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Abstract
Clinical data have shown that Serine/Threonine Kinase 11 (STK11) mutation may be associated with an 
immunosuppressive tumor microenvironment (ITEM) and poor prognosis and failure of anti-PD-1 (αPD1) treatment 
in non-small cell lung cancer (NSCLC). To explore the potential of restoring STK11 protein in immunotherapy, a 
bionic gene delivery system was prepared by coating the STK11-encoded DNA-cationic polymer complex core 
with the tumor cell membrane, termed STK11@PPCM. STK11@PPCM could specifically bind with NSCLC cells 
and achieve precise delivery of STK11-encoded DNA. The released DNA effectively restored the STK11 protein 
expression, consequently reactivating autophagy and immunogenic cell death (ICD) in cancer cells. The liberated 
damage-associated molecular patterns (DAMPs) and autophagosome induced dendritic cells (DCs) maturation, 
which in turn enhanced CD8 + T cell infiltration, M1 macrophage polarization, and proinflammatory factor 
expression, thereby reversing the ITEM. Moreover, STK11@PPCM was also found to improve the sensitivity of 
cancer cells to αPD1 by increasing the expression of PD-L1, which was confirmed in STK11-mutated NSCLC cell 
xenografted mouse models, constructed by CRISPR-Cas9 knockout technology. This work demonstrated for the first 
time that restoration of functional STK11 can effectively reverse ITME and boost αPD1 efficacy in NSCLC, offering a 
new therapeutic approach for STK11-mutated lung adenocarcinoma in clinic.
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Introduction
Lung cancer still occupies the top of the cancer spectrum 
in terms of new cases and deaths, according to malig-
nant tumor disease burden in 2022 [1]. The emergence 
of immune checkpoint inhibitors (ICIs) represented by 
programmed cell death-1 (PD-1) or programmed cell 
death-Ligand 1 (PD-L1) antibodies has greatly improved 
the prognosis of patients [2]. However, it has been dem-
onstrated that less than 30% of patients with NSCLC 
benefited from ICIs, and 20–44% of patients showed 
resistance to ICIs [3]. It was imminent to identify poten-
tial factors affecting the efficacy of immunotherapy.

STK11 is a tumor suppressor gene, which affects cellu-
lar processes such as cellular metabolism, cell polariza-
tion, regulation of apoptosis, and DNA damage response 
[4]. Somatic loss-of‐function mutation of STK11 occurs 
in multiple cancer types, especially in lung adenocarci-
nomas [5], and can lead to the deletion of the encoded 
protein [6]. Recent clinical and preclinical studies have 
revealed that STK11 mutation was an important cause of 
resistance to ICIs [7–11]. The main reason is that STK11 
mutation can directly shape a “cold” immune microen-
vironment [12]. The STK11 mutation could contribute 
to the accumulation of suppressive immune cells in the 
tumor site, such as regulatory T cells (Treg), neutrophils, 
exhaustion T cells (Tex), and M2 macrophages (M2), and 
the decrease of CD8 + T cells infiltration and stimulator 
of interferon genes (STING) expression [13–16]. Mean-
while, the mutation was also reported to down-regulate 
autophagy and apoptosis of cancer cells [17–19]. Tumor 

autophagy could promote ICD and cause the release of 
DAMPs and autophagosomes [20, 21]. The liberated 
DAMPS (e.g. ATP, high-mobility group box 1 (HMGB1), 
and calreticulin (CRT)) and tumor antigens loaded in 
autophagosomes can induce DCs maturation and acti-
vate anti-tumor immunity [22–24]. Moreover, the down-
regulated PD-L1 expression induced by STK11 mutation 
further impaired the efficacy of ICIs [13–16].

So far, some measures have been taken to enhance the 
sensitivity of STK11 mutant lung cancer to ICIs, such 
as metformin [25, 26], PD-1/PD-L1 inhibitors in com-
bination with chemotherapy and/or cytotoxic T lym-
phocyte-associated antigen-4 (CTLA-4) inhibitors [27], 
inhibitor of STAT3 [10] and so on. However, these treat-
ments demonstrated more severe toxicity or transiently 
activated anti-tumor immunity. Nevertheless, it has not 
been reported whether restoration of STK11 expression 
in STK11-mutated cells could reverse the ITME and 
enhance antitumor immunity by inducing reactivation of 
autophagy and ICD to improve the efficacy of ICIs.

It is known that nucleic acids, such as DNA, mRNA, 
siRNA, or miRNA, have been widely explored to modu-
late protein expression and multiple immune processes 
and play an important role in enhancing anti-tumor 
immunity. So, restoration of STK11 expression by gene 
therapy is expected to sensitize STK11-mutated cells 
to the αPD1. Recently, gene therapies combined with 
nanomaterials have broadened the therapeutic and bio-
medical applications of these nucleic acids [28–30]. Poly 
(β-amino) esters (PBAEs) are a class of biodegradable 
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cationic polymers with the advantages of low cytotoxicity 
and high transfection efficiency [31], which makes them 
particularly suitable for the delivery of genes, proteins, 
and peptides [32–34]; however, the lack of targeting and 
low bioavailability limit their application. To our delight, 
cell membranes (CMs)-coated nanoparticles have been 
proposed as vesicles for gene delivery [35, 36], which 
can prolong blood circulation time, increase biocompat-
ibility, and improve homotypic tumor-targeting effects. 
So far, CMs from tumor cells have been investigated for 
the preparation of biomimetic nanoparticles and have 
become the most widely studied biofilms for cancer ther-
apy [37].

Given the above considerations, we developed a bionic 
nanoplatform (STK11@PPCM), which was composed 
of PBAE with the ability to complex the plasmid DNA 
(pcDNA) encoding STK11 and a layer of tumor cell 
membrane (Scheme 1). As shown in Scheme 1, once 
reaching the tumor site, STK11@PPCM could selectively 
target cancer cells and enhance cellular uptake based on 
a membrane-mediated homologous targeting strategy. 
After internalization, the “proton sponge” effect of PBAE 
enabled the rupture of STK11@PPCM and effectively 
released plasmid to restore the STK11 expression. Con-
sequently, apoptosis and autophagy were initiated. Mul-
tiple DAMPs and autophagic vesicles were released to 
promote the activation of DCs, cytotoxic T lymphocytes, 
M1 macrophages, and secretion of proinflammatory fac-
tors, which eventually established a “hot” immune micro-
environment to reinforce the αPD1 efficacy. On the other 
hand, the upregulated PD-L1 expression further boosted 
the efficacy of αPD1. This work demonstrated significant 
antitumor effects of the combination of STK11-encoded 
bionic DNA nanodrug and αPD1, providing a paradigm 
for the management of STK11-mutated lung adenocarci-
noma in the clinic.

Results
STK11 mutation reduces the benefit of ICIs in patients with 
LUAD
To evaluate the effect of STK11 mutation on STK11 pro-
tein expression and the prognosis of patients with LUAD, 
we carried out a bioinformatic analysis. Firstly, we ana-
lyzed the relationship between STK11 mutation status 
and STK11 expression in the training dataset GSE72094 
[38] and the validation dataset GSE193895 [39]. STK11 
differential expression analysis showed that the mutant 
group had lower protein expression compared to the wild 
group in GSE72094 (Fig.  1A), and the same result was 
also obtained in GSE193895 (Fig. 1B). Next, we analyzed 
the relationship between STK11 expression level and the 
overall prognosis in GSE30219 [40] and GSE31210 [41, 
42] from KM-plotter database. Survival analysis showed 
that the relevant low-expression group had a poor overall 

survival (OS) compared with the high-expression group 
(Fig. 1C). Likewise, an obvious difference could be iden-
tified in GSE31210 (Fig.  1D). At last, we further evalu-
ated the relationship between STK11 mutation status and 
the efficacy of ICIs. According to OS, we found that the 
STK11 wild group benefited more from immunother-
apy compared to the mutant group in GSE161537 [43, 
44] (Fig. 1E). At the same time, we can observe that the 
STK11 wild group was able to achieve a relatively higher 
progression-free survival (PFS) from immunotherapy 
compared to the mutant group in GSE135222 [45, 46], 
although there were no statistically significant differences 
(Fig. 1F).

STK11 mutation induces a “cold” immune 
microenvironment in LUAD
To clarify the reasons for the poor prognosis of patients 
with STK11-mutated LUAD, we further evaluated the 
immune infiltration at the transcriptome level and the 
single-cell level in STK11-mutated LUAD. At the tran-
scriptome level, through the TIMEDB online database, 
we found that there was less infiltration of immune-acti-
vated cells, such as CD8 + T cells, DCs, etc., in patients 
with STK11 mutation, compared to the wild group 
(Fig.  1G). Similarly, we found that the STK11 mutant 
group had fewer infiltration of immune-activated cells 
and more infiltration of immunosuppressive cells, com-
pared to the wild group in dataset GSE193895 by the 
CIBERSORT algorithm (Fig. S1A). Meanwhile, the 
STK11 mutation group had relatively lower immunity 
scores, as evidenced by lower ESTIMATE Score, lower 
Immune Score, and lower Stromal Score in dataset 
GSE193895 through the ESTIMATE algorithm (Fig. S1B). 
Next, we have also evaluated the effect of STK11 muta-
tion on immune escape ability and immune checkpoints 
gene expression. By analyzing the dataset GSE193895, 
we found that the mutant group had a higher TIDE 
score, lower expression of immune checkpoint genes, 
and higher CP_IPS score, compared to the wild group 
(Fig.1H and Figs. S1C-D). At the single-cell level, we fur-
ther confirmed the above results by cellular fractionation 
and quantitative analysis of sequenced samples from the 
dataset GSE231742 [15] (Figs.  1I-K). Identical observa-
tions were also confirmed by IHC of tissue sections from 
patients with STK11 mutated or unmutated LUAD (Fig. 
S2).

Preparation and characterization of STK11@PPCM for gene 
delivery to tumor cells
To explore whether restoring STK11 expression could 
enhance antitumor immunity in vivo or in vitro, we first 
constructed an STK11-deficient stably-transformed cell 
line (LLC KO) on LLC cells using CRISPR-dual gRNA/
Cas9 technology (Figs. S3-S4). Then, we constructed 
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a new nucleic acid delivery platform (STK11@PPCM) 
composed of cationic polymers PBAE and the anionic 
plasmid encoding STK11, encapsulated by tumor cell 
membrane to actively target tumor lesions (Fig. 2A). 

PBAE was initially prepared in a two-step process [47, 
48] (Figs. S5-S6) and used to complex plasmid DNA 
to form the PBAE/DNA complex (termed PP) by self-
assembly method. Meanwhile, the tumor cells membrane 

Scheme 1 Schematic illustration of STK11@PPCM reversing the immune microenvironment and enhancing anti-tumor immunity. M1, Type I macro-
phages; M2, Type II macrophages; Tc1, Type I CD8 + cytotoxic T cell; Tex, exhaustion T cell; CD4, CD4 + T cell; Th1, Type I T helper cell; Treg, regulatory T cells; 
CD8, CD8 + T cell
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Fig. 1 (See legend on next page.)
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was extracted and further coated on PP to form the PP@
CM complex (termed PPCM) by ultrasound and extru-
sion [49, 50].

The morphology and size distribution of obtained PP 
and PPCM were characterized by transmission electron 
microscopy (TEM). The typical spherical structure of PP 
and PPCM could be observed (Fig. 2B and Fig. S7), and 
the size of PP was 25.32 ± 1.04 nm (Fig. 2C). After coat-
ing with the cell membrane, a thin membrane structure 
can be seen on the surface of PP to produce slightly larger 
particle (A549-PPCM, 75.54 ± 4.14  nm; LLC KO-PPCM, 
83.77 ± 3.89  nm) (Fig.  2C). The zeta-potential results 
showed that the PP had a surface charge of approximately 
19.9 mV, and the surface charge of PPCM decreased to 
around − 6.9 mV (A549-PPCM) and − 8.5 mV (LLC KO-
PPCM) (Fig.  2D). Meanwhile, after 8 days of storage at 
4  °C, the mean particle diameter of the PPCM did not 
change significantly (Fig. S8). The result above suggested 
the stability of the structure of the PPCM to some extent.

The agarose gel electrophoresis was used to assess the 
interaction of PBAE and DNA. It was found that plas-
mid DNA was adequately bound at the PBAE/DNA mass 
ratios of 30, 60, and 90 (Fig.  2E), and the mass ratio of 
90 was used in this study. Meanwhile, we evaluated the 
serum stability of the STK11@PPCM and the ability of 
the nanocomplexes to protect and release DNA. It was 
found that STK11@PPCM had better serum stability 
and ability of DNA protection and release, compared to 
STK11@PP (Fig. S9). In addition, the binding and releas-
ing ability of PBAE on DNA was further confirmed by 
kinetic analysis (Fig. S10). As shown in Fig. S10A, com-
pared to naked Cy5-DNA, the free DNA content in solu-
tion decreased at an accelerated rate when the DNA was 
co-incubated with PBAE, and the free DNA was almost 
close to 0 when the incubation reached 30  min. Due to 
the protonation of the tertiary amine group in PBAE in a 
weakly acidic environment, DNA release from the nano-
complex gradually accelerated and ultimately entered a 
plateau phase in a weakly acidic medium. On the con-
trary, no significant change was detected in the neutral 
environment (Fig. S10B).

To confirm whether the membrane proteins were still 
reserved after extrusion, we performed SDS-PAGE analy-
sis of total proteins from extracted cell membranes and 
found that protein bands from PPCM were almost identi-
cal to CM and cells in A549 and LLC KO (Fig. S11). Next, 
the toxicity of STK11@PPCM to A549 and LLC KO cells 
was evaluated by CCK8 assays. The CCK8 assays showed 
that the PPCM did not have obvious cytotoxicity in the 
tested range of doses (Fig.  2F). However, the PP com-
plexes exhibited toxic responses in a dose-dependent 
manner (Fig.  2F). Moreover, A549 and LLC KO cells 
were pretreated with different inhibitors to investigate 
STK11@PP and STK11@PPCM internalization path-
way. We found that β-CD could remarkably inhibit the 
uptake of PP in two cells; however, PPCM uptake was 
not affected. And, neither promethazine nor amiloride 
could inhibit the internalization of PP and PPCM in two 
cells (Figs. 2G-H and Figs. S12-S13). Based on this, it was 
reasonable to consider that the endocytosis pathway of 
PPCM was independent of the conventional endocytosis 
pathway and may though a receptor-mediated pathway 
[51].

Transfection efficacy of PPCM
To evaluate the transfection efficiency of PPCM, the 
transfection of plasmid encoding enhanced green fluo-
rescence protein (EGFP) was carried out in A549 and 
LLC KO cells. As shown in Fig. 2I, PP and PPCM exhibited 
excellent transfection capability, and quantitative analysis 
indicated that the proportion of EGFP-positive cells for 
PP and PPCM was close to 40% and 30% in A549 cells 
(Fig. 2J). It was amazing the proportion of EGFP-positive 
cells for PP and PPCM was close to 50% and 40% in LLC 
KO cells (Fig. 2J). At the same time, we found that PP and 
PPCM have higher transfection efficacy compared to the 
transfection reagents currently available on the market, 
including PEI25K and Lipofectamine 2000, although the 
PPCM showed slightly declined transfection efficiency, 
compared to PP (Fig. 2I-J). This may be explained by two 
hypotheses [52]. First, cellular uptake of PPCM may be 
reduced. Compared to the negative surface charges of 
PPCM, the positive charges of PP are more favorable for 

(See figure on previous page.)
Fig. 1 Prognosis and immune infiltration induced by STK11 mutation in lung adenocarcinoma. (A) Relationship between STK11 mutation status and 
STK11 expression in the training dataset GSE72094 (N = 442). (B) Relationship between STK11 mutation status and STK11 expression in the validation 
dataset GSE193895 (N = 35). (C) Relationship between STK11 expression and prognosis of patients with lung adenocarcinoma in the training dataset 
GSE30219 (N = 307). (D) Relationship between STK11 expression and prognosis of patients with lung adenocarcinoma in the validation dataset GSE31210 
(N = 246). (E) Relationship between STK11 expression (high and low expression represented wild type and mutant type in the graph) and overall survival 
(OS) of patients treated with ICIs in the dataset GSE161537 (N = 82). (F) Relationship between STK11 expression (high and low expression represented wild 
type and mutant type in the graph) and progression-free survival (PFS) of patients treated with ICIs in the dataset GSE135222 (N = 27). (G) Relationship be-
tween STK11 mutation status and level of immune infiltration in the TIMEDB. (H) Relationship between STK11 mutation status and tumor immune escape 
ability in the dataset GSE193895 (TIDE score reflects the potential for tumor immune evasion, and higher TIDE score is associated with poor outcome). 
(I) Single-cell RNA sequencing gene expression clusters in the dimensional reduction projection (UMAP) in the database GSE231742, which shows the 
different identified cell populations. Labels have been added based on the expression of marker genes. T cells, B cells, and myeloid cells were highlighted 
in different colored circles. (J) Subclusters of all immune cells in the UMAP diagram in the database GSE231742. (K) Quantitative analysis of infiltration of 
all immune cell subtypes in the database GSE231742. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001
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cellular uptake. The second hypothesis was that PPCM 
has a reduced lysosomal escape capacity, due to the inter-
ference with the proton buffering effect of PBAE by the 
tumor cell membrane.

To test the first hypothesis, Cy5-labeled plasmid DNA 
was used to prepare the PP and PPCM. The cellular 
uptake of the PPCM tended to increase, compared to PP 
in two cells (Fig. S14A). Quantitative analysis by FCM 
further confirmed that PPCM had higher cellular uptake 
in A549 and LLC KO cells (Figs. S14B-C). According to 
the result, the cellular uptake efficiency could not account 
for the lower transfection efficiency of PPCM. To further 
explore the second hypothesis, we evaluated the lyso-
somal escape ability of PP and PPCM in A549 and LLC 
KO cells. PP showed red signals in the absence or pres-
ence of chloroquine in two cell lines (Fig. S14D). No red 
fluorescence was observed in the absence of chloroquine, 
while the treatment group with PPCM showed more red 
fluorescence in the presence of chloroquine (Fig. S14D). 
Therefore, the reduced transfection efficiency of PPCM 
might be explained through inefficient endosomal escape 
[52].

Effect of restoring STK11 expression on cell viability, 
invasion, and migration
To investigate whether functions of STK11 can be 
restored by our constructed DNA delivery system, we 
first constructed the STK11 plasmid DNA and performed 
extensive extractions (Figs. S15-S17, Table S1), and then, 
STK11 expression was tested via WB and qRT-PCR 
when cells were treated with PBS, naked STK11-DNA 
(P), STK11@PP, or STK11@PPCM for 48 h. As shown in 
Figs. 3A-B and Fig. S18A, the STK11 plasmid DNA deliv-
ery platform could increase STK11 expression at the level 
of transcription and translation. At the same time, the 
PP group has relatively higher STK11 expression com-
pared to the PPCM group, which can be correlated with 
the different transfection efficiency shown in Sect.  2.4 
(Figs. 3A-B and Fig. S18A). In addition, we also explored 
the effect of restored STK11 expression on cell viability 
and found that cell viability decreased in PP and PPCM 
groups after STK11 expression was restored (Fig. 3C).

Based on the above observations, we explored whether 
the restoration of STK11 expression could inhibit cell 
proliferation, invasion, and migration. The transwell 
assays were performed in vitro to assess the capacity of 
invasion and migration of A549 and LLC KO cells treated 
with PBS, naked STK11 DNA, STK11@PP, or STK11@
PPCM for 48 h. The results demonstrated that the resto-
ration of STK11 expression could effectively reduce the 
number of cells of invasion and migration of A549 and 
LLC KO cells (Figs.  3D, H). The in vitro wound healing 
assays also confirmed the above results (Figs. 3E-F, I). At 
the same time, the colony formation study demonstrated 

that the increase of STK11 had an antiproliferation effect 
on cells (Fig. 3G). Hence, our findings further confirmed 
that loss of STK11 promoted invasion and migration of 
cells, and reintroducing the functional STK11 protein 
could effectively alleviate the tendency.

Restoration of STK11 protein function induced autophagy, 
apoptosis, and ICD
As noted in the 2.5 section, when the A549 and LLC KO 
cells were treated with PBS, naked DNA, PP, or PPCM 
for 48 h, PP and PPCM groups demonstrated significant 
proliferation inhibition, while no inhibition of prolifera-
tion was seen in the control and naked DNA groups. To 
explore the potential mechanisms by which STK11 res-
toration promoted tumor cell death, we performed a 
transcriptomic analysis between STK11 mutation type 
and STK11 wild type in human samples in the dataset 
GSE72094. This step aimed to identify genes that were 
significantly differentially expressed in the two groups by 
plotting the volcano map. As the results demonstrated, 
the STK11 mutation group has 426 genes were signifi-
cantly down-regulated and 327 genes were up-regulated 
(Fig.  4A). The functional enrichment of down-regulated 
genes was further analyzed, and the GO analysis dem-
onstrated that the down-regulated genes were linked 
to apoptotic process and autophagy (Fig. 4B). Thus, it is 
apparent that autophagy and apoptosis were down-reg-
ulated in the STK11 mutant group, and autophagy and 
apoptosis were reactivated when STK11 function was 
restored, thereby inhibiting cell proliferation [17–19]. 
The induction of autophagy and apoptosis could also pro-
mote the release of DAMPs [20, 21], thus triggering the 
ICD and enhancing antitumor immune response [21]. 
Hence, it is reasonable that the restoration of STK11 pro-
tein function may trigger ICD by the release of DAMPs 
caused by reactivated apoptosis and autophagy (Fig. 4C).

To confirm the induction of autophagy, A549 and 
LLC KO cells transfected by Lentivirus (mRFP-EGFP-
Pruo) CMV-LC3B were exposed to either PBS, naked 
STK11 DNA, STK11@PP or STK11@PPCM for 48 h. As 
shown in Fig. 4D and Fig. S19, there was more autopha-
gosome formation in the tumor cells treated with PP or 
PPCM than in those treated with naked STK11 DNA 
or PBS, suggesting that STK11 nanocomplex can effec-
tively induce autophagy. Meanwhile, the presence of 
autophagy induced by STK11 activation can be validated 
at molecular levels. The WB was used to test the expres-
sion of autophagy signature proteins LC3-I/II and p62. 
As a result, it can be found that LC3-I did not change 
in the four groups, while LC3-II was significantly up-
regulated in the PP and PPCM groups compared to the 
others (Fig. 4E and Fig. S18A). Besides, it demonstrated 
the same trend for p62 protein, suggesting that STK11 
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Fig. 2 (See legend on next page.)
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nanocomplex induced autophagy formation (Fig. 4E and 
Fig. S18A).

Next, we explored the apoptosis induced by restoration 
of STK11 expression in A549 and LLC KO cells. It showed 
a higher ratio of apoptosis in PP (18.46%) and PPCM 
(15.38%) groups compared to the naked STK11 DNA 
(2.93%) or the PBS (2.68%) in A549 cells (Fig.  4F), and 
the same result can be observed in LLC KO cell (Fig. 4G). 
Meanwhile, the TUNEL assays also confirmed that the 
restoration of STK11 could activate the apoptotic process 
(Fig. S20).

The induction of autophagy and apoptosis could pro-
mote the release of DAMPs [20, 21], triggering the ICD. 
We also explored the possibility of the STK11 nanocom-
plex-induced DAMPs release to activate ICD. Herein, 
hallmark markers of ICD, CRT, HMGB1, and ATP, were 
measured. The CRT was determined by immunofluo-
rescence and a higher red fluorescence intensity was 
shown in PP and PPCM groups in two cell lines (Fig. 4H). 
Likewise, compared to the naked STK11 DNA and PBS 
group, there was a remarkable increase in HMGB1 and 
ATP secretion for A549 and LLC KO cells treated with 
PP and PPCM (Figs. 4I-J). In addition, the loss of STK11 
protein function led to down-regulation of STING and 
PD-L1 expression [14], here we further assessed the 
effect of restoration of STK11 expression on STING and 
PD-L1 expression. As demonstrated in Figs. S18A-C, the 
restoration of STK11 function significantly increased the 
expression of STING and PD-L1. Based on these obser-
vations, it was obvious that the restoration of STK11 
function promoted ICD and the expression of immu-
notherapy-positive genes, which provided a theoretical 
basis for the assessment of anti-tumor immunity in vivo.

The “cold” immune microenvironment was reversed by 
STK11@PPCM in the mouse model
We have demonstrated that the restoration of STK11 
function can activate ICD in vitro. However, it was still 
not clear whether restoration of STK11 function can 
reverse the immunosuppressive microenvironment in 
vivo and enhanced the anti-tumor immune response. 
Firstly, we constructed a subcutaneous LLC KO tumor 
model using C57BL/6 mice and measured the biodis-
tribution of PPCM. When the tumor volume reached 
60–80 mm3, the tumor-bearing mice were randomly 

divided into 4 groups, which were injected respectively 
with 100 µl solution containing PBS, naked EGFP DNA, 
PBAE/EGFP, and PBAE/EGFP/CM via tail veins. After 
72  h, major organs (i.e., heart, liver, spleen, lung, and 
kidney) and tumors were isolated and imaged. Mice 
treated with PPCM showed relatively higher fluorescence 
in tumors, compared to PP (Fig. S21), suggesting that 
PPCM has excellent tumor-targeting properties.

Next, we evaluated the effect of STK11@PPCM on 
the tumor immune microenvironment and anti-tumor 
immune response using LLC KO tumor-bearing mice. 
When the average tumor volume reached 60–80 mm3, 
the mice were randomly divided into 4 groups (PBS, 
naked STK11 DNA, STK11@PP, and STK11@PPCM) 
and treated at a plasmid dose of 25  µg per mouse via 
tail vein injection at day 10, 13, and 16 after tumor cell 
implantation (Fig.  5A). To exclude the effect of ICIs 
themselves on the tumor microenvironment and PPCM, 
we added two groups of mice and treated respectively 
with αPD1 and αPD1 + STK11@PPCM (αPD1 dose of 
100 µg in 100 µl saline per mouse) at day 11, 14, and 17. 
At day 19 (2 days after the last injection), all mice were 
euthanized and the tumors and lymph nodes were har-
vested to assess the number and phenotype of immune 
cells and changes in secreted cytokines (Fig.  5A). The 
“cold” tumors were distinguished from the “hot” tumors 
mainly by the spatial distribution of immune cells [53] 
(Fig. 5B). Among them, DCs, CD4 + T cells, CD8 + T cells 
and macrophage played an important role in remodel-
ing the tumor immune microenvironment [54]. Here, 
we focused on evaluating the effect of STK11@PPCM 
on DCs, CD4 + T cells, CD8 + T cells, and macrophage 
infiltration.

We first analyzed various stimulatory molecules 
expressed on lymph node–resident DCs (LNDCs) 
after treatment with STK11@PPCM. The infiltra-
tion of CD11c + MHC-II + cells, CD80 + CD86 + cells, 
CD11c + CD8 + cells (cDC1), and CD11c + CD11b + cells 
(cDC2) significantly increased after three cycles of treat-
ment (Figs. 5C, F and Figs. S22-S23). DCs activate anti-
tumor immune response primarily by presenting antigen 
to T cells, activating T cells, and initiating effector T cell 
response against tumor-associated antigen (TAA). The 
percentage of CD3 + CD4 + T cells and CD4 + IFNγ+ 
T cells within the tumor was increased (Fig.  5G and 

(See figure on previous page.)
Fig. 2 Construction and characterization of STK11@PPCM. (A) Flowchart for the construction of STK11@PPCM. (B) TEM image of PP and A549-PPCM. 
Scale bar, 100 nm. (C) The size distribution of PP, A549-PPCM, and LLC KO-PPCM was detected by TEM. The data represented means ± SD (n = 3). (D) Zeta 
potential analysis of PP, A549-PPCM, and LLC KO-PPCM. The data represented means ± SD (n = 3). (E) Plasmid DNA gel imaging for different ratios of PBAE/
DNA. (F) Toxicity analysis of PP and PPCM on A549 and LLC KO cells by CCK8 assays. The data represented means ± SD (n = 5). (G) Investigation of cellular 
uptake mechanism of PP and PPCM prepared by Cy5-labeled plasmid in A549 by FCM. (H) Investigation of cellular uptake mechanism of PP and PPCM 
prepared by Cy5-labeled plasmid in LLC KO by FCM. (I) Fluorescence images of A549 and LLC KO cells transfected with PBAE/EGFP or PBAE/EGFP/CM. Scale 
bar, 100 μm. (J) Quantitative analysis of EGFP-positive cells from A549 cells and LLC KO cells transfected with PP, PPCM, PEI25K, and Lipo2000 by FCM. 
The data represented means ± SD (n = 4) and analyzed by a one-way ANOVA with a Tukey post-hoc test. Statistical significance: **P < 0.01, ***P < 0.001, 
****P < 0.0001 versus Ctrl
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Fig. 3 STK11 expression induced by STK11@PPCM and effects on cell viability. (A) Western blot analysis of STK11 expression in A549 and LLC KO cells after 
indicated treatments for 48 h. (B) RT-PCR for STK11 in A549 and LLC KO cells after indicated treatments for 48 h. Cells without treatment (Ctrl) served as the 
background. The data represented means ± SD (n = 3). (C) Cell viability of A549 and LLC KO cells after indicated treatments for 48 h. Data are presented as 
means ± SD (n = 5). (D) Images of invasion and migration of A549 and LLC KO cells after indicated treatments for 48 h by transwell assays. Scale bar, 100 μm. 
(E and F) Images of A549 and LLC KO cells after indicated treatments for 48 h by wound healing assays (incubation time: 0, 12, and 24 h). Red cells represent 
migrating cells. Yellow lines represent the borderlines. Scale bar, 100 μm. (G) Colony formation assays of A549 and LLC KO cells after indicated treatments 
for 48 h. (H) Quantitative analysis of cell number for invasion and migration of A549 and LLC KO cells in part D. The data represented means ± SD (n = 3). 
(I) Quantitative analysis of the in vitro wound healing assays of A549 and LLC KO cells in parts E and F. The data represented means ± SD (n = 3). Data was 
analyzed by a one-way ANOVA with a Tukey post-hoc test. Statistical significance: **P < 0.01, ***P < 0.001, ****P < 0.0001 versus Ctrl
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Fig. 4 (See legend on next page.)
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Figs. S24-S25). In addition, CD3 + CD8 + T cells and 
CD8 + effector T cells (IFN-γ+ T-bet+) in the treatment 
group were also increased compared to the saline-treated 
group (Figs. 5E, I and Figs. S24, S26). At the same time, 
M1 macrophage (CD86 + F4/80+) demonstrated the 
same trend within the tumor (Fig. 5K and Figs. S27-S28). 
STK11-mutated tumors have more exhausted T cells 
in the microenvironment, which leads to suppression 
of effective immune response and ineffective immune 
therapy [15, 55]. STK11@PPCM significantly reduced 
single-exhausted CD8 + T cells (CD8 + PD1+) and 
double-exhausted CD8 + T cells (Tim3 + PD1+) within 
tumors, compared to the control group (Fig. 5J and Fig. 
S26).

Moreover, Treg and M2 macrophages played important 
roles in tumor immune evasion, and their accumulation 
at the tumor site produced an ITME [56]. Flow cytom-
etry results revealed that STK11@PPCM decreased the 
frequency of Treg (Foxp3 + CD4+) and M2 macrophage 
(CD206 + F4/80+) (Figs. 5D, H and Figs. S25, S28), indi-
cating that STK11@PPCM reversed the ITME. Further 
evidence that STK11@PPCM triggered a robust anti-
tumor immune response and reversed the ITME was 
demonstrated by the assessment of cytokine release. 
STK11@PPCM can increase the release of proinflam-
matory factors, including TNF-α, IL-6, and INF-γ, and 
decrease the release of anti-inflammatory factors, includ-
ing TGF-β (Figs. 5L-O).

STK11@PPCM enhanced the anti-tumor efficacy of αPD1 in 
a mouse model of STK11-mutated lung adenocarcinoma
Previous findings indicated that STK11 mutation inhib-
ited the efficacy of ICIs by creating a “cold” immune 
microenvironment, resulting in a poor prognosis in 
patients with LUAD [7–12]. In addition, we have demon-
strated that STK11@PPCM was able to reverse the ITME 
and enhance the anti-tumor immune response. Based 
on these observations, we further explored whether the 
restoration of STK11 function could improve the anti-
tumor efficacy of αPD1 in a LUAD model with STK11 
mutation. Firstly, we constructed a subcutaneous LLC KO 
tumor model and were treated as indicated, which was 
the same as in Sect. 2.7 (Fig. 6A). The tumor growth rate 

was significantly inhibited in the STK11@PPCM + αPD1 
group after three cycles of treatment, compared to 
STK11@PPCM or αPD1 alone, which demonstrated the 
strong anti-tumor efficacy of the combination therapy 
(Figs.  6B-D). The combination group significantly also 
prolonged the overall survival time of mice compared to 
other monotherapy groups (Fig.  6E), which was attrib-
uted to the strong and persistent immune activation 
induced by STK11@PPCM. At the same time, the com-
bination of STK11@PPCM and αPD1 did not lead to a 
decrease in the body weight of mice (Fig. S29).

The in vitro experiments have demonstrated that res-
toration of STK11 function could activate autophagy 
and apoptotic processes, which caused the release of 
DAMPs and, in turn, triggered ICD. To explore the 
potential mechanisms in which combination therapy 
improved therapeutic efficacy, we performed autoph-
agy, apoptosis, and ICD assays on tumor tissues. Firstly, 
immunofluorescence staining for STK11 and LC3 was 
performed, and the results indicated STK11 restoration 
and autophagy induction after combination treatment 
(Fig.  6F and Fig. S30). Besides, the tumor treated with 
STK11@PPCM + αPD1 exhibited the most remarkable 
apoptosis by hematoxylin and eosin (H&E) staining and 
TUNEL analyses (Fig. 6G and Fig. S31). Next, we exam-
ined molecular markers of ICD and found that the com-
bination therapy group significantly increased the release 
of ATP and HMGB1 as well as upregulated CRT expres-
sion (Figs. 6F, H-I, and Fig. S30). In addition, it was noted 
that tumor-infiltrating CD8 + T cells were significantly 
increased in the combination therapy group compared 
to the other monotherapy groups, which was consistent 
with the previous flow assay results (Fig. 6F and Fig. S30).

Meanwhile, we exploratively demonstrated that 
STK11@PPCM was able to upregulate the expression 
of STING and PD-L1 in vivo by immunohistochem-
istry staining (IHC), consistent with the results of the 
in vitro assay (Fig. S32). In practice, treatment-related 
adverse effects were not negligible, and finally, we evalu-
ated the side effects of combination therapy by hematol-
ogy and histopathology in C57BL/6 mice. Mouse blood 
and major organs (i.e., heart, liver, spleen, lung, and 
kidney) were collected on day 25. We analyzed alanine 

(See figure on previous page.)
Fig. 4 STK11 nanocomplexes induced ICD of tumor cells in vitro. (A) Volcano plot of differentially expressed genes in STK11 mutation (before STK11 
protein function was restored) and wild type group (after STK11 protein function was restored) in the dataset GSE72094. (B) Bubble diagram of biological 
processes (BP) enriched by down-regulated genes in the STK11 mutant group. Apoptosis and autophagy were highlighted with red boxes. (C) Mechanis-
tic map of ICD caused by restoration of STK11 expression. (D) Fluorescent images of autophagy in A549 and LLC KO cells co-transfected with PBS, pSTK11, 
STK11@PP, and STK11@PPCM combined Lentivirus (mRFP-EGFP-Pruo) CMV-LC3B. Scale bar, 25 μm. (E) Western blotting analysis of STK11, light chain 
3-I (LC3-I), light chain 3-II (LC3-II), and p62 expression in A549 and LLC KO cells after indicated treatments for 48 h. (F and G) Flow cytometry analysis of 
apoptosis on A549 and LLC KO cells after treatment with PBS, pSTK11, STK11@PP, and STK11@PPCM for 48 h. (H) CRT expression on A549 and LLC KO cells 
after indicated treatments for 48 h. Scale bar, 20 μm. (I) HMGB1 release on A549 and LLC KO cells after the indicated treatments for 48 h was evaluated 
by ELISA. (J) ATP release on A549 and LLC KO cells after the indicated treatments for 48 h was evaluated by ATP content assay kit (chemiluminescence). 
The data represented means ± SD (n = 3) and analyzed by a one-way ANOVA with a Tukey post-hoc test. Statistical significance: *P < 0.05, ***P < 0.001, 
****P < 0.0001 versus Ctrl
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aminotransferase (ALT), aspartate aminotransferase 
(AST), total bilirubin (TBIL) and albumin (ALB) to assess 
liver function, and urea nitrogen (BUN) and creatinine 
(CR) to monitor kidney activity. We also performed rou-
tine blood tests to assess hematologic toxicity. These 
parameters were in the normal range after treatment 
with STK11@PPCM + αPD1 (Table S2 and Fig. S33). The 
results of H&E staining for major organs also showed no 
obvious histological differences between the combination 
and others (Fig. S34).

Discussion
The emergence of ICIs, such as anti-CTLA-4 and anti-
PD-1/PD-L1 has become a first-line treatment option for 
advanced non-small cell lung cancer, greatly improving 
patient prognosis and changing the landscape of NSCLC 
treatment [2]. Unfortunately, less than 30% of patients 
with NSCLC benefit from ICIs, and 20–44% of lung can-
cer patients develop primary or secondary resistance 
to ICIs during treatment, which can be attributed to an 
inadequate tumor immunogenic and ITME [3]. Cur-
rently, to improve the immunogenicity of tumors, some 
measures have been taken to combine ICIs with chemo-
therapy, radiotherapy, or photodynamic therapy (PDT), 
which can trigger the immunogenic death of tumor cells, 
enhance cellular immunogenicity, and thus activate the 
anti-tumor immune response [57, 58]. However, radio-
therapy and chemotherapy have serious toxic side effects, 
and PDT is ineffective in treating deep-seated tumors 
attributed to limited killing depth and range. Therefore, 
there is still a need to identify potential factors affecting 
the efficacy of immunotherapy and to explore a new safe, 
and effective strategy to enhance anti-tumor immune 
response and the sensitivity of tumor cells to ICIs.

STK11, a tumor suppressor gene, is involved in the 
occurrence and development of tumors. Recently, sev-
eral clinical and preclinical studies have demonstrated 
that STK11 mutation is associated with poor prognosis 
in NSCLC treated with ICIs and is an important cause of 
resistance to ICIs, which was attributed to the shaping 
of an ITME by STK11 mutation [7–11]. STK11 is a key 
regulator of the LKB1-AMPK-mTOR signaling pathway, 
regulating autophagy and apoptosis, while STK11 muta-
tion tends to result in down-regulation of apoptosis and 
autophagy processes [20, 21]. Autophagy is a tightly regu-
lated pathway that not only has an important role in the 
regulation of basic metabolic functions, allowing cells to 
remove damaged or harmful components through catab-
olism and recycling to maintain a dynamic balance of 
nutrients and energy but also plays an important role in 
immune activation [59, 60]. Induction of autophagy and 
apoptosis in cancer cells could also promote the secre-
tion of DAMPs, and the latter triggers ICD and enhances 
anti-tumor immunity response. Currently, there is a lack 

of effective treatment for lung cancer with STK11 muta-
tion. Some small molecule antibodies or drugs, such as 
metformin [25, 26], PD-1/PD-L1 inhibitors in combina-
tion with chemotherapy and/or CTLA-4 inhibitors [27], 
inhibitors of STAT3 [10], and so on, have been taken to 
treat the STK11-deficient NSCLC. These regimens have 
been shown to produce some therapeutic activity in 
STK11 mutant lung cancer; however, these treatments 
demonstrated more severe toxicity and did not durably 
activate anti-tumor immunity. These features limited 
their practical application, which prompted us to further 
explore new therapies to enhance the durable anti-tumor 
immune response in STK11 mutant lung cancer. Deeply 
inspired by the COVID-19 nucleic acid vaccine, we spec-
ulated whether we could enhance anti-tumor immunity 
by restoring STK11 protein expression through gene 
therapy in STK11-mutant NSCLC.

It is known that nucleic acids such as DNA, mRNA, 
siRNA, or miRNA have been widely explored to modu-
late protein expression. Likewise, the mechanism of 
action and high specificity of these nucleic acids could 
present a possible therapy program for various cancers, 
compared to conventional drugs [29, 30]. Given the 
advantages of synthetic DNA for protein replacement, 
the use of synthetic DNA might restore the functions 
of STK11 without inducing substantial toxicity. Nucleic 
acids are easily degraded in the body and cannot be 
administered directly. With the rise of nanomaterials and 
the emergence of cationic polymers, such as PBAE, poly-
ethyleneimine (PEI), cationic lipids, etc., they provide a 
powerful solution to this challenge. So, there is enough 
reason to believe that the STK11 protein function can 
be reactivated by nucleic acid nanoplatform based on 
STK11. So far, it has not been reported whether resto-
ration of STK11 protein expression in STK11-mutated 
cells could reverse the ITME and enhance antitumor 
immunity.

Here, we constructed a new nucleic acid delivery plat-
form (STK11@PPCM) composed of cationic polymers 
PBAE with the ability to complex the plasmid encod-
ing STK11 and a layer of tumor cell membrane with the 
capability of actively targeting tumor lesions. We found 
that the STK11 plasmid DNA delivery platform effec-
tively restored STK11 expression and could reactivate 
autophagy and apoptosis processes and cause the release 
of DAMPs, which further triggered ICD. Meanwhile, 
we found firstly that restoration of STK11 protein func-
tion effectively reversed the ITME by promoting DCs 
maturation, increasing tumor infiltration of CD8 + T 
cells and M1 macrophages, decreasing infiltration of 
Treg and M2 macrophages and increasing the expres-
sion of proinflammatory factors, such as TNF-α, IFN-γ 
and IL-6. Furthermore, the delivery platform showed 
notable therapeutic effects and safety in STK11-mutated 
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Fig. 5 (See legend on next page.)
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tumor models treated with STK11@PPCM combined 
with αPD1. These results suggested that restoration of 
anti-oncogene function through DNA nanocomplexes 
can enhance the sensitivity of cancer cells to ICIs, pro-
viding a potential combination therapy strategy for other 
malignancies.

It is worth noting that this study has some limitations. 
For DNA delivery, DNA must be internalized into the 
nucleus and translated into a protein antigenic product, 
which decreases the effectiveness of the drug. Although 
our tumor-homologous cell membrane-mimicking nano-
platform was largely capable of targeting gene delivery 
to tumor sites, the risk of fusion of exogenous DNA with 
an organism’s nuclear DNA cannot be ignored. Then, it 
should be noted that this study is limited to the STK11 
tumor suppressor and it is not clear whether restoration 
of other tumor suppressors might have similar effects. 
In addition, only the C57BL/6 mouse homologous cellu-
lar LLC was investigated, and further validation may be 
needed in the future in humanized mice, organoids, or 
patient-derived tumor xenograft (PDX) models. At last, 
whether restoring STK11 expression in STK11 knockout 
mice can inhibit tumorigenesis also deserves to be fur-
ther investigated, which would provide a theoretical basis 
for an STK11 nucleic acid vaccine.

In summary, our study provides a promising strategy 
for enhancing antitumor immune response, which may 
be beneficial to other malignant tumors bearing STK11 
mutation. And, we expect the combination of STK11 
nanomedicine with ICIs could provide a survival ben-
efit to lung cancer patients with STK11 mutation in the 
future.

Materials and methods
Synthesis and purity identification of PBAE
PBAE cationic polymers were synthesized by a simple 
two-step strategy. First, 2.56  g of 1,4-butanediol diac-
rylate and 1.0  g of 4-amino-1-butanol were mixed in a 
glass bottle and then heated to 90 ℃ while stirring con-
tinuously for 24  h in Magnetic Stirrers under the con-
dition of avoiding light. Second, 2.30  g of the reacted 
polymer was dissolved in 2  ml tetrahydrofuran, then 
added to 13  ml tetrahydrofuran dissolved with 786  mg 
of 1-(3-aminopropyl)-4-methylpiperazine. The result-
ing solution was stirred at room temperature for 2  h 
with 800 r/min. Subsequently, the obtained product was 

dissolved in diethyl ether, which was placed for 30 min. 
The ether was volatilized and the polymer powder was 
collected. Repeat the above process twice to get the puri-
fied substance. Last, the collected polymer was dried in a 
vacuum. After 48 h, the obtained polymer was dissolved 
in DMSO to a concentration of 100 mg/ml and stored at 
-20 ℃. According to the requirements of in vivo and in 
vitro experiments, we identified the purity of the synthe-
sized PBAE cationic polymer by 1H NMR spectra on an 
NMR spectrometer. The chemical shift (δ) was expressed 
as ppm, tetramethylsilane (TMS) was used as the internal 
standard, and DMSO-d was used as the solvent.

Preparation of PBAE/plasmid DNA nanocomplex (PP)
The prepared PBAE storage solution and DNA storage 
solution were dissolved respectively in sodium acetate 
buffer (25 mM, PH = 5.0) and incubated for 3  min at 
room temperature, followed by adding an equal volume 
of the polymer solution to the DNA solution and mixing 
well to ensure that the mass ratio (w/w) of PBAE/DNA 
was 90. The mixture was incubated at room tempera-
ture for 20  min, and the polymer molecules and DNA 
could combine and self-assemble to form PBAE/plasmid 
nanoparticles.

Preparation of PBAE/plasmid DNA/cell membrane (PPCM)
The PPCM was prepared by co-extrusion and sonica-
tion in an ice-water bath. The cell membrane solution 
extracted from tumor cells was thoroughly mixed with 
the PP complex and incubated at room temperature for 
5 min, followed by ultrasound for 20 min (70 W, 40 kHz). 
After, the PPCM was obtained after extrusion of mixture 
mentioned above with 200  nm and 100  nm filter mem-
branes for 10 times by extrusion apparatus. The PPCM 
solution was stored at 4 °C.

Cell culture and transfection
The cells used in the experiment were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) with high 
glucose, supplemented with 10% fetal bovine serum and 
1% penicillin-streptomycin solution, and cultured at 37 
℃ with 5% CO2. The 2 × 105 tumor cells were cultured 
in 6-well plates for 24 h before transfection, followed by 
the incubation with PBS, P, PP, and PPCM in fresh cul-
ture medium without FBS. After incubation for 6 h at 37 
℃ with 5% CO2, the culture medium was replaced with 

(See figure on previous page.)
Fig. 5 STK11@PPCM reversed the “cold” immune microenvironment in the LLC KO tumor-bearing mouse model. (A) Experimental timeline for treatment 
of LLC KO tumor-bearing mice. S.C, subcutaneous; i.v, intravenous; i.p, intraperitoneal. (B) Schematic illustration of the reversed immune microenvironment 
in vivo. (C-E) The mapping of flow cytometry analysis of CD80 + CD86 + DCs (C) from lymph nodes, and CD4 + Foxp3 + T cells (D) and IFNγ+ T-bet + T cells 
(E) from different treated tumors. (F-K) Flow cytometry analysis results of the percentage of CD80 + CD86 + DCs (F), and the percentage of CD4 + IFNγ+ T 
cells (G), CD4 + Foxp3 + T cells (H), IFNγ+ T-bet + T cells (I), Tim3 + PD1 + T cells (J) and CD86 + F4/80 + macrophage (K) from the tumors. Data are presented 
as means ± SD (n = 3 mice per group). (L-O) Results of ELISA analysis of cytokines in tumor tissue grinding fluid, including TNF-α (L), IFNγ (M), IL-6 (N), and 
TGF-β (O). Data are presented as means ± SD (n = 3 mice per group). Statistical significance was calculated via one-way ANOVA with a Tukey post hoc test. 
**P < 0.01, ***P < 0.001 and ****P < 0.0001
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Fig. 6 STK11@PPCM increased the therapeutic efficacy of αPD1 in the STK11- mutated LLC tumor-bearing mouse model. (A) Experimental timeline for 
treatment of LLC KO tumor-bearing mice. S.C, subcutaneous; i.v, intravenous; i.p, intraperitoneal. (B) Individual tumor growth curves for mice treated as 
indicated. (C) Photographs of tumors excised from mice after different therapies on the 25th day. (D) The average tumor growth curves for mice treated 
as indicated. Data are represented as means ± SD (n = 5 mice per group). (E) The survival curve of mice after three rounds of treatment. (F) Immunofluores-
cence imaging from STK11-mutated LLC tumor tissues showed the expression of STK11(red), LC3 (red) and CRT (red), and CD8 + T cell infiltration (red) after 
treatment with saline, STK11 plasmid DNA, STK11@PP, STK11@PPCM, αPD1, or αPD1 + STK11@PPCM. Scale bars, 100 μm. (G) The H&E and TUNEL staining 
of tumor slices after receiving different treatments as indicated on the 25th day. The red color indicated apoptotic cells. Scale bar: 100 μm. (H) ATP levels 
in the supernatant of tumors excised from mice treated as indicated. Data are presented as means ± SD (n = 3 mice per group). (I) ELISA analysis of HMGB1 
in the supernatant of tumors excised from mice treated as indicated. Data are presented as means ± SD (n = 3 mice per group). Statistical significance was 
calculated via one-way ANOVA with a Tukey post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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fresh complete medium containing 10% FBS. After 48 h, 
the transfection efficiency was investigated by fluores-
cence microscope and flow cytometry (FCM).

Cellular uptake mechanism of PPCM in tumor cells
The cells were pre-incubated with different inhibitors, 
including promethazine (an inhibitor of clathrin-medi-
ated endocytosis; 10  µg/ml), β-cyclodextrin (β-CD, an 
inhibitor of caveolae-mediated endocytosis; 5 mM) and 
amiloride (an inhibitor of micropinocytosis; 133 µg/ml), 
for 2  h at 37  °C before nanoparticles were added. The 
cells were also incubated at 37 °C without any inhibitors. 
After 2  h, the STK11 DNA, STK11@PP, and STK11@
PPCM where plasmid DNA was labeled by Cy5 (red fluo-
rescence) were separately added to the above pretreated 
cells and continued to be incubated at 37 °C for 6 h. Last, 
the fluorescence intensity was quantified using the FCM 
and confocal microscope (CLSM).

Western blot (WB)
Tumor cells were first seeded in a 6-well plate at a den-
sity of 2 × 105 cells per well. When the cells had grown 
to 70–80%, they were treated with PBS, naked DNA, PP, 
and PPCM for 48  h and then collected in a 2  ml clean 
centrifuge tube and resuspended with 100  µl of RIPA 
containing 1% PMSF on the ice. After 30  min, the pro-
tein concentration was tested by BCA assay. 40  µg of 
protein per well was separated by 4–20% gradient pre-
formed adhesive (160  V, 50  min) and transferred onto 
PVDF membranes using a wet-transfer system (300 mA, 
1 h). Next, the PVDF membrane was sealed with a rapid 
sealing solution for 10 min and then incubated overnight 
with appropriate primary antibodies at 4  °C. Afterward, 
the PVDF membrane was washed with TBST three times 
and incubated with proper secondary antibodies at room 
temperature for 2  h. Last, the PVDF membrane was 
developed by an ultrasensitive ECL chemiluminescence 
kit.

Quantitative Real-time PCR (qRT-PCR) assay
When cells were treated with PBS, naked DNA, PP, 
and PPCM for 48  h, total RNA from tumor cells was 
extracted by Trizol and then reverse-transcribed into 
cDNA using the HiScript® II Q RT SuperMix for qPCR 
(+ gDNA wiper), according to the manufacturer’s instruc-
tions. RT-PCR was conducted to measure mRNA using 
the SYBR Green Master Mix, and GAPDH or β-actin 
was selected as an internal reference gene. Primers used 
in the experiment were designed according to the NCBI 
database. All primers were listed in Table S3.

In vitro toxicity and apoptosis assessment induced by 
STK11 nanocomplex
A549 and LLC KO cells were seeded separately in 96-well 
plates at a density of 1 × 104 cells/well and incubated with 
100 µl of complete medium for 24 h. When the cells had 
grown to 70–80%, the cells were treated with PBS, naked 
STK11 DNA, STK11@PP, and STK11@PPCM for 48  h. 
The absorbance was measured at a wavelength of 450 nm 
using a microplate reader.

Apoptosis was also tested using Annexin V-FITC 
Apoptosis Detection Kit and One Step TUNEL Apopto-
sis Assay Kit by flow cytometry and inverted fluorescence 
microscope. In short, the cells seeded in 6-well plates 
were treated for 48  h. Subsequently, the treated cells 
were collected or fixed for flow detection or fluorescence 
imaging, according to the manufacturer’s instructions.

In vitro autophagy detection by lentivirus (mRFP-EGFP-
Pruo) CMV-LC3B
Autophagy induced by STK11 nanocomplex was detected 
using Lentivirus (mRFP-EGFP-Pruo) CMV-LC3B by 
inverted fluorescence microscope. First, A549 and LLC 
KO cells were seeded separately in 6-well plates for 24 h 
before transfection, followed by the incubation with PBS, 
naked STK11 DNA, STK11@PP, and STK11@PPCM in 
fresh culture medium without FBS. After 6  h, the cul-
ture medium was replaced with fresh medium containing 
10% FBS and Lentivirus (mRFP-EGFP-Pruo) CMV-LC3B 
(A549: MOI = 200, LLC KO: MOI = 300) and incubated for 
24  h. Subsequently, the virus-containing medium was 
replaced with fresh virus-free complete medium and the 
cells continued to be cultured for 24 h. At last, autopha-
gic flux was observed under fluorescence microscopy.

Cell Immunofluorescence staining (IF)
A549 and LLC KO cells were seeded separately into confo-
cal dishes at a density of 1 × 105 cells/dish and incubated 
with 1 ml of complete medium for 24 h. When the cells 
had grown to 70–80%, the cells were treated with PBS, 
naked STK11 DNA, STK11@PP, and STK11@PPCM 
for 48 h. Then, the cells were washed with PBS and fixed 
with 4% paraformaldehyde for 15 min at room tempera-
ture. Next, the cells were permeabilized with 0.5% Triton 
X-100 for 20 min and blocked with concentrated normal 
goat serum for 30 min at room temperature. Soon after, 
the samples were incubated overnight with calreticulin 
Polyclonal antibody (CRT) at 4  °C. Afterward, the sam-
ples were washed with PBS three times and incubated 
with Cy3-AffiniPure Goat Anti-Rabbit lgG (H + L) in 
the wet box at 37° for 1 h. After that, the samples were 
stained with DAPI for 10  min under low light condi-
tions. At last, they were washed with PBS three times and 
imaged using confocal microscopy.
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ATP, HMGB1, and cytokine assays
To confirm that restoration of STK11 expression trig-
gered immunogenic death, ATP and HMGB1 released 
by A549 and LLC KO cells were assayed by the ATP con-
tent assay kit (chemiluminescence) and Human or Mouse 
HMGB1 ELISA Kit. The cells were first seeded in a 6-well 
plate and incubated for 24 h. Then, the old medium was 
replaced by fresh complete medium containing PBS, 
naked STK11 DNA, STK11@PP, or STK11@PPCM, and 
the cells were incubated for 48  h. Last, the cell culture 
supernatant was collected by centrifugation at 3000 rpm 
for 10 min and tested by kits, according to the manufac-
turer’s instructions.

For evaluation of ATP, HMGB1, and cytokines within 
the tumor, such as TNF-α, IFN-γ, IL-6, and TNF-β, 
tumor tissue was collected and ground. The supernatant 
from the tumor grinding solution was then detected with 
ELISA kits, according to the synopsis.

Flow cytometry assay for immune cells in tissues
All antibodies for flow assay were purchased from Elab-
science and BioLegend and listed in Table S4. The tumors 
and lymph nodes were free and cut into small pieces 
using sterile ophthalmic scissors, and then, these small 
pieces were washed repeatedly with sterile PBS and 
ground using a syringe. The grinding solution was then 
passed through a 70-µm mesh nylon cell strainer to form 
single-cell suspensions. For the flow assay of cell sur-
face markers, flow cytometry antibodies (5ul/Test) were 
added to the cell suspension and incubated at 4℃ for 
30  min under light protection, according to the manu-
facturer’s instructions. For the staining of intracellular 
markers, such as IFN-γ, Foxp3, and T-bet, the cells were 
fixed and permeabilized at 4  °C for 30  min, and then, 
stained with appropriate antibodies at 4  °C for 30  min. 
Last, the stained cells were tested by flow cytometry and 
analyzed using FlowJo software.

Immunofluorescence staining and TUNEL assay in tissues
To confirm that restorative STK11 expression triggered 
immunogenic death, autophagy, and apoptosis, STK11, 
LC3, and CRT in tumors were tested by immunofluo-
rescence staining, and then, apoptosis was tested in tis-
sue using the TUNEL Kit. Briefly, tissue sections were 
deparaffinized with xylene and rehydrated with ethanol, 
then cell and nuclear membranes were permeabilized 
with proteinase K. For immunofluorescence staining, 
samples were incubated with different primary rabbit 
antibodies at a 1:50 dilution overnight at 4  °C, washed 
with PBS, and incubated with fluorescently labeled sec-
ondary antibodies (1:1000) for one hour at room tem-
perature. For the TUNEL assay, sections were washed in 
PBS and incubated with reaction solution for 1 h at 37 °C 
in a humidified atmosphere in the dark, according to the 

manufacturer’s instructions. Last, the slides were imaged 
using an inverted fluorescence microscope.

Assessment of the immune microenvironment and anti-
tumor immune efficacy induced by STK11@PPCM in LLC 
KO-bearing tumor mouse model
To confirm that restoration of STK11 expression 
reversed the immunosuppressive microenvironment 
and enhanced the efficacy of ICIs, 1 × 106 LLC KO cells 
per mouse were inoculated subcutaneously in the right 
axilla of the right forelimb of C57BL/6 mice to establish 
a subcutaneous graft tumor model. When the tumor vol-
ume reached 60–80 mm3, the tumor-bearing mice were 
randomly divided into 6 groups (n = 10 mice per group, 
5 mice were used for efficacy assessment, 5 mice were 
used for immune microenvironment assessment), which 
received respectively 100 µl of saline, naked STK11 plas-
mid, STK11@PP, STK11@PPCM, anti-PD-1, or STK11@
PPCM + anti-PD-1 via tail vein at a DNA dose of 25  µg 
per mice at days 10, 13, and 16 after tumor implantation. 
Two groups of mice receiving anti-PD-1 were treated 
with intraperitoneal administration of anti-PD-1 (100 µg 
in 100  µl saline per mouse) on days 11, 14, and 17. At 
day 19, 5 mice in each group were euthanized and the 
tumors and groin lymph nodes were isolated to examine 
the immune cells. The number and phenotype of immune 
cells, such as T cells, DCs, and macrophages, and the 
concentration of secreted cytokines were detected by 
flow cytometry and ELISA Kits. An additional 5 mice in 
each group were used to assess therapeutic efficacy and 
tumor sizes were measured every 3 days after tumor 
implantation, and the average tumor volume was calcu-
lated according to the following formula: length × width 
× width/2. At the same time, the body weight of the 5 
mice assessed therapeutic efficacy was recorded every 
3 days after tumor implantation. On day 25, the 5 mice 
were euthanized and the tumors were isolated to image.

Statistical analysis
All experiments were repeated 3 times and all results are 
presented as the means ± SD. A Student’s t-test or Mann-
Whitney test was used for two-group comparisons, and 
a one-way analysis of variance (ANOVA) was used to 
compare more than two groups. Survival curves were 
compared by the Log-Rank test. All statistical analyses 
were carried out using GraphPad Prism 7 software and R 
Studio 4.2.2, and statistical significance was indicated as 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, and ns 
indicated no significant difference.

Abbreviations
STK11  Serine/Threonine Kinase 11
ITME  Immunosuppressive Tumor Microenvironment
ICIs  Immune Checkpoint Inhibitors
NSCLC  Non-Small Cell Lung Cancer
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DAMPs  Damage Associated Molecular Patterns
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PD-L1  Programmed cell Death-Ligand 1
AMPK  Adenosine Monophosphate-activated Protein Kinase
STING  Stimulator of Interferon Genes
ICD  Immunogenic Cell Death
HMGB1  High-Mobility Group Box 1
CRT  Calreticulin
CTLA-4  Cytotoxic T Lymphocyte-associated Antigen-4
siRNA  Small Interfering RNA
PBAE  Poly (β-Amino Ester)
pcDNA  Plasmid DNA
ALT  Alanine Aminotransferase
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TBIL  Total Bilirubin
ALB  Albumin
BUN  Urea Nitrogen
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