate whether
LNP-mediated mRNA delivery using the same LNP composition leads
to the expression of the target protein in vitro, we developed and
characterized LNPs carrying mRNA encoding the cell surface glyco-
protein thymus cell antigen 1a (Thy1.1) (Supplementary Fig. 1B). We
then transfected the MC38 colon carcinoma cell line with the LNP-
formulated Thy1.1 mRNA and quantified Thy1.1 expression after one
day using flow cytometry. Thy1.1 LNP transfected MC38 cells and
induced Thy1.1 expression in almost 100% of MC38 cells (Supple-
mentary Fig. 1C). To assess the in vivo biodistribution of the target
protein and whether LNP-mediated mRNA delivery enhanced its
expression relative to naked mRNA, we injected subcutaneous MC38
colon carcinoma tumors with either mRNA encoding the firefly luci-
ferase (FLucmRNA) or LNPs carrying the firefly luciferasemRNA (FLuc
LNP). Intratumoral delivery of LNP-formulated FLuc mRNA induced
higher luciferase activity than that of naked FLucmRNA as analyzed by
in vivo bioluminescent imaging (Fig. 1A). However, as previously
reported35, accumulation of FLuc LNP was also observed in the liver,
albeit to a lower extent than in the tumor (Fig. 1A). Next, we sought to
identify the cells expressing the target protein within the TME. To this
end, we injected either naked or LNP-formulated Thy1.1 mRNA intra-
tumorally into subcutaneous MC38 tumors and quantified Thy1.1
expression after one day using flow cytometry (Fig. 1B). LNP mediated
Thy1.1 mRNA delivery resulted in increased expression compared to
naked Thy1.1 mRNA in both CD45+ (immune) and CD45- (non-immune)
cells (Fig. 1C). Within the CD45+ compartment, Thy1.1 expression was
restricted to CD11b+ myeloid cells and in particular to tumor-
associated macrophages (TAMs), monocytes, and conventional den-
dritic cells type 2 (cDC2s) (Fig. 1D and Supplementary Fig. 1D).Here, we
defined three different subsets of TAMs, based on their expression of
major histocompatibility complex (MHC)-II andmacrophagemannose
receptor (MMR), the latter marker being associated with an M2-like
phenotype, and found that MMR+ TAMs were enriched within the
Thy1.1+ TAMs (Supplementary Fig. 1E). Accordingly, Thy1.1 expression
was higher in M2-polarized bone marrow-derived macrophages
(BMDM) compared to M1-polarized BMDMs incubated with Thy1.1
mRNA LNPs (Supplementary Fig. 1F). Since TAMs and monocytes are
themost abundantmyeloid cells withinMC38 tumors (Supplementary
Fig. 1G), we speculated that their high frequency within the Thy1.1+

compartment could bemerely due to their high abundance in the TME
rather than their superior capacity to take up the LNPs. To take this
into account, we quantified the frequency of Thy1.1+ cells within TAMs,
monocytes, and cDC2s and found that cDC2s showed the highest
intrinsic uptake capacity of the Thy1.1 LNP and consequent Thy1.1
protein expression (Fig. 1E). To assess whether LNP uptake impacts
cDC2 activation, we determined the expression of several cDC acti-
vation markers including CCR7, CD80, CD40, CD83, programmed cell
death ligand (PD-L) 1, andMHC-II in Thy1.1+ andThy1.1- cDC2s (Fig. 1F, G
and Supplementary Fig. 1H–K). CCR7 and CD80 levels increased sig-
nificantly in Thy1.1+ cDC2s, suggesting that LNP uptake and mRNA
translation might induce cDC2 activation and migration toward the
tumor-draining lymphnode (tdLN). In this respect, weobserved that in
the tdLN, cDC2s were the most abundant Thy1.1+ cells and that
approximately 90% of Thy1.1+ cDC2s in the tdLN had a migratory
phenotype (CD11cint MHC-IIhi CCR7+), suggesting that they might have
migrated from the tumor to the tdLN upon taking up the Thy1.1 LNP
(Fig. 1H and Supplementary Fig. 1L). Importantly, the frequency of
Thy1.1+ cells in the tdLN and spleen was drastically lower compared to
that of the tumor (Fig. 1I), indicating limited leakage of Thy1.1 LNP into
the secondary lymphoid tissues. Of note, we identified a minor
population of Thy1.1+ CD19+ B cells in the tdLN and spleen, which was
similarly observed in vehicle-treatedmice; therefore, we excluded this
population from our analysis (Supplementary Fig. 1M). Next, we
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injected Thy1.1 LNP intratumorally into subcutaneousMC38 tumors to
assess the relative Thy1.1 expression in the liver one day after the
injection (Fig. 1B). The frequency of Thy1.1+ cells in the liver was sig-
nificantly lower than in the tumor (Supplementary Fig. 2A). In the liver,
Thy1.1+ cells were mostly CD45+ myeloid cells, particularly monocytes,
neutrophils and to a lower extent Kupffer cells (Supplementary
Fig. 2B–E).

Triplet LNP eradicates tumors across multiple preclinical
models
Having demonstrated that mRNA delivery via LNPs elicited a higher
protein expression than nakedmRNA in tumors, we sought to assess the
therapeutic potential of LNPs carrying mRNA encoding immunostimu-
latory proteins. Given the reported anti-tumor efficacy of IL-2111–16, we
first developed LNPs carrying IL-21 mRNA. Following a single
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intratumoral injection of IL-21 LNP, we observed a profound increase in
the protein levels of IL-21 in the tumor and serum presumably due to its
leakage from the tumor into the circulation (Fig. 2A, B and Supple-
mentary Fig. 3A). Three intratumoral injections of IL-21 LNP showed a
moderate efficacy against MC38 tumors, inducing complete tumor
regression in 4 out of 8mice (Supplementary Fig. 3B, C). To enhance the
therapeutic efficacy of IL-21, we sought to combine it with other
potentially synergistic immunostimulatory molecules. IL-7 has been
shown to synergize with IL-21 in vitro and in vivo, promoting CD8+ T-cell
proliferation and cytotoxicity36–38. 4-1BB has emerged as an attractive
immunotherapy target amongst other molecules, such as OX40 and
CD27, due to its role in enhancing CD8+ T-cell survival and cytokine
production28. To this end, we developed LNPs carrying either IL-7 or
4-1BBL mRNA and assessed their protein levels in the tumor and serum
post a single intratumoral injection (Fig. 2A, C, D and Supplementary
Fig. 3D, E). Next, we evaluated the therapeutic efficacy of IL-21, IL-7 and
4-1BBL LNPs alone and their combinations to assess their potential
synergy (Fig. 2E, F). While IL-21 LNP as a monotherapy was able to
abrogate MC38 tumor growth in 3 out of 7 mice, IL-7 and 4-1BBL alone
had no effect on tumor growth. IL-7 synergizedwith IL-21 and resulted in
complete tumor regression in 5 out of 7mice (Fig. 2F). In contrast, in IL-
21/4-1BBL LNP-treated mice, only 1 out of 7 mice showed complete
tumor regression, suggesting a potentially lower anti-tumor activity
compared to IL-21 alone (Fig. 2F). Interestingly, mice treated with IL-7/4-
1BBL LNP showed delayed tumor growth in comparison to IL-7 and
4-1BBLmonotherapies and completely abrogated tumor growth in 1 out
of 7 mice (Fig. 2F). More importantly, the combination of IL-21, IL-7 and
4-1BBL (i.e. Triplet LNP) showed the highest therapeutic efficacy and led
to 6 out of 7 complete regressors (Fig. 2F).

Having demonstrated the therapeutic efficacy of the Triplet LNP
in the MC38 tumor model, we sought to assess its efficacy in ICB-
resistantmodels. Triple-negative breast cancer (TNBC) is an aggressive
disease with a poor prognosis due to its limited response to the
available therapeutic options, including ICB39. Therefore, we evaluated
the therapeutic efficacy of IL-21 LNP, IL-7 LNP, 4-1BBL LNP, IL-21/IL-7
LNP and Triplet LNP in mice bearing orthotopic E0771 TNBC tumors
(Supplementary Fig. 3F, G). In contrast to the MC38 tumor model, the
E0771 model was susceptible to 4-1BBL monotherapy as complete
tumor regression was observed in 3 out 7 mice (Supplementary
Fig. 3G). The combination of IL-7 and IL-21 promoted complete tumor
regression in 4 out 7 E0771 tumor-bearing mice, while the Triplet LNP
led to 6 out 7 complete regressors, suggesting that 4-1BBL is essential
for the therapeutic efficacy of the Triplet LNP, particularly against
E0771 tumors (Supplementary Fig. 3G). Then, we compared the ther-
apeutic efficacy of the Triplet LNP to the ICB anti-PD1 in E0771 tumor-
bearing mice (Fig. 2G, H). The Triplet LNP alone was sufficient to
induce complete tumor regression in a notable 10 out of 12 E0771
tumor-bearing mice, strongly outperforming anti-PD1 (1 of 12 com-
plete regressors) (Fig. 2H). Remarkably, combining the Triplet LNP
treatment with anti-PD1 completely eradicated the E0771 tumors (12
out of 12 complete regressors) (Fig. 2H).Moreover,we investigated the

therapeutic efficacy of the Triplet LNP and anti-PD1 in the sub-
cutaneous B16F10 melanoma model. While both the Triplet LNP and
anti-PD1 monotherapy failed to improve survival, the Triplet LNP/anti-
PD1 combination significantly enhanced survival with 4 out of 10
complete regressors (Fig. 2I, J), showcasing the synergistic potential of
the Triplet LNP and anti-PD1 in non-responsive models.

Triplet LNP displays a favorable safety profile
Considering the established dose-limiting hepatotoxicity of 4-1BB
agonists29–32, we sought to assess the potential hepatotoxicity of the
Triplet LNP treatment. Generally, all treatedmice tolerated the therapy
well, experienced no weight loss, and showed no signs of acute toxi-
city. Serum alanine transaminase (ALT) and aspartate transaminase
(AST) activitiesmeasured 4 and 24 h after the first injection and aswell
as four days following the third injection were not elevated in Triplet
LNP-treated mice (Supplementary Fig. 4A–E). Flow cytometry analysis
of the livers four days following the third dose revealed a slight
increase in the frequency of CD45+ cells in the Triplet LNP-treated
mice, but no significant impact on the frequencies of monocytes or T
cells, including CD4+ T cells and CD8+ T cells (Supplementary
Fig. 4F–K). Additionally, we performed hematoxylin and eosin (H&E)
and Sirius Red stainings to assess the effects of the Triplet LNPs on the
microanatomy of the liver four days and eight weeks (complete
regressors) following the third injection (Supplementary Fig. 5).
Compared to vehicle-treated mice, a slight increase in lobular inflam-
mation was seen in LNP-treated mice four days after the third dose,
which tended to be more elevated in the Triplet LNP-treated group
(Supplementary Fig. 5A and Supplementary Table 1). No increase in
portal or biliary inflammation was observed at this timepoint (Sup-
plementary Fig. 5A and Supplementary Table 1). The Triplet LNP
treatment also resulted in a slightly elevated fibrosis score. None-
theless, eight weeks after the third dose, Triplet LNP-treated complete
regressors did not show signs of increased liver inflammation or
fibrosis in comparison to vehicle-treated mice (Supplementary
Fig. 5A, B and Supplementary Table 1). Overall, these data indicate that
intratumoral administration of the Triplet LNP is well tolerated and
does not elicit profound or long-lasting hepatoxicity, in sharp contrast
to what has been reported for systemic treatment with 4-1BB agonistic
antibodies40.

Triplet LNP eradicates tumors by promoting CD8+ T-cell infil-
tration and activation
We investigated the impact of the Triplet LNP on the immune effector
cells within the tumor two days following the second intratumoral
injection (Fig. 3A, B and Supplementary Fig. 6A). The Triplet LNP tre-
mendously increased the frequency of CD8+ T cells and consequently,
the frequency of TAMs decreased, though the relative frequency of
CD11chi MHC-II+ TAMs remained constant across the different treat-
ments (Fig. 3C, D and Supplementary Fig. 6B). Despite the increase in
the frequency of CD8+ T cells, the Triplet LNP did not improve their
proliferative capacity, however, it increased the proportion of CD44hi

Fig. 1 | Intratumoral injection of LNP-formulated mRNA leads to efficient pro-
tein expressionbymyeloid and cancer cells. A Images andbar graph show in vivo
bioluminescence of luciferin over 72 h in MC38 tumor following a single intratu-
moral administration of vehicle (n = 4 animals), naked luciferase mRNA (n = 5 ani-
mals) or LNP-formulated luciferase mRNA (n = 5 animals). B Schematic outline of
experimental procedures. C Representative flow cytometry plots and bar graphs
show the frequency of Thy1.1+ CD45+ and Thy1.1+ CD45- cells in subcutaneousMC38
tumors 24h post intratumoral injection of vehicle (n = 8 animals), naked Thy1.1
mRNA (n = 5 animals), or Thy1.1 LNP (n = 10 animals). D Gating strategy and bar
graph show the frequency of myeloid cell subsets within Thy1.1+ CD45+ cells in the
tumor (n = 10 animals). E Representative flow cytometry plots and graph show the
frequency of Thy1.1+ cells within TAMs, monocytes, and cDC2s in the tumor (n = 10
animals). Graphs show gMFI of (F) CCR7 and (G) CD80 in Thy1.1+ and Thy1.1- cDC2s

in the tumor (n = 5 animals).HRepresentative flow cytometry plots and scatter plot
show the frequency of migDC and resDC within Thy1.1+ cDC2s in the tdLN (n = 5
animals). I Bar graph shows the frequency of live Thy1.1+ cells in the tumor, tdLN,
and spleen (n = 10 animals). Bars and horizontal lines show mean. Error bars indi-
cate SEM. A Two-way ANOVA followed by Šídák’s multiple comparisons test,
C, I one-way ANOVA followed by post hoc Tukey’s multiple comparisons test,
E repeated measures one-way ANOVA followed by Holm-Šídák’s multiple compar-
isons test, F, G one-tailed Wilcoxon matched pairs signed rank test and (H) one-
tailed unpaired t test were performed. Data shown in (B–D), and (H) are pooled
from two independent experiments. Source data are provided as a Source Data file.
gMFI, geometric mean fluorescence intensity; SEM, standard error of mean; TAMs,
tumor-associated macrophages; tdLN, tumor-draining lymph nodes.
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CD62Llo effector CD8+ T cells (Fig. 3E and Supplementary Fig. 6C).
Moreover, the Triplet LNP significantly induced cytotoxic granzyme B+

CD8+ T cells and enhanced the capacity of CD8+ T cells to produce IFN-
γ andTNF-α (Fig. 3F, G). Although theTriplet LNPhad no impact on the
abundance of NK cells in the tumor, the frequency of granzyme B+ and
IFN-γ+ TNF-α+ NK cells increased significantly in the tumor (Fig. 3H–J).
To dissect the role of the separate components of the Triplet LNP, the

changes within the TME were assessed two days following the second
intratumoral injection of either IL-21 LNP, IL-21/IL-7 LNP, IL-21/4-1BBL
LNP, or Triplet LNP (Fig. 3A). While IL-21 was sufficient to increase the
frequency of granzyme B+ CD8+ T cells in the tumor, only the combi-
nation of IL-21 with IL-7 improved CD8+ T-cell infiltration into the
tumor two days following the second intratumoral injection (Supple-
mentaryFig. 6D, E). Interestingly, thepresenceof 4-1BBLwas necessary
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tomaintain the levels of CD11chi MHC-II+ pro-inflammatory TAMs in the
tumor (Supplementary Fig. 6F).

Next, we evaluated the impact of the Triplet LNP on the immune
landscape of the E0771 tumors two days following the second intra-
tumoral injection (Supplementary Fig. 6G). The Triplet LNP treatment
enhancedCD8+ T-cell infiltration in the tumor,whichwas accompanied
by a shift toward an activated effector memory state and a higher
production of granzyme B, IFN-γ, and TNF-α (Supplementary
Fig. 6H–L). Moreover, the Triplet LNP reduced the frequency of TAMs,
with no significant changes in the frequency of MHC-II+ TAMs (Sup-
plementary Fig. 6M, N).

The observed increase in the frequency of CD8+ T cells in the
Triplet LNP-treated MC38 tumor-bearing mice was not restricted to
the TME. In the blood of the Triplet LNP-treated mice, a consistent
increase in the frequency of T cells, in particular CD8+ T cells, was
observed as of five days post the first intratumoral injection (Supple-
mentary Fig. 7A). It has been shown that the frequency of the CX3CR1+

subset of circulating CD8+ T cells correlates with response to immune
checkpoint blockers and survival of MC38 tumor-bearing mice and
non-small cell lung carcinoma (NSCLC) patients, hence it can be used
as a blood-based biomarker of response to immunotherapy41,42. Inter-
estingly, the frequencyof tumor-matchingCD8+ T cellswithin theCD8+

T-cell population in the blood, identified here as CD39+ CX3CR1+ CD8+

T cells, increased significantly in the Triplet LNP-treated mice in
comparison to the control cohorts (Fig. 3K). Hence, the presence of
CD39+ CX3CR1+ CD8+ T cells in the blood could potentially be used as a
prognostic marker for the response to Triplet LNP therapy. Accord-
ingly, the frequency of CD4+ T cells in the Triplet LNP-treated mice
slightly decreased over time compared to the control cohorts (Sup-
plementary Fig. 7B). Next, we sought to determine whether NK cells or
CD8+ T cells are required for the therapeutic efficacy of the Triplet LNP.
Using anti-NK1.1 and anti-CD8-depleting antibodies, we found that
while the partial depletion of NK cells did not affect the therapeutic
efficacy of the Triplet LNP, the depletion of CD8+ T cells abolished the
therapeutic effect completely, indicating that the therapeutic efficacy
of the Triplet LNP is CD8+ T cell-dependent (Fig. 3L, M and Supple-
mentary Fig. 7C, D).

Triplet LNP alters the relative abundance of CD8+ T-cell subsets
within the TME
To decipher the impact of the Triplet LNP on the different CD8+ T-cell
subsets in the TME, we performed CITE-seq on the immune-cell com-
partment of the tumor. In line with our flow cytometry results, the
T-cell compartment increasedprofoundly in tumors of theTriplet LNP-
treated mice compared to vehicle and control LNP-treated mice
(Fig. 4A and Supplementary Fig. 8A, B). High-resolution subclustering
of the T-cell compartment based on the transcriptome and selected
surface proteins revealed twelve distinct clusters of which the pro-
portions of CD8T Prf1 Lag3 hi, CD8T Ccl3 Nr4a3 and CD8T Ccr2 Gzma
clusters increased in the tumors of the Triplet LNP-treated mice
(Fig. 4B and Supplementary Fig. 8C, D). In the CD8T Prf1 Lag3 hi
cluster, which showed an 8-fold increase upon treatment with the

Triplet LNP, genes associated with T-cell exhaustion (Entpd1, Lag3,
Pdcd1,Havcr2) and effector function (Prf1,Gzmf,Gzmc,Ccl3,Ccl4) were
upregulated (Fig. 4C and Supplementary Fig. 8E). Accordingly, the
expression of the respective T-cell exhaustion proteins (CD39, CD223
(LAG3), PD1, CD366 (TIM-3)) strongly correlated with that of the genes
(Fig. 4D and Supplementary Fig. 9A). Gene ontology (GO) enrichment
analysis of the upregulated genes in this CD8T Prf1 Lag3 hi cluster
showed enrichment in GO terms associated with the regulation of
T-cell activation and cytotoxicity (Fig. 4E). In the CD8T Ccl3 Nr4a3
cluster, genes of several proinflammatory cytokines and chemokines
(Tnf, Ifng, Ccl3, Ccl4, Xcl1) were upregulated, suggesting their potential
role in attracting and activating other immune cells including T cells,
NK cells and DCs (Fig. 4C). The CD8T Ccr2 Gzma cluster exhibited a
limited set of differentially upregulated genes, which included Ccr2,
Gzma, and Ccl5 (Fig. 4C). To identify the phenotypic state of these
clusters, we projected our T-cell cluster onto the tumor-infiltrating T-
cell atlas by Andreatta et al.43, which identifiedCD8TPrf1 Lag3 hi, CD8T
Ccl3 Nr4a3 and CD8T Ccr2 Gzma as exhausted, progenitor exhausted
and effector memory, respectively (Supplementary Fig. 9B). Despite
having a tremendous impact on the abundanceof different CD8+ T-cell
states in the tumor, the Triplet LNP treatment had aminimal impact on
the overall cytotoxic and exhaustion signatures within these sub-
sets (Fig. 4F).

Triplet LNP improves myeloid-CD8+ T-cell interactions
To identify the cellular targets of the Triplet LNP treatment, we
assessed the expression levels of Il21r, Il7r, and Tnfrsf9 (encoding 4-1BB
receptor) across the different immune cell subsets in the tumor. Il21r
transcripts were expressed at varying levels in B cells, T cells, DCs,
TAMs, and monocytes, while the expression of Il7r and Tnfrsf9 was
restricted mostly to DCs and lymphocytes (Supplementary Fig. 9A).
Therefore, we speculated that the Triplet LNP treatment might have
direct and indirect effects on the abundance and activation of different
myeloid cell subsets. We subclustered the DC compartment into five
clusters in which the migDC cluster was slightly more abundant in the
Triplet LNP-treated mice (Fig. 5A and Supplementary Fig. 10B, C).
Additionally, the Triplet LNP increased the expression of genes asso-
ciated with DC maturation in the cDC1 and cDC2 clusters without
altering genes associatedwith DC regulation/exhaustion (Fig. 5B–D). It
has been recently shown that successful immunotherapy led to the
transient increase and expansion of a distinct neutrophil subset with
an IFN-stimulated gene signature44. In line with these findings, we
observed an expansion in two neutrophil clusters with IFN-stimulated
gene signatures upon the Triplet LNP treatment, namely Cxcl2hi
Gbp4hi and Cxcl2hi IFN neutrophils (Fig. 5E). The TAM/Monocyte
compartment was clustered into six subclusters based on the tran-
scriptome and surface protein markers in which the relative abun-
dance of the Mac immature cluster increased upon the Triplet LNP
treatment (Supplementary Fig. 10D–F). Accordingly, the proportion of
the Mac hypoxic and Mac prolif decreased (Supplementary Fig. 10D).
Here, the Triplet LNP treatment elevated the transcripts of genes
associated with an M1-like phenotype in the Mac immature, Mac

Fig. 2 | Triplet LNP eradicates tumors across multiple preclinical models.
A Schematic outline of experimental procedures. Scatter plots show the con-
centration of (B) IL-21 and (C) IL-7 in MC38 tumor supernatants 4 h post intratu-
moral injection of vehicle (n = 8 animals), control LNP (n = 8 animals), or cytokine
LNP (n = 4 animals).D Representative flow cytometry plots and bar graph show the
frequency of live 4-1BBL+ cells in subcutaneousMC38 tumor 24h post intratumoral
injection of vehicle (n = 4 animals), control LNP (n = 4 animals), or 4-1BBL LNP (n = 5
animals). E Schematic outline of experimental procedures. F MC38 tumor indivi-
dual growth curves of mice treated with vehicle, control LNP, IL-21 LNP, IL-7 LNP,
4-1BBL LNP, IL-21/IL-7 LNP, IL-21/4-1BBL LNP, IL-7/4-1BBL LNP and Triplet LNP (n = 7
animals/group). Vertical dotted lines indicate intratumoral injections. G Schematic
outline of experimental procedures. H E0771 tumor individual growth curves of

mice treated with vehicle (n = 12 animals), control LNP (n = 11 animals), Triplet LNP
(n = 12 animals), anti-PD1 (n = 12 animals) and Triplet LNP/anti-PD1 (n = 12 animals).
Vertical dotted lines indicate intratumoral injections. I Schematic outline of
experimental procedures. J Survival curve of subcutaneous B16F10 tumor-bearing
mice treated with vehicle, isotype control, control LNP/isotype control, Triplet
LNP/isotype control, anti-PD1, control LNP/anti-PD1, and Triplet LNP/anti-PD1
(n = 10 animals/group). B–D One-way ANOVA followed by post hoc Tukey’s multi-
ple comparisons test and (J) log-rank (Mantel-Cox) test were performed. Data
shown in (H) is pooled from two independent experiments. Bars and horizontal
lines show mean. Error bars indicate SEM. Source data are provided as a Source
Data file. CR, complete regressor; SEM, standard error of mean.
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Fig. 3 | Triplet LNP promotes intratumoral CD8+ T-cell infiltration and activa-
tion. A Schematic outline of experimental procedures. B Pie charts show themean
frequency of immune subsets within CD45+ cells in the tumor of vehicle-, control
LNP- or Triplet LNP-treated mice quantified using flow cytometry (n = 7 animals/
group). Bar graphs show the frequency of (C) CD8+ T cells, (D) TAMs, (E) CD44hi

CD62Llo CD8+ T cells, (F) Granzyme B+ CD8+ T cells, (G) IFN-γ+ TNF-α+ CD8+ T cells,
(H) NK cells (I) Granzyme B+ NK cells within MC38 tumors treated with vehicle,
control LNP or Triplet LNP (n = 7 animals/group) and (J) IFN-γ+ TNF-α+ NK cells
withinMC38 tumors treatedwith vehicle (n = 7 animals), control LNP (n = 7 animals)
or Triplet LNP (n = 6 animals). K Representative flow cytometry plots and graph
show the frequencyof CD39+ CX3CR1+ CD8+ T cells over time in the bloodof vehicle
(n = 5 animals), control LNP (n = 5 animals), and Triplet LNP-treated mice (n = 6
animals). MC38 tumor growth curves upon (L) isotype or αNK1.1 administration

(isotype/vehicle n = 5 animals; isotype/control LNP n = 5 animals; isotype/triplet
LNP n = 6 animals; αNK1.1/vehicle n = 5 animals; αNK1.1/control LNP n = 5 animals;
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vehicle n = 9 animals; isotype/control LNP n = 9 animals; isotype/triplet LNP
n = 12 animals; αCD8/vehicle n = 10 animals; αCD8/control LNP n = 10 animals;
αCD8/triplet LNP n = 12 animals). C–J One-way ANOVA followed by post hoc
Tukey’s multiple comparisons test and (K–M) repeated measures two-way ANOVA
followed by post hoc Tukey’s multiple comparisons test were performed. Data
shown in (B–J) are representative of three independent experiments. Data shown in
(K) is representative of two independent experiments. Data shown in (M) is pooled
from two independent experiments. Bars and horizontal lines show mean. Error
bars indicate SEM. Source data are provided as a Source Data file. SEM, standard
error of mean; TAMs, tumor-associated macrophages.
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Fig. 4 | Triplet LNP alters the relative abundance of CD8+ T-cell subsets within
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Ctla4, Tigit, Lag3, Havcr1, Tox, Nrp1) in cells of the CD8T Prf1 Lag3 hi, CD8T Ccl3
Nr4a3 and CD8T Ccr2 Gzma clusters in vehicle-, control LNP- and Triplet LNP-
treatedmice. One-way ANOVA followed by post hoc Tukey’s multiple comparisons
test was performed. Source data for (F) are provided as a Source Data file. GO, gene
ontology; UMAP, uniform manifold approximation and projection.

Article https://doi.org/10.1038/s41467-024-54877-9

Nature Communications |        (2024) 15:10635 8

www.nature.com/naturecommunications


MHCII-hi, Mac hypoxic and Mac prolif clusters (Supplementary
Fig. 10G, H). Altogether, our data indicate that the Triplet LNP treat-
ment led to notable changes in the myeloid compartment in terms of
both the abundance of distinct subsets and their gene expression
profile. Next, to determine the effect of the treatment on the myeloid-
CD8+ T-cell interactions, we performed a differential Nichenet analysis

to predict the niche-specific ligand-receptor pairs between the differ-
entmyeloid cell subsets andCD8+ T cells in the control niche (vehicle +
control LNP) andTriplet LNPniche. ThedifferentialNichenet approach
predicts ligand-receptor pairs that are both differentially expressed
and show enrichment of the expression of their known target genes
between conditions. From the top 50 ligand-receptor interactions in
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the Triplet LNP niche, the most numerous links were found with
ligands specific for the Mac Folr2, migDC and Neutro IFN clusters
(Fig. 5F). Among the top differentially expressed ligands in the Triplet
LNP niche were the migDC-specific co-stimulatory molecule Cd86 and
the proinflammatory cytokines Il18 (enriched in Mono and Mac Folr2)
andCxcl9 (upregulated inMacMHCII-hi) (Fig. 5F). The predicted target
genes of the top Triplet LNP-specific ligand-receptor pairs included
Ccl4,Ccl3, Ifng,Prf1,Cxcl9,Nr4a1,Nr4a2, and Il2ra, which are associated
with CD8+ T-cell effector functions and activation (Fig. 5F). These
results suggest that upon Triplet LNP therapy, distinct myeloid
populations contribute to the activation of cytotoxic CD8+ T cells in
the TME. Nevertheless, the depletion of neutrophils or TAMs using
anti-Ly6G/anti-rat antibodies or the CSF1R inhibitor PLX5622, respec-
tively, had no impact on the therapeutic efficacy of the Triplet LNP
(Fig. 5G, H and Supplementary Fig. 11A, B).

Triplet LNP enhances CD8+ T-cell activation and proliferation in
the tdLN
In contrast to the TME, within the tdLN of MC38 tumor-bearing mice,
the Triplet LNP treatment had a less profound effect on the relative
abundance of the immune cell populations two days after the second
intratumoral injection (Fig. 3A). We observed a slight increase in B cell
frequency, accompanied by a decrease in the frequency of CD4+ T
cells, including FoxP3+ Tregs (Fig. 6A and Supplementary Fig. 12A–C).
While theTriplet LNPhadno impact on the frequencyofCD8+ T cells in
the tdLN, it induced CD8+ T-cell proliferation and enhanced their
cytotoxic capacity and their differentiation toward a central memory
phenotype (Fig. 6B–D and Supplementary Fig. 12D). Of note, CD8+

T-cell activation was also observed in the tdLN of Triplet LNP-treated
E0771 tumor-bearing mice (Supplementary Fig. 12E, F). Next, we per-
formed CITE-seq on CD45+ cells of tdLN of vehicle-, control LNP- and
Triplet LNP-treated mice (Fig. 6E). High-resolution multimodal clus-
tering of the T/NK-cell compartment revealed thirteen distinct clus-
ters, of which the abundance of CD8T Ctla2a Ifng, CD8T Ctla2a and
CD8T prolif clusters was slightly increased in the tdLN of the Triplet
LNP-treated mice (Fig. 6E and Supplementary Fig. 12G). The Triplet
LNP treatment induced the expression of various effector genes in the
CD8T Ctla2a Ifng cluster, including Prf1, Ifng, Gzma, Gzmb, Fasl, and
Tnf. Interestingly, it also induced the expression of the chemokine
receptor Cxcr6, which has been reported to play a crucial role in the
optimal positioning of CD8+ T cells to interact with activated DCs
within the TME45 (Fig. 6F). Since our data suggests that LNP uptake
might promote cDC2 activation and migration toward the tdLN
(Fig. 1E–G), we sought to determine the effect of the Triplet LNP
treatment on DC-CD8+ T-cell interactions in the tdLN. For this, we
performed a differential Nichenet analysis to predict niche-specific
ligand-receptor pairs between different cDC subsets and CD8+ T cells
in the control niche (Vehicle + Control LNP) and the Triplet LNP niche
(Supplementary Fig. 12H, I). The analysis predicted different

interactions in the Triplet LNP niche, in particular, Triplet LNP induced
migDC-CD8+ T-cell and cDC2-CD8+ T-cell interaction pairs in which
Cd80, Cd86, Cxcl16, and Cxcl10 were among the top differentially
expressed ligands (Supplementary Fig. 12I). The target genes of these
ligand-receptor interactions were mapped, highlighting the upregu-
lated expression of genes associatedwith CD8+ T-cell effector function
and proliferation in the Triplet LNP niche, including Ccl4, Ccl5, Gzma,
Ifng, andMki67 (Supplementary Fig. 12I). Hence, this data suggests that
upon Triplet LNP treatment, cDC2s andmigDCs induce cytotoxic CD8+

T cells in the tdLNs. To investigate whether the trafficking of the CD8+

T cells from the tdLN to the tumor is necessary for the therapeutic
efficacy of the Triplet LNP, we blocked T-cell egression using the S1PR
inhibitor FTY720 (Supplementary Fig. 12J). FTY720 treatment dimin-
ished the therapeutic efficacy of the Triplet LNP (5 of 11 complete
regressors), indicating that CD8+ T-cell trafficking is necessary for
optimal therapeutic efficacy (Fig. 6G). Given that Triplet LNP
therapy induces central memory CD8+ T cells in the tdLN, we
investigated whether the Triplet LNP treatment conferred sys-
temic long-term immunity. Indeed, we found that splenic CD8+

T cells from Triplet LNP-treated mice secreted higher levels of
IFN-γ in response to the p15E peptide, an immunodominant MHC-
I-restricted epitope of MC38 (Fig. 6H). More importantly, Triplet
LNP-treated complete regressors remained immune to MC38 and
E0771 cancer cells when rechallenged sixty days after initial
tumor inoculation (Fig. 6I).

Intratumoral injection of Triplet LNP induces regression of
distal tumors
Having demonstrated that the Triplet LNP treatment led to CD8+

T-cell activation in the tdLN, conferred long-term immunity and
significantly increased the frequency of tumor-matching CD39+

CX3CR1+ CD8+ T cells in the blood, we aimed at evaluating the
abscopal effects of the Triplet LNP treatment. Hereto, mice were
inoculated with MC38 tumors at two different subcutaneous sites
(left and right flanks), but only the tumor on the right flank was
treated with vehicle, control LNP or Triplet LNP (Fig. 7A). While the
Triplet LNP-treated tumors all completely regressed, interestingly,
the treatment significantly reduced the growth of the distal non-
treated tumor, improving the overall survival (Fig. 7B–D). Simi-
larly, in the less immunogenic E0771 model (Fig. 7E), the Triplet
LNP therapy also reduced local and distal tumor growth,
prolonging overall survival (Fig. 7F–H). In addition, we utilized a
pseudometastasis approach in which mice were inoculated with
E0771 cancer cells in the mammary fat pad before they received
an intravenous injection of E0771 cancer cells a day later to
induce lung metastasis (Supplementary Fig. 13A). Local injection
of the Triplet LNP reduced lung tumor burden and improved
overall survival, leading to 2 out of 6 complete regressors (Sup-
plementary Fig. 13B–D).

Fig. 5 | Triplet LNP improves myeloid-CD8+ T-cell interactions. A UMAP plot
shows high-resolution clustering of the DC compartment in the CITE-seq dataset of
the tumor. Bars show the frequency of different DC subsets in the tumor dataset
across different treatments. B Dot plot highlights differentially expressed genes
associated withmaturation, regulation, andmigration in distinct DC clusters of the
tumor CITE-seq dataset across different treatments. Dot size represents the per-
centage of cells expressing the gene and color gradient represents average scaled
expression within a cell cluster. Violin plots show combined mean expression
values for the indicated genes (score) for (C) maturation markers (Cd40, Cd80,
Cd86, Relb, Cd83) and (D) regulation (Axl, Ccl19, Ccl22, Aldh1a1) in cells of the DC
clusters in vehicle-, control LNP- and Triplet LNP-treated mice. One-way ANOVA
followed by post hoc Tukey’s multiple comparisons test was performed. E UMAP
plot shows high-resolution clustering of the neutrophil compartment in the tumor
CITE-seq dataset. Bars show the relative abundance of the different neutrophil

subsets in the tumor CITE-seq dataset across different treatments. F Circle plot
shows links between top predicted ligands for migDC, cDC2, cDC2 prolif, Mac
Folr2, Mac MHC-II-hi, Mac, Mono, Neutro IFN, and the Neutro clusters and their
associated receptors found onCD8+ T cells within the control niche and Triplet LNP
niche of the tumor CITE-seq dataset. The transparency of the linking arrow reflects
the prioritization score of the ligand-receptor pair. The heatmaps below show the
scaled average expression level of the top target genes that are potentially regu-
lated by the predicted ligand-receptor pairs. G Schematic outline of experimental
procedures. H MC38 tumor growth curves upon isotype/control diet or αLy6G or
PLX5622 diet administration (n = 6 animals/group). Repeated measures two-way
ANOVA followed by post hoc Tukey’s multiple comparisons test were performed.
Error bars indicate SEM. Source data for (C,D,H) are provided as a Source Data file.
CITE, cellular indexing of transcriptomes and epitopes by sequencing; SEM, stan-
dard error of mean; UMAP, uniform manifold approximation and projection.
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LNP-formulated mRNA leads to efficient protein expression in
human cells
To assess the capacity of the LNPs to transfect human cells, we treated
single-cell suspensions of tumor biopsies acquired from patients with
NSCLCwith vehicle, Thy1.1mRNAor LNP-formulated Thy1.1mRNA and
quantified Thy1.1 expression 18 h later by flow cytometry using the

gating strategies depicted in Supplementary Fig. 14A, B. Thy1.1 LNPs
resulted in improved expression compared to naked Thy1.1 mRNA
(Fig. 8A). The Thy1.1 LNP transfected both the CD45+ immune cells and
CD45- non-immune cells (Fig. 8B). Within the CD45+ compartment,
Thy1.1 expression wasmost pronounced inmyeloid cells, in particular,
macrophages (Fig. 8C–E). This data indicates that the LNPs can

Naiv
e

Veh
icle

Con
tro

l L
NP

Trip
let

LN
P

0

50

100

150

200

IF
N

γ
sp

ot
s

<0.0001
<0.0001

0.0003

0 20 40 60
0

50

100

Days post MC38 inoculation

O
ve

ra
ll

su
r v

iv
al

(%
)

0.9% NaCl/Vehicle
0.9% NaCl/Control LNP
0.9% NaCl/Triplet LNP
FTY720/Vehicle
FTY720/Control LNP
FTY720/Triplet LNP

0.0497

Veh
icle

Con
tro

l L
NP

Trip
let

LN
P

0
10
20
30
40
50

C
D

44
hi

C
D

62
Lhi

(%
of

C
D

8+
T

ce
lls

)

0.0003

0.0019

Veh
icle

Con
tro

l L
NP

Trip
let

LN
P

0

5

10

15

20

G
ra

nz
ym

e
B+

(%
of

C
D

8+
T

ce
ll s

)

<0.0001

0.0012

Veh
icle

Con
tro

l L
NP

Trip
let

LN
P

0

10

20

30

40

Ki
-6

7+
(%

of
C

D
8+

T
ce

lls
) <0.0001

<0.0001

B cell

T/NK cell

Monocytes/cDC

Plasma B cell

GC B cell

CD4T

T prolif
CD4T Icos

Treg

CD8T 
prolif

CD4T IFN

CD8T IFN

CD8T

CD8T 
Ctla2a

CD8T 
Ctla2a Ifng

T Mif

NKT

TRM

Eosinophils

Vehicle Control LNP Triplet LNP

Neutrophils

Immature TAMs
TAMs
Ly6Chi Monocytes

Ly6Cint Monocytes
B cells
CD4+ T cells
CD8+ T cells
γδ T cells

NK cells
cDC1
cDC2
Other

B

Ki
-6

7

CD8

Vehicle Control LNP Triplet LNP

14% 13% 29%

C

B e
myznar

G

CD8

Vehicle Control LNP Triplet LNP

0% 3.6% 13%

D

E

Vehicle Control LNP Triplet LNP

F

1.6%
3.8%

2.6%

1.1%
9.1%

3.2%

4%

11.2%

4.7%

G

P
rf1 Ifn
g

G
zm
a

G
zm
b

Fa
sl Il2 Tn
f

K
lrg
1

C
xc
r6

C
x3
cr
1

S
1p
r1

S
1p
r5

Effector Migration

H I

-1 0 1 2

Triplet LNP
Control LNP
Vehicle

0 20 40 60

A

4d

MC38 
inoculation

~9d

~50 mm3

LNP 
Vehicle/FTY720

3d
9/11 CR

5/11 CR

4d

Tumor 
inoculation

~9d

~50 mm3

3d 45d

Rechallenge
LNP

0 10 20 30
0

500

1000

1500

Days post E0771 rechallenge

Tu
m

or
vo

lu
m

e
(m

m
³) Control

Rechallenge

0 5 10 15 20 25
0

100
200
300
400
500

Days post MC38 rechallenge

Tu
m

or
vo

lu
m

e
( m

m
³)

MC38 E0771

Article https://doi.org/10.1038/s41467-024-54877-9

Nature Communications |        (2024) 15:10635 11

www.nature.com/naturecommunications


efficiently transfect immune and non-immune human cells with a
noticeable bias towardmyeloid cells. Finally, we sought to corelate the
expression of IL21, IL7, and TNFSF9with the overall survival of patients
with cancer that were not treated with immunotherapy, including 9
tumor types, using the KM plotter46. This analysis demonstrates that
higher expression of IL21, IL7, TNFSF9, and their combination are
associated with better overall survival with the expression of the
combination showing the most significant correlation with better
overall survival (Fig. 8F), suggesting that the Triplet LNP might
potentially improve the survival of patients with cancer.

Discussion
Intratumoral administration of mRNA encoding immunomodulatory
proteins, such as cytokines and costimulatory molecules, holds tre-
mendous potential as an immunotherapeutic platform due to its high
potency, safety, and versatility. Local delivery of a saline-formulated
Thy1.1-encoding mRNA showed a relatively poor translation efficiency
within immune and non-immune cells in the TME, which would
necessitate high dosage and administration frequency to achieve
therapeutic efficacy4. In this study, we developed LNPs using the
ionizable cationic lipid S-Ac7-DOG,whichwas previously shown to be a
low inflammatory LNP with a distinct biodistribution compared to the
approved MC-3 LNP (OnpattroTM) formulation upon intramuscular
injection, with improved local mRNA expression, yet strongly reduced
off-target expression in liver33. We demonstrate that LNP-formulated
Thy1.1 mRNA enabled higher expression levels of Thy1.1 compared to
naked Thy1.1 mRNA in immune and non-immune cells within the
tumor. Within the immune cells, the Thy1.1 expression was restricted
to the myeloid compartment, particularly TAMs, monocytes, and
cDC2s. In line with our findings, LNP-formulated OX40 ligand (OX40L)
mRNA was reported to lead to OX40L expression in CD11b+ myeloid
cells in the tumor, with the three most abundant subsets being TAMs,
monocytes, and granulocytes6. Our findings show that cDC2s pos-
sessed the highest intrinsic expression levels of Thy1.1 following the
intratumoral administration of Thy1.1 LNP and Thy1.1+ cDC2s expres-
sed higher levels of CD80 and CCR7, which was also observed in other
studies where LNPs induced mouse and human DC-activation in
vitro47–49. DCs play a crucial role in antigen trafficking and activation of
antigen-specific CD8+ T cells in the tdLN. Therefore, activating DCs,
and inducing theirmigration to the tdLN is an advantage of using LNPs
to deliver therapeutic mRNA50–52. We demonstrate that LNP leakage to
the tdLNand spleen isminimal, reflectedbyminor Thy1.1 expression in
comparison to that observed in the tumor. BLI revealed an accumu-
lation of LNPs in the liver, which was described previously, however,
we show in our study that the Triplet LNP displayed a favorable safety
profile35. Despite its safety and potency, intratumoral injections
require tumor lesions to be accessible. In this respect,most lesions can
now be accessed through guided imaging techniques such as

ultrasound and computerized tomography (CT)53. More importantly,
local injection of the Triplet LNP conferred systemic protection and
induced tumor regression in distal sites.

Recently, mRNA-based immunotherapy targeting CD8+ T cells
showed notable success in preclinical tumor models: (i) a saline-
formulated mRNA mixture encoding IL-12, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-15, and IFN-α, (ii) LNP-
formulated IL-12, and (iii) LNPs loaded with mRNA mixture encoding
IL-23, IL-36γ, and OX40 ligand (OX40L) have all eradicated tumors in
multiple preclinical models in a CD8+ T cell-dependent manner4–6.
Here, we formulated LNPs loaded with an mRNAmixture encoding IL-
21, IL-7, and 4-1BBL, aimed at targeting CD8+ T cells to improve their
infiltration and function in the tumor, which is generally associated
with better clinical outcomes54. IL-21 has been reported to synergize
with IL-7 to enhance mouse and human CD8+ T-cell expansion and
function in vitro36,38,55. In agreement with this, we observed that IL-21/
IL-7 LNP inducedCD8+ T-cell expansion and enhanced their capacity to
produce granzyme B. IL-21 has been shown to polarize alveolar mac-
rophages toward an M2 phenotype in mice with hypoxia-induced
pulmonary hypertension56. Similarly, in our tumormodel, IL-21 LNP led
to a decrease in the frequency of MHC-II+ M1-like TAMs in the tumor,
which was counteracted in the presence of 4-1BBL. Miki et al. have
reported that 4-1BBL signaling regulates macrophage polarization
in vitro toward anM1-like phenotype57. SinceTAMswould takeupmost
of the LNPs and profoundly express 4-1BBL, it is a possibility that this
would allow them tomaintain anM1-like phenotype in the presence of
IL-21 due to 4-1BBL signaling.

The Triplet LNP treatment also enhanced NK-cell capacity to
produce granzyme B, IFN-γ, and TNF-α, potentially due to 4-1BBL. Yet,
the therapeutic efficacy of the Triplet LNP was CD8+ T cell-dependent
and NK cell-independent. Transcriptomic analyses revealed a pro-
found impact of the Triplet LNP on the myeloid compartment in the
tumor, including the expansion of neutrophil subsets with an IFN-
stimulated signature, which has recently been reported to be asso-
ciated with successful immunotherapy44. Moreover, genes associated
with M1-like signature were upregulated in several TAM subsets of the
Triplet LNP-treatedmice. Nevertheless, neutrophil and TAM-depletion
did not diminish the therapeutic efficacy of the Triplet LNP, which
might be due to the depletion of both pro- and antitumoral subsets.
The Triplet LNP treatment also upregulated genes associated with
maturation, including Cd86 and Cxcl16 in cDC1s and cDC2s. Prokh-
nevska et al. reported that CD86 is necessary to provide a costimula-
tory signal to tumor-infiltrating stem-like TCF-1+ CD8+ T cells to acquire
effector functions, while Di Pilato et al. showed that CXCL16 attracts
effector CD8+ T cells to activated DCs within the tumor to receive a
critical survival signal45,58. In line with these findings, the Triplet LNP
therapy led to an expansion of a CD8+ T-cell subset in the tumor that is
enriched in genes (Ifng, Tnf, Gzma, Ccl3, and Ccl4) and GO terms

Fig. 6 | Triplet LNP enhances CD8+ T-cell activation and proliferation in the
tdLN and induces immunological memory. A Pie charts show the mean fre-
quency of immune subsets within CD45+ cells in the tdLN quantified by flow
cytometry (n = 7 animals/group). Bar graphs show the frequency of (B) Ki-67+ CD8+

T cells, (C) GranzymeB+CD8+ T cells and (D) CD44hi CD62Lhi CD8+ T cells in the tdLN
(n = 7 animals/group). E UMAP plot of CITE-seq dataset containing CD45+ sorted
cells from tdLNof vehicle, control LNP, and Triplet LNP-treatedmice (n = 5 animals/
group). High-resolution clustering of the T-cell compartment of the dataset is
shown on the right. Below, pie charts show the relative abundance of different
T-cell subsets in the tdLN dataset across different treatments. FDot plot highlights
differentially expressed genes associated with effector function and migration in
distinct CD8+ T-cell clusters of the tdLN CITE-seq dataset across different treat-
ments. Dot size represents the percentage of cells expressing the gene and color
gradient represents average scaled expression within a cell cluster. G Schematic
outline of experimental procedures and survival curves of MC38 tumor-bearing
mice treated with vehicle, control LNP or Triplet LNP in the presence or absence of

FTY720 (0.9% NaCl/vehicle n = 12 animals; 0.9% NaCl/control LNP n = 10 animals;
0.9%NaCl/triplet LNPn = 11 animals; FTY720/vehiclen = 11 animals; FTY720/control
LNP n = 12 animals; FTY720/triplet LNP n = 11 animals).HBar graph shows the IFN-γ-
secreting CD8+ T cells from spleens of naïve mice (n = 8 animals), vehicle-treated
mice (n = 7 animals), control LNP-treated mice (n = 6 animals), and Triplet LNP-
treated mice (n = 8 animals). I Schematic outline of experimental procedures and
MC38 (control n = 17 animals; rechallenge=8 animals) and E0771 (control n = 4 ani-
mals; rechallenge n = 6 animals) tumor growth curves of control mice and rechal-
lenged complete regressors.B–D,HOne-way ANOVA followed by post hoc Tukey’s
multiple comparisons test and (G) Gehan-Breslow-Wilcoxon test were performed.
Data shown in (A–D) are representative of three independent experiments. Data
shown in (G) is pooled from two independent experiments. Bars show mean. Error
bars indicate SEM. Source data for (A–D, G–I) are provided as a Source Data file.
CITE, cellular indexing of transcriptomes and epitopes by sequencing; FTY720,
fingolimod; tdLN, tumor-draining lymph node; SEM, standard error of mean;
UMAP, uniform manifold approximation and projection.
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(regulation of T-cell activation and cell cytotoxicity) associated with
effector functions.

The tdLN acts as a reservoir of stem-like tumor-specific CD8+

T cells that continuously replenish stem-like CD8+ T cells in the tumor
through continuous migration via the blood59. Although Thy1.1 LNP

exhibited limited leakage in the tdLN, our flow cytometry andCITE-seq
analyses demonstrated that the Triplet LNP induced CD8+ T-cell pro-
liferation and activation in the tdLN. This is potentially due to the
enhanced activation and trafficking of cDCs from the tumor to the
tdLN upon intratumoral injection of the Triplet LNP. Accordingly, our
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differential Nichenet analyses predicted stimulatory ligand-receptor
pairs between cDC2s and migDCs and CD8+ T cells in the Triplet LNP-
treated niche. Moreover, we detected a significant increase in the
CD39+ CX3CR1+ tumor-specific CD8+ T cells in the blood of the Triplet
LNP-treated mice, which were shown to possess higher cytotoxic
capacity and be of prognostic relevance41,42,60. Ultimately, blocking
T-cell trafficking between the tdLN and the tumor using FTY720
diminished the therapeutic efficacy of the Triplet LNP. These results
support the hypothesis that cDC2s migrate from the tumor toward
tdLN upon Triplet LNP therapy, where they subsequently interact with
CD8+ T cells, the latter being required for the therapeutic efficacy of
Triplet LNP.

In conclusion, we present experimental evidence supporting the
potent anti-tumor activity of an mRNA mixture encoding IL-21, IL-7,
and 4-1BBL in multiple preclinical tumor models through the devel-
opment and expansion of tumor-specific effector CD8+ T cells. Intra-
tumoral injection of the Triplet LNP conferred long-term protection
and showed synergy with the ICB anti-PD1 in ICB-resistant tumor
models. Finally, we demonstrate that IL21, IL7, and TNFSF9 are pre-
dictors of overall survival of patients with cancer.

Methods
Ethical approval
All procedures followed the guidelines of the Belgian Council for
Laboratory Animal Science. All experiments were approved by the
Ethical Committee for Animal Experiment of the Vrije Universiteit
Brussel (Licenses 21-220-14, 21-220-32, 22-220-16, 22-220-18, 22-220-19,
22-220-22, 22-220-23, 22-220-25, 22-220-28, 23-220-11, 24-220-09) and
by the Animals Ethics Committee of Ghent University (ECD20/90).

Fresh tumor tissue was obtained from 3 patients with NSCLC
undergoing surgical resection at Cliniques Universitaires Saint-Luc-
UCLouvain (Brussels, Belgium). The study was approved by the local
ethics committees of the Vrije Universiteit Brussel and Saint-Luc-
UCLouvain (N° protocole: Immuno Poumon 1) and all patients pro-
vided informed consent after the nature and possible consequences of
the study had been explained. After resection, samples were immedi-
ately transported on ice to the research facilities at Vrije Universiteit
Brussel.

mRNA synthesis and purification
All mRNAs were prepared by etherna in vitro transcription (IVT) from
etherna plasmids. The final mRNA contains a full replacement of uri-
dine with N1-methyl-pseudouridine. All later experiments were per-
formed using CleanCapped mRNAs. After IVT, double-stranded RNA
was removed by cellulose/silica purification. mRNA quality was mon-
itored by capillary gel electrophoresis (Agilent, Belgium). ntrIL21
mRNA was developed by replacing all start codons with stop codons.

Formulation
LNPs were loadedwith amixture ofmRNA in a 1:1 ratio. ThemRNAwas
diluted in 100mM sodium acetate buffer (pH 4), and lipids were dis-
solved and diluted in ethanol. A nitrogen/phosphate ratio of 10 was

employed for all LNPs. ThemRNA and lipid solutionsweremixed using
a NanoAssemblr Benchtop microfluidic mixing system (Precision
Nanosystems) at a flow rate of 9mL/min and an aqueous/organic
phase flow rate ratio of 2:1, followed by dialysis overnight against TBS
(20mMTris, 0.9% NaCl, pH 7.4). The 4 lipids were prepared at a molar
ratio of 50:10:38.5:1.5 (S-Ac7-DOG:DSPC:Cholesterol:DMG-PEG2000).
Amicon Ultra Centrifugal Filters (Merck Millipore, 100 kDa molecular
weight cutoff) were used for the concentration of LNPs. Size was
measured with a Zetasizer Nano (Malvern). mRNA encapsulation effi-
ciency was determined via Quant-iT Ribogreen RNA assay (Thermo
Fisher) by comparing lysed LNPs in 1% Triton X-100 (all RNA is
detectable) with LNPs in TE buffer (only non-encapsulated RNA is
detectable). The assaywas performed according to themanufacturer’s
recommendations.

Animals
Female C57BL/6 J mice aged 6-8 weeks were purchased from Janvier
and Charles River. Mice were housed at 20–22 °C, 45–65% humidity
with 12 h light/dark cycle. Mice were monitored daily.

Tumor models
MC38 cell line was kindly provided by Massimiliano Mazzone (VIB-
KU Leuven, Belgium). E0771 (CRL-3461) and B16F10 (CRL-6475) cell
lines were obtained from American Type Culture Collection (ATCC).
Cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco) supplemented with 10% (v/v) heat-inactivated fetal
calf serum (FCS; Capricorn Scientific), 300 µg/mL L-glutamine, 100
units/mL penicillin, and 100 µg/mL streptomycin. 5 × 105 to 106 MC38
and B16F10 cells were injected subcutaneously into the left or right
flank of female C57BL/6 mice in 50–200 µL of Hank’s Balanced Buf-
fered Saline Solution (HBSS) or Phosphate Buffered Saline (PBS).
5 × 105 E0771 cells were injected orthotopically in the left fourth
inguinal mammary fat pad in 50 µL of HBSS. For the MC38 dual-flank
tumor model, 1 × 106 cells in 200 µL of HBSS were injected sub-
cutaneously on the right flank and 5 × 105 cells in 200 µL of HBSSwere
injected on the left flank. For the E0771 dual-mammary fat pad tumor
model, 5 × 105 cells in 50 µL of HBSS were injected orthotopically in
the left fourth inguinal mammary fat pad and 3 days later, 2.5 × 105

cells in 50 µL of HBSS were injected orthotopically in the right fourth
inguinal mammary fat pad. For the lung pseudometastasis model,
5 × 105 E0771 cells in 50 µL of HBSS were injected orthotopically in the
left fourth inguinal mammary fat pad and 1 day later, 5 × 105

E0771 cells in 100 µL of HBSSwere injected intravenously through the
tail vein. Tumor volumes were measured using a digital caliper and
calculated using the formula: V =π × ðd2 ×DÞ=6 where d and D are the
shortest and longest diameter, respectively. The maximal tumor
volume allowed by the Ethical Committee for Animal Experiment of
the Vrije Universiteit Brussel is 2000mm3, whichwas not exceeded in
this study. Mice were randomized when tumor volumes reached ≈
50–100mm3 and received the intratumoral injection of vehicle/
mRNA-formulated LNP on the same day or 24 h later in case of
depletion studies.

Fig. 7 | Intratumoral injection of Triplet LNP induces regression of distal
tumors. A Schematic outline of experimental procedures. Created in BioRender.
Laoui, D. (2024) https://BioRender.com/j25s690. BMC38 tumor individual growth
curves of treated and nontreated tumors. Treated (right flank) tumors received
three injections of vehicle, control LNP or Triplet LNP (n = 12 animals/group). Ver-
tical dotted lines indicate intratumoral injections of the treated tumors. C MC38
tumor growth curves of treated and nontreated tumors (n = 12 animals/group).
Vertical dotted lines indicate intratumoral injections of the treated tumors.
D Survival curves ofMC38 tumor-bearingmice treated with vehicle, control LNP or
Triplet LNP (n = 12 animal/group). E Schematic outline of experimental procedures.
Created in BioRender. Laoui, D. (2024) https://BioRender.com/l86l838 F E0771

tumor individual growth curves of treated and nontreated tumors. Treated (right
flank) tumors received three injections of vehicle, control LNP or Triplet LNP (n = 6
animals/group). Vertical dotted lines indicate intratumoral injections of the treated
tumors. G E0771 tumor growth curves of treated and nontreated tumors (n = 6
animals/group). Vertical dotted lines indicate intratumoral injections of the treated
tumors. H Survival curves of E0771 tumor-bearing mice treated with vehicle, con-
trol LNP or Triplet LNP (n = 6 animals/group). C, G Repeated measures two-way
ANOVA followedbypost hocTukey’smultiple comparisons test and (D,H) log-rank
(Mantel-Cox) test were performed. Horizontal lines show mean. Data shown in
(B–D) are pooled from two independent experiments. Error bars indicate SEM.
Source data are provided as a Source Data file. SEM, standard error of mean.
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Treatments
For Thy1.1 mRNA-formulated LNP and luciferase mRNA-formulated
LNP treatments, the mice received a single dose of 15 µg. For IL-21
LNP, IL-7 LNP and 4-1BBL LNP monotherapies, the mice received
three doses of 15 µg (5 µg of the respective immunomodulatory
agent and 10 µg of a non-translatable form of IL-21 mRNA as a filler) in
20 µL of Tris-Buffered Saline (TBS). For the dual efficacy study, the

mice received three doses of 3.33 µg, 6.66 µg or 10 µg each (3.33 µg
of IL-21; 3.33 µg of each IL-21 and IL-7; 3.33 µg of each IL-7 and 4-1BBL;
3.33 µg of each IL-21 and 4-1BBL; 3.33 µg of each IL-21, IL-7 and 4-1BBL)
in 20 µL of TBS. For the other studies, the mice received three
doses of 15 µg each (5 µg of each IL-21, IL-7, and 4-1BBL) in 20 µL of
TBS. The second and third doses were administered 3 and 7 days
following the first dose. The control LNP contained the same
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Fig. 8 | LNP-formulated mRNA leads to efficient protein expression in
human cells. A Representative flow cytometry plots and bar graph show the fre-
quency of Thy1.1+ cells in cell suspensions of NSCLC biopsies 18 h post incubation
with vehicle, 500 ng/ml naked Thy1.1 mRNA, or 500 ng/ml Thy1.1 LNP (n = 3 NSCLC
biopsies/group). One-way ANOVA followed by post hoc Tukey’s multiple compar-
isons test was performed. B Scatter plot shows the frequency of CD45+ and CD45-

cells within Thy1.1+ cells (n = 3 NSCLC biopsies). C Representative flow cytometry
plots show the frequency of Thy1.1+ cells within myeloid and lymphoid lineages.
D Scatter plot shows the frequency of myeloid and lymphoid cells within Thy1.1+

CD45+ cells (n = 3NSCLCbiopsies).EBar graph shows the frequencyof immune cell
subsets within Thy1.1+ CD45+ cells (n = 3 NSCLC biopsies). F Kaplan-Meier estimates
of overall survival comparing the top (high) and bottom (low) of cancer patients
based on themedian expression of the indicated genes. Hazard ratio (HR) with 95%
confidence interval. p values calculated using log rank test. Tick marks indicate
censoring. Bars and horizontal lines show mean. Error bars indicate SEM. Source
data for (A, B, D, E) are provided as a Source Data file. NSCLC, non-small cell lung
carcinoma; SEM, standard error of mean.
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amount of mRNA that encoded a non-translatable form of IL-21
(ntrIL21 LNP).

For CD8+ T-cell depletion, 200 µg of anti-CD8 antibody (clones 2.43
or YTS 169.4; BioXCell) was intraperitoneally administered in 100 µL of
HBSS every 2-3 days starting 1 day before the first vehicle/LNP intratu-
moral injection. For NK-cell depletion, 300 µg of anti-NK1.1 antibody
(clone PK136; BioXCell) was intraperitoneally administered in 100 µL of
HBSS every 2-3 days starting 1 day before the first vehicle/LNP intratu-
moral injection. For neutrophil depletion, mice received 75 µg anti-Ly6G
antibody (clone 1A8, BioXCell) intraperitonially every second day, fol-
lowed by 150 µg of anti-rat immunoglobulin (clone MAR 18.5, BioXCell)
intraperitonially 24 h later. For macrophage depletion, the CSF1R inhi-
bitor PLX5622 (HY-114153, MedChemExpress) was administered via
rodent chow (1200mg PLX5622/Kg chow) starting 2 days prior to the
first intratumoral injection and until 2 days after the third intratumoral
injection. OpenStandard Diet with 15 kcal% fat (control diet) and
OpenStandardDiet with 15 kcal% fat and 1200mg PLX5622/Kg (PLX5622
diet) were prepared by Research Diets, Inc. To block T-cell egression,
60 µg of FTY720 (S5002; Selleck Chemicals) was intraperitoneally
administered in 100 µL of 0.9% (w/v) NaCl daily starting 1 day before the
first vehicle/LNP intratumoral injection. For anti-PD1 treatment, 200 µg
of anti-PD1 (cloneRMP1-14; BioXCell) was intraperitoneally administered
in 100 µL of HBSS on day 10, 13, 17 and 20 post E0771 inoculation.

Blood collection and tissue dissociation
Blood was collected frommice through the tail or submandibular vein
and transferred into a tube containing HBSS supplemented with 2mM
EDTA and 0.5% (v/v) FCS. Tumors and tdLNs were isolated, cut into
small pieces, and digested with 10U/mL collagenase I, 400U/mL col-
lagenase IV, and 30U/mL DNase I (Worthington) in Roswell Park
Memorial Institute (RPMI) 1640 medium for 20min at 37 °C with
constantmixing. Tumorswere further triturated and filtered through a
70 µm cell strainer while tdLNs were only filtered through a 70 µm cell
strainer. Spleens were mechanically dissociated against a 70 µm cell
strainer. Bone marrow was flushed out of the tibia and femur using a
27G needle filled with RPMI. Livers were perfused with 10ml HBSS
through the vena cava, isolated, transferred into gentleMACS C tubes
(Miltenyi Biotech) and cut into small pieces using the gentleMACS
dissociator (Miltenyi Biotech). Then, livers were digested for 30min at
37 °Cusing 1mg/mLcollagenaseA and 10U/mLDNase (Roche). NSCLC
biopsies were cut into small pieces, and digested with 10U/mL col-
lagenase I, 400U/mL collagenase IV, and 30U/mL DNase I (Wor-
thington) in RPMI 1640 medium for 30min at 37 °C with constant
mixing. NSCLC samples were further triturated and filtered through a
70 µm cell strainer. Single cell suspensions were then treated with
ammonium-chloride-potassium (ACK) erythrocyte lysis buffer.

Flow cytometry
Single cell suspensions were resuspended in HBSS containing BD
Horizon Fixable Viability Stain 575 V (1:2000; BD Biosciences) and
incubated for 15min at room temperature. Next, cell suspensions were
washed with and resuspended in HBSS supplemented with 2mM
ethylenediaminetetraacetic acid (EDTA) and 0.5% (v/v) FCS. Cells were
preincubated with anti-CD16/CD32 antibody (clone 2.4G2) for 10min
on ice to prevent nonspecific antibody binding to Fcγ receptors. Next,
cell suspensions were incubated with fluorochrome-conjugated anti-
bodies diluted in HBSS supplemented with 2mM EDTA and 0.5% (v/v)
FCS for 30min at 4 °C and then washed with the same buffer.

For intracellular staining, cells were fixed after extracellular
staining using the FoxP3 Intracellular Fixation and Permeabilization
Buffer Set (Thermo Fisher Scientific, 88-8824-00) according to the
manufacturer’s instructions. The fluorochrome-conjugated antibodies
used for extracellular and intracellular staining are listed in Supple-
mentary Table 2.

For staining IFN-γ and TNF-α, tumor cell suspensions were pre-
incubated in RPMI 1640 (Gibco) supplemented with 10% (v/v) heat-
inactivated FCS (Capricorn Scientific), 300μg/mL L-glutamine, 100
units/mL penicillin, 100μg/mL, streptomycin, 1mM non-essential
amino acids, 1mM sodium pyruvate, 0.02mM 2-mercapto ethanol,
5μg/mL Brefeldin A (BioLegend), 20 ng/ml phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich), and 1μg/ml ionomycin (Invitrogen) for
5 h to stimulate NK and T cells.

Flow cytometry data were acquired using BD FACSCanto II (BD
Biosciences) or BD FACS Symphony A3 (BD Biosciences) and analyzed
using FlowJo.

Tumor and serum cytokine measurement and Liver damage-
associated enzymes
Tumors were cut into small pieces in RPMI and the supernatant was
collected and centrifuged at 14,000× g for 5min to remove insoluble
material. Blood was centrifuged at 1000× g for 15min and serum
was collected. Tumor supernatant and serum were frozen at −20 °C
until use. IL-21 and IL-7 levels were quantified using the Mouse IL-21
DuoSet ELISA kit (DY594, R&D Systems) and Mouse IL-7 DuoSet ELISA
kit (DY407, R&D Systems), respectively, according to the manu-
facturer’s instructions. Clear Polystyrene Microplates, ELISA Plate
Sealers, TMB ELISA Substrate, Stop Solution, ELISA Plate-coating Buf-
fer, ReagentDiluent Concentrate, andWash Buffer were all provided in
the DuoSet ELISA Ancillary Reagent Kit 2 (DY008B, R&D Systems) and
used according to the manufacturer’s instructions. AST/ALT activity
was measured on serum samples using an AST Activity assay kit
(MAK055-1KT, Merck) or an ALT Activity assay kit (MAK052, Merck)
according to the manufacturer’s instructions.

Liver immunohistochemistry
Livers were perfused with 10ml HBSS through the vena cava, isolated
andfixed in 4% formaldehyde for 24h at roomtemperature. Then, they
were washed 3x with PBS and stored at 4 °C until further use. Liver
tissues were embedded in paraffin and cut into 5 µm sections.
Hematoxylin-eosin staining was performed automatically using the
Sakura Tissue-Tek Prisma. Briefly, the tissues were consecutively
stained using hematoxylin Gill II (Sigma), Nu-Clear II (Thermo Fisher),
Erythrosine B-sodium salt (Sigma) and Bluing Reagent (Thermo
Fisher). Tissue sections were scored for signs of inflammation and cell
death by a pathologist. Picrosirius stainingwas performedmanually by
first incubating the tissue sections for 10min in 100% methanol fol-
lowed by 1 h at room temperature in Sirius Green solution containing
Sirius Red (Sigma) and Fast Green FCF (Sigma) dissolved in saturated
picric acid (VWR). Tissue sections were scored for signs of fibrosis by a
pathologist. Images were acquired using the EVOSM7000microscope
(Thermo Fisher Scientific).

In vivo bioluminescence imaging
For in vivo imaging, mice were sedated with isoflurane and inocu-
lated subcutaneously with 5 × 105 MC38 cells. When tumor volume
reached 50–100mm3, 10 µg of naked mRNA or LNP-formulated
mRNA coding for Fluc was injected into the tumor. To monitor Fluc
activity, 100 µl of 30mg/ml D-luciferin (E1605, Promega) in 0.9%
Potassium salt solution was injected intraperitoneally at different
time points after mRNA/LNP injection. Images were taken 10–15min
after injection of luciferin to reach the emission peak. The mice were
sedated and monitored using an IVIS Lumina II imaging system.
Photon flux was quantified using the Living Image 4.4 software (all
from Caliper Life Sciences, Hopkinton, MA, USA). Regions of interest
(ROIs) were quantified as average radiance (photons/[s cm2 sr]) or
total flux (photons s-1) represented as color-scaled images super-
imposed on grayscale photos of mice using Living Image software
(Caliper Life Sciences).
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Cellular indexing of transcriptome and epitopes by sequencing
(CITE-Seq)
The tumors and tdLNs were processed as previously described with
the addition of actinomycin D (A1410-5MG, Sigma-Aldrich) to col-
lection and processing buffers. Tumors and tdLNs were collected in
the presence of 30 µmol/L actinomycin D. The digestion and filtering
were done in the presence of 15 µmol/L actinomycin D. All sub-
sequent steps were performed in the presence of 3 µmol/L actino-
mycin D. Tumors from seven Triplet LNP-treated mice were
individually processed and the frequency of CD8+ T cells was deter-
mined using flow cytometry. Five tumors with high CD8+ T cell fre-
quency (responders) and their respective tdLNs were pooled. For
vehicle- and control LNP-treated mice, five tumors and their
respective tdLNs were pooled irrespective of the CD8+ T-cell fre-
quency. Then, 106 cells were resuspended in 25 µL of staining mix in
0.04% BSA-PBS containing APC-Cy7-labeled mouse anti-CD45 and
the mouse cell surface protein antibody panel containing 151 oligo-
conjugated antibodies (Supplementary Table 3; the CITE-seq anti-
body cocktail used in this study can be purchased from the VIB Single
Cell core, Ghent, Belgium).

Next, cells were washed, stained with 7-AAD, and 7-AAD- CD45+

cells were sorted using BD FACSAria II (BD Biosciences). Then, the 10x
genomics single-cell bead-in emulsions and scRNA-seq and CITE-seq
libraries were prepared as described previously61. The Cell Ranger
software (10x Genomics) v.6.0.0was used to perform alignment of the
RNA sequencing reads to the reference genome (Mus musculus
GRCm38) andgenerationof theRNAandADTUMIcountmatrices. The
average mean number of mapped RNA reads per cell was 22
171 ± 4473 SD, with an average sequencing saturationmetric of 44.97%
± 10.22% SD. The ADT libraries yielded 2737 ± 713 SD mean reads per
cell, with 79.62% ± 6.05% SD sequencing saturation. Further pre-
processing and analysis of the UMI count matrices were performed in
R using Seurat v.4.0.5, DropletUtils v1.10.3, scater v.1.22.0, scDblFinder
v.1.8.0. The cellular barcodes, associated with low quality empty dro-
plets, were filtered out using the emptyDrops function of the Drople-
tUtils package with the recommended FDR cutoff <= 0.1 for deviation
from the ambient RNA profile. A doublet score was assigned to each
cell barcode based on the generation of cluster-based artificial doub-
lets with the scDblFinder function of the scDblFinder package. The
gene expression matrices were further filtered for low-quality cells,
normalized, and scaled, followed by the selection of highly variable
genes, principal components analysis, and clustering as previously
described62. The genes, specifically expressed in each cluster, were
identified via differential expression analysis with the FindMarkers
function of Seurat (Wilcoxon Rank Sum test). The p-values of differ-
ential expression were adjusted for multiple testing with Bonferroni
correction. Clustering results were visualized using two-dimensional
scatter plots with the UniformManifoldApproximation and Projection
(UMAP) method.

The processing of the ADT expression matrix was done as
described previously62. In brief, the ADT cell barcodes, associated with
artifact cells basedon theRNA expression analysis werediscarded, and
the remaining data was normalized using the ASINH_GEOM transfor-
mation (inverse hyperbolic sine transformation with a cofactor).

For the analysis of the T-cell subsets of the tumor and tdLN
samples, theweighted-nearest neighbormethodof the Seurat package
has been applied. First, preprocessing was performed on the RNA and
the ADT matrices independently, including standard normalization,
scaling, highly variable genes’ selection (for the RNAmatrix only), and
principal components analysis. Then, the closest neighbors of each cell
are calculated based on weighted combinations of the RNA and pro-
tein signal similarities in the PCA space. The calculated weighted
nearest neighbors (WNN) graph is used downstream for UMAP
dimensionality reduction and clustering using the smart local moving
(SLM) algorithm.

To perform gene ontology (GO) enrichment analysis on the CD8T
Prf1 Lag3 hi, we compiled a list of the upregulated genes (Fold
change>0.5, adjusted p value < 0.05) in this cluster in comparison to
other T cell clusters. Then, we utilized the clusterProfiler R package (v
4.1)63 and the org.Mm.eg.db v3.18 to generate and visualize gene
functional annotation.

Modeling the intercellular communication using NicheNet
For predicting interactions between the myeloid cells and the CD8+

T cells, we applied the Differential NicheNet approach of the NicheNet
R package (v. 1.1.1), using the pre-build NicheNet priormodel of ligand-
receptor and ligand-target interactions. More specifically, we investi-
gated the cell-cell communication differences of tumors/tdLN from
Triplet LNP-treatedmice versus those from control mice (Vehicle- and
Control LNP-treated). Tumor-derived monocytes, macrophages, neu-
trophils, and cDCs or tdLN cDCs were defined as senders, while CD8+

T cells in the tumor or lymph node were defined as the receiver cell
population.

First, differential expression (DE) was calculated for each pair-
wise sender cell type comparison between the conditions (e.g.,
treated neutrophils versus control neutrophils, treated neutrophils
versus control cDC2, etc.). DE was also assessed in the receiver cell
type between the conditions. For summarizing the DE results, the
minimal logFC value was used for DE genes from each sender/
receiver cell type, which were also present in the prior ligand-
receptor model. Using the minimum logFC statistic allows prioritiz-
ing potential ligands/receptors that are more strongly expressed in
the cell type of the treatment condition compared to all cell types of
the controls.

Next, the ligand activities of each ligand for each of the receiver
cell types and in each of the two conditions were predicted. To that
end, the potential ligands were ranked based on the presence of their
target genes in the gene set of interest (DE genes in the receiver
between the treated and the control condition, logFC>0.15), compared
to a background set of genes. To predict active, affected targets of the
potential ligands, only a gene set of interest genes were considered,
that also belong to the a priori top 250 targets of a ligand. Finally, a
cumulative prioritization scorewas calculated for each ligand-receptor
and ligand-target link, using aweighted sumof the scaled scores of the
ligand activity, average expression, and fraction of expression of
ligands, receptors, and target genes across all cell types of interest, and
whether the interaction is documented in curated databases (‘bona
fide’), or is predicted based on gene annotation and protein-protein
interaction databases.

Generation and polarization of bone marrow-derived macro-
phages (BMDMs)
BMDM generation was performed as described previously64. Bone
marrow cells were cultured for 13 days in RPMI-1640 medium sup-
plemented with 300μg/ml L-glutamine, 100mg/ml streptomycin,
100 units/ml penicillin, 20% (v/v) heat-inactivated FCS (Capricorn Sci-
entific) and 30% L929-conditioned medium. Subsequently, BMDMs
were harvested and plated at a concentration of 106 cells/ml in RPMI-
1640 medium supplemented with 300μg/ml L-glutamine, 100mg/ml
streptomycin, 100 units/ml penicillin, 10% (v/v) heat-inactivated FCS
(Capricorn Scientific). Next, BMDMs were stimulated with either
100ng/ml LPS (Sigma-Aldrich) or 100ng/ml IL-4 (Z02996-50, Gen-
Script). Macrophage polarization was assessed by flow cytometry.

Enzyme-linked immunosorbent spot (ELISpot)
Seven days after the third intratumoral injection, spleens were isolated
and dissociated into single cell suspension. IFN-γ producing tumor
cells were detected using an IFN-γ ELISpot kit (Diaclone Murine IFNγ
ELISpot Set) following the supplier’s protocol. For peptide stimulation,
total splenocytes from mice were incubated with 10μg of p15E
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(KSPWFTTL) peptide. The IFN-γ spots were enumerated using an
automated ImmunoSpot analyzer (Cellular Technology Ltd).

Survival analysis of patients with cancer
The survival analysiswasperformedusing the survival analysis tool KM
plotter – immunotherapy46. Using their tool, we split the patients that
did not receive immunotherapy (n = 976) regardless of their sex by the
median expression of the indicated genes and assessed the overall
survival. The dataset used included bladder carcinoma, esophageal
adenocarcinoma, glioblastoma, hepatocellular carcinoma, head and
neck squamous cell carcinomas, melanoma, non-small cell lung car-
cinoma, and urothelial carcinoma patients.

Statistical analysis
Statistical analyses were performed using GraphPad Prism
9.1.2 software.

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

Data availability
The CITE-seq raw data generated in this study has been deposited in
the GEO database (NCBI) under accession code GSE249674. Survival
analysis of cancer patients was performed using the survival analysis
web-based tool KM plotter – immunotherapy [https://kmplot.com/
analysis/index.php?p=service&cancer=immunotherapy]. The remain-
ing data are available within the Article, Supplementary Information or
Source Data file. Source data are provided with this paper.
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