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A B S T R A C T   

The presence of multiple immunosuppressive targets and insufficient activation and infiltration of cytotoxic T 
lymphocytes (CTLs) allow tumor cells to escape immune surveillance and disable anti-PD-1/PD-L1 immuno
therapy. Nanobiotechnology-engineered autologous tumor vaccines (ATVs) that were camouflaged by tumor cell 
membrane (TCM) were designed to activate and facilitate CTLs infiltration for killing the unprotected lung tumor 
cells, consequently realizing the sequential immunotherapy. PDE5 was firstly screened out as a new immuno
suppressive target of lung cancer in clinical practice. Immediately afterwards, phosphodiesterase-5 (PDE5) and 
programmed cell death 1 ligand 1 (PD-L1) dual-target co-inhibition was proposed to unfreeze the immuno
suppressive microenvironment of NSCLC. Systematic studies validated that this ATVs-unlocked sequential 
immunotherapy after co-encapsulating PDE5 inhibitor and NO donor (i.e., L-arginine) exerted robust anti-tumor 
effects through increasing inducible nitric oxide synthase (iNOS) expression, blockading PDE5 pathway and 
activating systematic immune responses, which synergistically eradicated local and abscopal lung cancers in 
either orthotopic or subcutaneous models. The pluripotent ATVs that enable PDE5 inhibition and sequential 
immunotherapy provide a new avenue to mitigate immunosuppressive microenvironment and magnify anti-PD- 
1/PD-L1 immunotherapy.   

1. Introduction 

Immune escape-represented immunosuppressive microenvironment 
is still the dominant limiting factor that disables most immunothera
peutic means in fundamental or clinical cases [1–3]. As a paradigm, 
programmed cell death 1 ligand 1 (PD-L1) that is highly-expressed in 
tumor cells, usually acts as an immunosuppressive target to prevent 
tumor cells from the recognition by activated effector T cells [4–6]. This 
immune escape behavior severely impaired T cells-based anti-tumor 
strategy [1]. Recently, many endeavors have been made in 

anti-PD-1/PD-L1 immunotherapy, and the pioneering work was awar
ded with the 2018 Nobel Prize [7–12]. Despite receiving 
considerably-increased interests, only a small fraction of patients was 
benefited from anti-PD-1/PD-L1 immunotherapy even in the presence of 
highly-expressed PD-L1 [13–15]. Such disappointing outcomes are 
probably attributed to two aspects, (i) inadequate activation and rare 
infiltration of cytotoxic T lymphocytes (CTLs) cause insufficient armed 
CTLs to enter tumor and execute killing effect towards tumor cells 
[15–17]; and (ii) Even though the cold tumor is switched into hot ones, 
the presence of some other immunosuppressive targets (e.g., CTLA-4, 
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Siglec-15, TREM2, CD24, Ptpn2, CD47) make tumor cells camouflaged, 
featured of immune escape [5,18–22]. Unfortunately, the two concerns 
have not been simultaneously addressed yet. On this account, new so
lution to concurrently address the two concerns for realizing sequential 
immunotherapy is desirable. 

In this report, phosphodiesterase-5 (PDE5) was firstly screened out as 
a new immunosuppressive target since it was demonstrated to be highly- 
expressed in lung adenocarcinoma tissues of patients and its expression 
level negatively associated with the prognosis of lung adenocarcinoma. 
Inspired by it, two immunosuppressive targets (i.e., PDE5 and PD-L1) co- 
inhibition strategy was established to maximally improve immuno
therapeutic outcomes and inhibit lung tumorigenesis, which could 
address the aforementioned 2nd concern that single anti-PD-1/PD-L1 
immunotherapy encounter (Step ④ in Scheme 1). Herein, the classic 
PDE5 inhibitor (PDE5i) that has been widely used to treat erectile 
dysfunction (ED) and pulmonary arterial hypertension via slowing 
intracellular cGMP degradation to increase endogenous nitric oxide 
release [23,24], was used to blockade PDE5 immunosuppressive target 
in lung cancer. Systematic experiments validated that PDE5i indeed 
inhibited lung cancer in vitro and in vivo through activating the sys
tematic anti-tumor immune responses especially after combing with 
PD-L1 immune checkpoint blockade. 

In an attempt to address the 1st concern, autologous tumor vaccines 
(ATVs) were developed after camouflaging mesoporous organosilica 
nanoparticle (Mon) carrier with the tumor cell membrane (TCM) 
because TCM held abundant antigens [25]. The exposed antigens on 

TCM shell could promote the nanobiotechnology-engineered ATVs to be 
engulfed by dendritic cells (DCs) and directly result in pro-inflammatory 
signal activation and DCs maturation, and further boost activation and 
infiltration of CTLs (Steps ①-③ in Scheme 1). As well, the TCM-driven 
tumor tropism specifically allowed more pluripotent ATVs to enter 
lung cancer for inhibiting tumor, addressing the non-specificity of pre
vious ligands chelation-mediated active targeting or leukocytes 
phagocytosis-mediated accumulation [26]. Noticeably, before TCM 
camouflaging, PDE5i and nitrogen donor (i.e., L-arginine (LA)) were 
co-encapsulated in Mons of ATVs to improve specific delivery of PDE5i 
and supply NO for further enhancing PDE5i efficacy and mitigating 
immunosuppressive microenvironment. Inspiringly, the pluripotent 
ATVs sequentially addressed the 1st concern and the 2nd concern that 
anti-PD-L1/PD-1 immunotherapy suffered from, which, thereby, estab
lished a sequential immunotherapy strategy (Steps ①-④). The 
ATVs-unlocked sequential immunotherapy boosted systematic immune 
responses associated with increased DC maturation and IFNγ+CD8+ T 
cell population and more inflammatory cytokine secretion (Step ⑦ in 
Scheme 1), consequently harvesting significantly-enhanced anti-tumor 
and anti-metastasis outcomes in vivo through direct immune-mediated 
tumoricidal effect and immunosuppressive microenvironment regula
tion. Especially when combining with PD-L1 blockading, this distinctive 
ATVs considerably enhanced the therapeutic consequences of orthotopic 
and subcutaneous lung cancers and eradicated local and abscopal lung 
tumors (Steps ④-⑥ in Scheme 1). Taken all above together, 
clinically-screened and experientially-validated PDE5 indeed can 

Scheme 1. Mechanistic schematic on how LA and PDE5 co-loaded pluripotent ATVs enable the sequential immunotherapy against primary and distant 
lung tumors in either orthotopic (Ort-) or subcutaneous (Sub-) models. In detail, Step ➀ represents engulfment and presentation of antigens on ATVs by DCs and 
DC maturation; Step ➁ represents the migration of matured DCs to tumor-draining lymph nodes and CTLs activation; Step ➂ indicates the infiltrations of activated 
CTLs into lung tumor; Step ➃ indicates the PDE5 blockade by PDE5i in such ATVs, wherein LA release induced NO production to benefit PDE5i efficacy, and anti-PD- 
L1 also blockaded PD-L1 immunosuppressive target to constitute the PDE5/PD-L1 dual-target co-inhibition strategy; Steps ➄ and ➅ mean the inhibition actions of 
activated systematic responses against primary (➄) and distant metastatic (➅) tumors, respectively; and Step ➆ represents secretions of some pro- 
inflammatory cytokines. 
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behave as an immunosuppressive target in lung cancer, which can also 
act as a reliable drug target of lung cancer. More significantly, the 
established pluripotent ATVs and the ATVs-enabled unprecedented 
sequential immunotherapy can maximally exert the anti-tumor immune 
efficacy and open up a new direction for immunotherapy, and both of 
which hold great potential in clinical translation. 

2. Results and discussion 

2.1. Screening PDE5 as an immunosuppressive target in clinical practice 
and in PDE5 inhibition-based lung cancer repression tests 

To determine whether PDE5 can act as the immunosuppressive 
target of NSCLC, PDE5 protein abundances in five NSCLC cell lines 
including LLC, A549, H1975, H1299 and H358 were firstly monitored 
comparing to those in lung bronchial epithelial cells (i.e., HBE). As ex
pected, PDE5 levels in all tested cancer cell lines are found much higher 
than that in HBE cells (Fig. 1a). Consistent with in vitro results, more 
PDE5 proteins are expressed in cancer tissues as compared with normal 
tissues (Fig. 1b). Subsequently, we explored the correlation between 

aberrant PDE5 expression and the prognosis of NSCLC patients. Immu
nohistochemical (IHC) analysis of PDE5 expression in tissue samples 
from 81 patients indicates that 63% patients exhibit higher PDE5 
expression in tumor tissues (Fig. 1c and d). Moreover, Kaplan-Meier 
analysis shows that high PDE5 expression correlates with poor overall 
survival (OS), whereas low PDE5 expression gives birth to favorable 
clinical outcomes (Fig. 1e). In colony formation assay, PDE5i lowers the 
colony formation efficiency of A549 and Lewis lung cancer (LLC) cells 
(Fig. 1f). Subsequently, in vivo anti-tumor assessment on LLC-bearing 
C57/BL6 using PDE5i indicates that PDE5i alone exerts a potent thera
peutic effect (Fig. 1g and h), where the weight and volume of tumors in 
PDE5i-treated group are decreased (Fig. 1i and j). To unravel the un
derlying principle of PDE5i-enhanced anti-tumor outcomes, we exam
ined the maturation degree of antigen-presenting cells (APCs) such as 
DCs. It is found that PDE5i treatment remarkably elevated the per
centages of co-stimulatory molecules CD80/CD86 that are usually 
regarded as the representative markers for DC maturation in peripheral 
blood and tumor tissues (Fig. 1k,l). Moreover, it also brings about more 
upregulations of CD8+ and CD4+ T cells in PDE5i-treated peripheral 
blood mononuclear cells (PBMCs) and concurrently facilitates CD8+ T 

Fig. 1. Screening PDE5 as the immunosuppressive target of NSCLC. (a) Immunoblotting patterns of PDE5 protein in various LAC cells and HBE cells; (b) 
Immunoblot analysis of PDE5 protein abundances in the paired LAC tumor tissue (T) and adjacent normal ones (N) harvested from eight LAC patients; (c) Repre
sentative immunohistochemical images of tumors harvested from LAC patients with PDE5low and PDE5high expression, scale bar: 50 μm (left), 100 μm (right); (d) 
Quantitative analysis of PDE5 expression in 81 cases of LAC tumor tissues. (e) Kaplan–Meier analysis of the survivals of LAC patients with PDE5low and PDE5high; (f) 
In vitro colony formation assay of A549 and LLC that were treated with DMSO or PDE5i (10 μM) for 5 days; (g–j) LLC xenografted tumors in male C57/BL6 mice 
treated with DMSO or PDE5i (i.v. PDE5i 100 mg/kg per day for 5days) after the tumor reached 25–50 mm3. The macroscopic mice images (g) and tumor images (h), 
tumor weight (i) and tumor volume (j) were acquired on day 28 after inoculation; (k,l) FCM patterns (k) and quantitative statistics (l) for determining DC maturation 
after staining with CD80 and CD86, DCs were harvested from the peripheral blood mononuclear cells (upper) and tumor tissues (bottom) of tumor-bearing mice 
treated with PDE5i or DMSO (control). (m,n) Representative FCM plots (m) and quantitative data (n) for distinguishing the subtypes in PBMCs, including CD8+ T 
cells (CD45+CD8+), CD4+ T cells (CD45+CD4+), CD8+IFNγ+ (CD45+CD8+IFNγ+) T cells and CD4+IFNγ+ (CD45+CD4+IFNγ+) T cells in the tumor-bearing mice 
treated with PDE5i or DMSO. The data are presented as the mean ± standard deviation (SD) (n = 4). ‘NS’ means no significance, *P < 0.05, and **P < 0.01. 
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cells to secrete more IFNγ (Figure 1m,n). Considering the excellence of 
nanotechnology in promoting drug delivery, we loaded PDE5i to Mon 
carrier (Mon@PDE5i). Of note, Mon@PDE5i performs much better in 
delaying tumor growth than free PDE5i (Figs. S1a and b). Together, 
these results sufficiently suggest that PDE5 is an immunosuppressive 
target of NSCLC, and blockading this target with PDE5i holds great 
potential in directly exerting cytotoxic effects and anti-tumor immune 
responses against NSCLC. 

2.2. Preparation of this pluripotent ATVs (Mon@LA-PDE5i@M) 

To address the non-specific delivery of PDE5i, drug delivery system 
(DDS)-represented nanobiotechnology was introduced to load PDE5i 
and yield ATVs. As illustrated in Fig. 2a, Mon carrier is adopted to load 
and deliver PDE5i along with LA (Mon@LA-PDE5i) [25], followed by 
intact TCM coating (Mon@LA-PDE5i@M) to obtain the pluripotent 
ATVs featuring tumor tropism, wherein another intermediate that only 
load PDE5i (Mon@PDE5i) is yielded. TCM coating that is clearly 
observed on Mon@LA-PDE5i@M enabled the uniform dispersity of 
Mon@LA-PDE5i@M ATVs (Fig. 2b). The elevations of particle size and 
zeta potential also validate the successful TCM coating (Fig. 2c–e). The 
complete retention of antigen activity on TCM is the prerequisite of 
realizing DCs-mediated cross-presentation, DCs maturation and effector 
T cell activation. Integrity analysis of protein ingredient using gel 
electrophoresis reveals that the membrane proteins within TCM are well 
retained and wrapped onto ATVs (Fig. 2f). Furthermore, immune blot
ting analysis demonstrates the successful protein extraction and coating 
without injures to the membrane and intracellular protein markers 
including plasma membrane-specific markers of E-cadherin and Na+/K+

ATPase. Inspiringly, this extraction process displays a high selective 
retention of membrane fragments since the intracellular protein markers 
of mitochondria, nucleus, and cytosol, e.g., COX IV, Ki-67, β-actin, Lamin 
B1 and GAPDH, are poorly present on the cracked cancer cell membrane 
after protein extraction (Fig. 2g). In vivo fluorescence imaging results 
validate the higher accumulation of Mon@LA-PDE5i@M ATVs in lung 
and LLC tumors after i.v. administration compared with 
Mon@LA-PDE5i. Even after 48 h, massive ATVs remain enriched in 
tumors (Fig. 2h), which is also confirmed by quantitative analysis 
(Fig. 2i). With preserving the intact protein or antigen activity in such 
pluripotent ATVs, TCM-driven tumor tropism can be expected to pro
mote the targeting delivery of PDE5i and LA-involved ATVs into NSCLC. 
The most phagocytosis of Mon@LA-PDE5i@M by A549 and LLC cells in 
vitro is also observed (Fig. 2j), and it receives the highest inhibition rate 
against A549 cells (Fig. S1c). 

2.3. ATVs-unlocked sequential immunotherapy against NSCLC 

In vivo antitumor studies also reflect that Mon@LA-PDE5i@M exerts 
the most robust suppression effect against LLC syngeneic tumors (Fig. 3a 
and b), harvesting the best antitumor consequences (Fig. 3c,e,f). The 
stable body weight indicates the excellent biosafety of Mon@LA- 
PDE5i@M (Fig. 3d). To figure out the anti-tumor mechanism of such 
special ATVs, we investigated how immune cells were trained by 
massive Mon@LA-PDE5i@M ATVs to attain such an appealing thera
peutic effect. Flow cytometry (FCM) analysis reveals that Mon@LA- 
PDE5i@M treatment significantly promotes DC maturation 
(CD80+CD86+ DCs) in both tumor-draining lymph nodes (Fig. 3g and h) 
and tumors (Fig. 3i and j). The pro-inflammatory cytokines including 
IL12p70, TNF-α and IL-6 in the serum of LCC tumor bearing mice are 
also remarkably increased, which is favorable for triggering the anti- 
tumor immunological responses (Fig. 3k–m). As a result, the pro
portions of both CD8+ and CD4+ T cells in serum are tremendously 
increased in Mon@LA-PDE5i@M-treated group (Fig. 3n–p). These re
sults confirm that such LA/PDE5i-co-loaded ATVs completed the 
sequential immunotherapy (Step ➀-➃) to suppress tumorigenesis, 
covering PDE5 blockade-enabled immunosuppressive 

microenvironment alleviation, simulated DCs maturation and armed 
CTLs infiltration. 

2.4. A deep insight into LA/PDE5i co-loaded ATVs for activating 
systematic immune responses 

To acquire a further insight into the underlying anti-tumor mecha
nisms of the pluripotent ATVs-activated immune responses, we made 
detailed, in-depth and comprehensive investigations. Firstly, we scruti
nized the contribution of LA in Mon@LA-PDE5i@M to the activated 
systematic immune responses since LA as the endogenous NO donor 
could produce nitric oxide under inducible nitric oxide synthase (iNOS) 
to elevate anti-tumor cytotoxity and enhance immune responses [27]. 
Immunofluorescence (IF) staining shows that iNOS mainly resides in the 
cytoplasm and nuclei of A549 and LLC cancer cells (Fig. S2a). LA inte
gration into Mon@LA-PDE5i ATVs significantly improves iNOS expres
sion (Fig. 4a). In particular, TCM coating augments ATVs accumulation 
via tumor tropism and further favors iNOS expression in a 
time-dependent manner (Fig. 4a and b). Moreover, identical to 
immune-blot result, qRT-PCR analysis also suggests 
Mon@LA-PDE5i@M performs the best in boosting iNOS expression 
(Figs. S2b and c). Inspired by the highest iNOS expression, 
Mon@LA-PDE5i@M treatment receives the highest NO birth in both 
A549 and LLC cancer cells, as evidenced by both qualitative (Fig. 4c) and 
quantitative (Fig. 4d–g) results. Thereafter, it brings about the remark
ably inhibited cell proliferation (Fig. 4h) and colony formation effi
ciency (Fig. 4j), and leads to the utmost apoptosis (Fig. 4k). 
Furthermore, the anti-tumor effect is impaired by NO scavenger (NO–S), 
as evidenced by cell proliferation test (Fig. 4i), clone formation assay 
(Fig. 4j) and apoptosis assay (Figure 4l), which indirectly demonstrates 
that Mon@LA-PDE5i@M can produce NO to kill tumor cells. 

Subsequently, the influences of the LA/PDE5i co-loaded ATVs on DCs 
as the dominant APCs were surveyed. FCM results show that any PDE5i- 
involved nanoparticle treatment can increase DC maturation in com
parison to Mon alone, while Mon@LA-PDE5i@M yields the highest 
proportion of matured DCs due to the autologous antigens on TCM shell 
(Figure 4m,n). Regarding this, the pluripotent ATVs treatment unex
pectedly induces the tremendously increased secretions of pro- 
inflammatory cytokines (TNF-α, IL-6, and IL12p70), which even over
weighs LPS stimulation (Fig. 4o–q). Consistent with DC maturation re
sults, tumor-cell debris after Mon@LA-PDE5i@M treatment can also act 
as antigens to trigger the highest levels of DC-secreted immune cyto
kines, such as TNFα, IL-6 and IL-12p70, determining that such PDE5 
inhibition-involved ATVs are much preferable for enhancing systematic 
immune responses (Fig. 4r–u). To reach an in-depth understanding of 
ATVs-activated immune responses, we supervised the expressions of 
related genes and proteins. In detail, Mon@LA-PDE5i@M ATVs are 
found to increase maturation-related gene expressions including Oas1b, 
Isg20, Irf7, Inos, Ifit2, Ifit1, Ifit44, Ifit203, Ddx58, IFNγ, Rsad2, and 
Oas11 in bone marrow-derived DCs (Fig. 5a). 

We also inspected iNOS expression at both mRNA and protein levels 
and traced NO release. It is obtained that Mon@LA-PDE5i@M stimula
tion propels up-regulations of both iNOS expression (Fig. 5b and c) and 
NO release (Fig. 5d and e) in DCs. To uncover the hidden regulation 
pathway, the alterations of NF-κB and cGAS signaling after different 
treatments were monitored, because NF-κB and cGAS signaling are 
commonly pro-inflammatory signaling pathway and NF-κB is respon
sible for increasing the transcription of endothelial cell nitric oxide 
synthase (eNOS) in response to laminar shear stress [28]. Intriguingly, 
Mon@LA-PDE5i@M treatment significantly stimulates NF-κB and cGAS 
signaling activation, which is similar to LPS treatment (Fig. 5f). Once 
combining with NO–S, both NF-κB and cGAS signaling activations are 
significantly suppressed (Fig. 5g). These results adequately indicate that 
the LA-loaded ATVs can activate NF-κB and cGAS signaling pathways to 
induce aforementioned high iNOS expression and NO release, which will 
in return benefit PDE5i action in promoting DC maturation. As expected, 
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Fig. 2. Synthesis of this pluripotent ATVs (Mon@LA-PDE5i@M). (a) Schematic illustration of the synthesis procedures of Mon@LA-PDE5i@M; (b) TEM images of 
Mon@LA-PDE5i and Mon@LA-PDE5i@M, and scale bar: 100 nm; (c–e) The spherical shape (c) and average hydrodynamic size (d,e) of Mon@LA-PDE5i@M ATVs 
compared with other nanoparticles; (f) SDS-PAGE analysis of whole cancer cell lysates (I), cancer cell membrane (II), and Mon@LA-PDE5i@M ATVs (III) after 
staining with coomassie blue; (g) Immunoblotting analysis of whole cancer cell lysate (I) and Mon@LA-PDE5i@M ATVs (III) for determining plasma membrane- 
specific markers and intracellular protein markers. Samples were run at identical protein concentrations and then experienced immunostaining with membrane 
markers and intracellular markers; (h,i) In vivo fluorescence images of LLC tumor-bearing mice for studying the bio-distribution of ATVs after certain time points post- 
i.v. injection. Fluorescence images (h) and mean fluorescence intensity (i) of ex vivo tumors show the distributions of biomaterials in major organs after 48 h post-i.v. 
injection. The data are presented as the mean ± SD (n = 3) and the statistical significances are obtained using two tailed unpaired t-test. (j) LCSM images for 
monitoring the uptake of different samples by A549 and LLC cells, blue (DAPI), green (Mon, Mon@PDE5i, Mon@LA-PDE5i and Mon@LA-PDE5i@M ATVs), and scale 
bar: 200 μm. 
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the elevated iNOS expression and NO release by such pluripotent ATVs 
promote DC maturation (Fig. 5h and i) and increase immune cytokine 
secretions including IL-6, IL12p70 and TNFα (Fig. 5j–l), while NO–S 
introduction lowers DC maturation and decreases cytokine secretions 
(Fig. 5h–l). These explicit results validate that LA can assist PDE5i in 
Mon@LA-PDE5i@M to reinforce immune responses especially in com
bination with tumor tropism-enhanced accumulation. 

2.5. Sequential immunotherapy enabled by pluripotent ATVs alone or 
plus anti-PD-L1 for suppressing primary tumors on subcutaneous model 

Despite realizing sequential immunotherapy, this single PDE5 target 
blockade by PDE5i&LA-loaded ATVs alone still fails to address other 
immunosuppressive targets-derived immune escape. Herein, co- 

inhibition of PDE5 and PD-L1 dual immunosuppressive targets is car
ried out on subcutaneous LLC xenograft tumor (Fig. 6a), which is ex
pected to further potentiate the sequential immunotherapy. Besides LA- 
augmented NO production for direct anti-tumor, the tumor tropism- 
enhanced accumulation and NO & PDE5i-enhanced immune responses 
also take the responsibility for enabling Mon@LA-PDE5i@M ATVs to 
gain the inspiring inhibitory consequences (Fig. 6b–e). More signifi
cantly, once combining with anti-PD-L1 blockade, the largest delayed 
tumor growth is acquired. This phenomenon suggests that the co- 
inhibition strategy of dual immunosuppressive targets is preferable 
than single target blockade and thus merits chase for highly-efficient 
anti-tumor outcomes. In addition, no abnormal weight change and no 
evident pathological difference indicate the minimal systematic toxicity 
of ATVs (Fig. 6f and Fig. S3), guaranteeing high therapeutic biosafety of 

Fig. 3. In vivo anti-tumor evaluation of pluripotent ATVs (Mon@LA-PDE5i@M) via activating systematic immune responses. (a–f) Anti-tumor evaluations in 
tumor bearing male C57/BL6 mice treated with different samples including Mon, Mon@PDE5i, Mon@LA-PDE5i, Mon@LA-PDE5i@M ATVs (I.V. 100 mg/kg per day 
for 5 days). Macroscopic images of mice (a), harvested tumors (b), quantitative tumor volume (e) and tumor weight (f) were acquired on day 28 after inoculation. 
Time-dependent variation profiles of tumor volume (e) and mice body weight (d) were recorded; (g–j) FCM patterns (h,i) and quantitative data (g,j) of DC maturation 
(CD80+CD86+) in the tumor-draining lymph nodes and tumor tissues harvested from tumor-bearing mice on day 28 after inoculation; (k–m) Secretion levels of IL- 
12p70 (k), TNF-α (l) and IL-6 (m) in serum, and they were analyzed by ELISA after 5 days post-different treatments; (n–p) Representative FCM patterns (n) and 
quantitative data (o,p) for recognizing the subtypes in PBMCs including CD8+ (CD45+CD8+) T cells (o), CD4+ (CD45+CD4+) T cells (p) in the LLC tumor-bearing 
mice after various treatments. The data are presented as mean ± standard deviation (SD) (n = 4). ‘NS’ means no significance, *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001. 
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the sequential immunotherapy enabled by Mon@LA-PDE5i@M ATVs 
alone or Mon@LA-PDE5i@M plus anti-PD-L1. Moreover, in vivo nitric 
oxide expression of treated tumor tissues after immunofluorescence 
staining was tracked. Identical to in vitro results, the pluripotent ATVs 
significantly increase NO expression especially after uniting with PD-L1 
blockade (Fig. 6g). 

2.6. Sequential immunotherapy enabled by pluripotent ATVs alone or 
plus anti-PD-L1 for suppressing tumor metastasis on subcutaneous model 

Tumor metastasis is the major obstacle leading to treatment failure, 
which seriously affects the prognosis of lung cancer patients. Therefore, 
we also took full advantage of the sequential immunotherapy-activated 
immune responses arising from PDE5&PD-L1 co-inhibition-mediated 
immunosuppressive microenvironment alleviation and the pluripotent 
ATVs-enhanced activation and infiltration of CTLs to inhibit metastasis 
on a bilateral LLC tumor-bearing mice model (Fig. 6h). Based on PDE5i- 
activated systematic immune responses, LA-originated NO toxicity and 
the enhanced PDE5i efficacy, PDE5i-involved ATVs alone can suppress 
the tumor growth and metastasis to some extent. Intriguingly, Mon@LA- 
PDE5i@M ATVs plus anti-PD-L1 doses the best job in almost completely 
eradicating the primary LLC tumor and significantly suppressing the 
metastasized ones (Fig. 6i–p), which suggests that the sequential 
immunotherapy enabled by the pluripotent ATVs-activated abundant 
CTLs infiltration and PDE5&PD-L1 co-inhibition probably brings about 
immune escape blockade and generates the robust immune memory 
effect. In addition, no abnormal weight change is found after ATVs 
treatment (Fig. S4). Results indicate that the infiltration of CD3+ CD8+ T 
cell in the distant tumors is indeed significantly upregulated in 
Mon@LA-PDE5i@M plus anti-PD-L1 group (Figure 6q). The variation 
trend of tumor volume was consistent with that of tumor weight, 
wherein Mon@LA-PDE5i@M combined with anti-PD-L1 blockade ac
quires the largest decreases of tumor weight and volume in both primary 
and distant tumors. 

2.7. Sequential immunotherapy enabled by pluripotent ATVs plus anti- 
PD-L1 for suppressing orthotopic lung tumors and lung metastasis 

Furthermore, orthotopic LLC tumor models mimicking human lung 
cancer were employed to assess the anti-metastasis efficiency of 
pluripotent ATVs-unlocked sequential immunotherapy. The bio
distribution of Mon@LA-PDE5i@M ATVs was firstly evaluated, and high 
accumulation in lung is observed (Fig. 2i). In terms of anti-tumor eval
uation, the inhibitory outcome against the orthotopic tumor model is 
approximately identical to that in the subcutaneously xenograft tumor 
model. Benefiting from the contributions of ATVs-activated abundant 
CTLs infiltration and PDE5&PD-L1 co-inhibition, the constituted 
sequential immunotherapy was equipped with the most robust anti- 
tumor ability. 

IVFIS was introduced to track the migration pathway of i.v. injected 
RFP-LLC tumor cells. The bioluminescence imaging reveals that mice 
treated with pluripotent ATVs combing with anti-PD-L1 exhibit negli
gible bioluminescence signals, indicating the substantially suppressed 

tumor growth (Fig. 7a). To directly evaluate tumor variation, lungs in all 
groups were collected. The gross appearance of lung nodules reveals that 
Mon-PDE5i, Mon@LA-PDE5i@M and Mon@LA-PDE5i@M plus PD-L1 
blockade prevent lung metastasis (Fig. S5a) and H&E staining-derived 
pathological analysis of the sectioned tissues also validates it 
(Fig. S5b). Quantitative results confirm that the sequential immuno
therapy consisting of ATVs-unlocked CTLs activation and filtration and 
PDE5&PD-L1 co-inhibition-alleviated immunosuppressive microenvi
ronment substantially reduces lung weight (Fig. S5c). Moreover, the 
proportions of CD4+ and CD8+ T cells in PBMCs are upregulated in ATVs 
alone and ATVs plus anti-PD-L1 groups (Fig. 7b–d). The proportion of 
antigen-specific IFNγ+ that can stimulate CD8+ T cells is significantly 
increased in tumor-bearing mice treated with Mon@LA-PDE5i@M ATVs 
plus anti-PD-L1 group. As well, IFNγ+CD4+T cells are significantly 
increased, suggesting that Mon@LA-PDE5i@M ATVs induces in-situ 
tumor immune responses to effectively generate tumor-specific T cell 
responses (Fig. 7e–h). Moreover, Mon@LA-PDE5i@M ATVs signifi
cantly increase infiltrated cytotoxic CD8+ T cells and reduce CD4+ T 
cells in tumor tissues (Figs. S5d–f). Moreover, antibody-mediated CD8+

T cell exhaustion liberates immune escape and makes such pluripotent 
ATVs inhibit re-growth (Fig. 7i–k), which further confirms the role of 
CD8+ T cells in tumor control. 

In anti-PD1/PD-L1 immunotherapy, two concerns are highlighted, i. 
e., other immunosuppressive targets-mediated immune escape and 
insufficient CTLs infiltration into tumor stroma [15–22]. PDE5 is a 
member of the phosphodiesterases (PDEs) that blocks second messenger 
signaling related to cyclic adenosine monophosphate and cyclic gua
nosine monophosphate (cGMP) [29,30]. In this study, we identified 
PDE5 as a poor prognostic predictor in lung adenocarcinoma patients, 
and it also serves as an immunosuppressive target in lung tumors. It is 
expected that blockading PDE5 can repress lung tumorigenesis. 
Adequate experimental results confirmed that PDE5i exhibited inhibi
tory efficiency against lung cancer in both in vitro and in vivo assays. 
PDE5 singling pathways are closely associated with NO and NO can 
serve as an immune enhancement agent for boosting immunotherapy 
[24,31–33]. Regarding this, LA as the endogenous NO donor is justifi
ably believed to be qualified for enhancing PDE5i-activated immune 
responses via generating abundant NO or cGMP [34]. 

To improve the bioavailability of LA and PDE5i in vivo, we encap
sulated them in MON carrier [25], followed by TCM coating to obtain 
the pluripotent ATVs. LA introduction enabled the PDE5i/LA co-loaded 
ATVs to attain more excellent tumor growth inhibition both in vitro and 
in vivo compared to only PDE5i-loaded counterpart. More significantly, 
TCM-engineered ATVs allowed effective antigen presentation by APCs, 
activated DCs and CTLs, and promoted adequate CTLs infiltration to 
execute the killing effect towards PDE5&PD-L1 camouflage-free tumor 
cells. As well, TCM-mediated tumor tropism permitted more ATV in
ternalizations by lung cancer in vitro and in vivo. Consequently, LA&P
DE5i co-loaded ATVs promoted iNOS expression both in tumor cells and 
DCs and brought about robust cytotoxic effects and anti-tumor immune 
responses against lung tumor by producing abundant NO. Deeper 
investigation suggested that PDE5i could activate iNOS–NF–κB and 
cGAS signaling in DCs, agreeing with a previous study where PDE5i (e.g., 

Fig. 4. In vitro systematic evaluations of Mon@LA-PDE5i@M ATVs-enabled sequential immunotherapy in activating systematic anti-tumor immune re
sponses via LA-mediated NO release and ATVs-enhanced antigen capture by DCs. (a,b) Immunoblotting analysis of iNOS expression in A549 cells treated with 
different samples for 48 h (a) and with Mon@LA-PDE5i@M ATVs alone (b) at a fixed dosage of 0.5 mg/mL for varied time periods; (c–e) Confocal microscopic images 
of NO release in A549 and LLC cells (c) treated with different samples for 48 h and semi-quantitative data of A549 (d) and LLC (e) cells after post-treatment. Dosage: 
0.5 mg/mL, and scale bar: 50 μm; (f,g) Total nitric oxide content in A549 (f) and LLC (g) cells treated with different samples for 48 h. Dose: 0.5 mg/mL; (h–l) 
Proliferation (h,i), colony formation (j) and early apoptosis (k,l) of LLC cells treated with different samples alone (h,j,k) or combining with nitric oxide scavenger 
(NO–S) (i,j,l); (m,n) FCM patterns (m) and quantitative analysis (n) for determining DC maturation stained with CD80 and CD86 after different sample treatments for 
12 h (dose: 0.5 mg/mL); (o–q) Secretion levels of TNF-α (o), IL-6 (p) and IL-12p70 (q) by DCs after various sample treatments for 12 h (dose: 0.5 mg/mL), and these 
data were detected by ELISA using LPS treatment as a positive control; (r) Apparatus schematic illustration of the transwell co-culture system: A549 cells and their 
residues were placed in the upper compartment and DCs were cultured in the lower compartment; (s–u) Secretion levels of TNF-α (s), IL-12p70 (t) and IL-6 (u) in DC 
suspensions after different treatments by ELISA. The data are presented as the mean ± SD (n = 3). ‘NS’ means no significance, *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001. 
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sildenafil) enhanced eNOS expression in endothelial cells [35]. In 
addition, the critical role of NO in modulating the cytotoxic effects was 
verified directly, and its immune activation degree was reflected by 
adding NO–S. In terms of the immune activation, PDE5i for improving 
innate or adaptive immune responses was further studied via examining 

the infiltrated lymphocytes subtypes in tumor tissues, DC maturation 
(CD80+CD86+) and T cell subtypes in the blood. Our results sufficiently 
demonstrated that the pluripotent ATVs could repress tumor growth via 
boosting the adaptive immune activation, e.g., (i) altering myeloid 
phenotype including IL6, IL12 and TNFα production that could drive DC 

Fig. 5. In-depth and comprehensive explorations on such a pluripotent ATVs-enabled sequential immunotherapy for enhancing systematic anti-tumor 
immune responses via inspecting related genes and singling pathways. (a) qRT-PCR data that shows the expressions of a cluster of genes relating to DC 
maturation after Mon@LA-PDE5i@M treatment; (b) qRT-PCR data that shows the gene expression of iNOS in DCs after various treatments for 12 h (dose: 0.5 mg/ 
mL); (c) Immunoblotting analysis of iNOS expression in DCs after various treatments; (d) Nitric oxide content in DCs after various treatments; (e) LCSM images of DCs 
after various treatments for evaluation NO production, and scale bar:50 μm; (f) Immunoblotting analysis of indicated proteins in DCs treated with different samples 
for 12 h, where actin was used as the loading control; (g) Immunoblotting analysis of indicated proteins in DCs treated with different nanoparticles with or without 
NO–S for 12 h; (h,i) Representative FCM patterns (h) and quantitative data analysis (i) for assessing matured DCs (CD80+CD86+) after different treatments for 12 h; 
(j–l) ELISA analysis of secretion levels of IL-6 (j), IL-12p70 (k) and TNF-α (l) in DCs suspensions after treatment with different samples combining NO–S or not. The 
data are presented as the mean ± SD (n = 3). ‘NS’ means no significance, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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maturation, and (ii) upregulating CD8+ T cell population in blood and 
tumor tissues that could result in high IFNγ expression. 

Taken all together, the pluripotent ATVs-unlocked sequential 
immunotherapy was constituted of PDE5 immunosuppressive microen
vironment alleviation especially in the presence of LA-enhanced PDE5i 
efficiency and TCM-enhanced CTLs infiltration. Significantly, anti-PD- 
L1 introduction further potentiated the sequential immunotherapy, 
which provided distinctive insights into the immune response elevation 
and immune escape blockade. ATVs-enabled PDE5 inhibition along with 
PD-L1 blockade synergistically eradicated local and abscopal lung can
cers in orthotopic and subcutaneous models, performing much better 
than either PD-L1 blockade alone or PDE5 inhibition alone. This dual- 
target co-inhibition strategy maximally magnified the immune re
sponses. These results adequately suggest that the unprecedented ad
vances of nanobiotechnology will guide and boost the performance of 
many treatment methods against tumor or other lesions after absorbing 
abundant experiences [36–40]. 

3. Conclusions 

In summary, we screened out PDE5 as a new immunosuppressive 
target in lung tumors, and constructed TCM-coated pluripotent ATVs 
that co-encapsulated PDE5i and LA to blockade PDE5 and enhanced the 
activation and infiltration of CTLs, establishing the ATVs-unlocked 
sequential immunotherapy approach. Uniting with massive ATVs 
accumulation arised from TCM-mediated tumor tropism, this ATVs- 
unlocked sequential immunotherapy exerted the potent anti-tumor ac
tivity via enhancing immune responses including DC maturation and 
IFNγ+CD8+ T cell population. In particular, the co-loaded LA potenti
ated the PDE5i-activated anti-tumor immune responses via elevating NO 
release, iNOS and cGMP expressions, consequently contributing to the 
considerably-intensified anti-tumor consequences. Impressively, the 
pluripotent ATVs plus anti-PD-L1 maximally magnified immune re
sponses and inhibited immune escape, which not only eradicated the 
primary tumor, but also caused systemic anti-tumor immunity to effi
ciently repress distantly metastasizing ones in both orthotopic and 
subcutaneous lung tumor models. These appealing results underscore 
the clinical translation potential and availability of pluripotent ATVs or 
plus anti-PD-L1. Such a ATVs-enabled sequential immunotherapy 
constituted of PDE5&PD-L1 co-inhibition-arised immunosuppressive 
microenvironment alleviation and TCM-enhanced activation and infil
tration of CTLs can also serve as a general anti-tumor method for 
addressing the suffering (i.e., low treatment efficiency) that single PD-1/ 
PD-L1 immunotherapy encountered. 

4. Materials and methods 

4.1. Patients and tissue samples 

A total of 8 matched lung cancer tissues and adjacent normal tissues 
were collected from patients who were treated in the Sichuan cancer 
hospital between 2015 and 2018. The patients’ basic information was 

provided in Table S1. Both lung adenocarcinoma and paired normal 
tissues (taken at least 5 cm from the tumor were confirmed to be normal 
by histological examination) were analyzed for PDE5 protein expression 
by Western blot. Human lung adenocarcinoma tissue array was pur
chased from Shanghai Biochip Company Ltd (Shanghai, China), of 
which 81 cases with survival information were used for immunohisto
chemistry and survival analysis and the lung adenocarcinoma patients’ 
survival information was concluded in Table S2. The use of all patient 
specimens was approved by the ethics committee of Sichuan cancer 
hospital. 

4.2. Cell line and animals 

Human LAC cell lines A549, H1975, H1299, H358, mice lung cancer 
cell line LLC and human pulmonary epithelial cell (HBE) were purchased 
from the ATCC and cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/ 
mL penicillin–streptomycin. The cells were maintained in a humidified 
37 ◦C incubator with a 5% CO2 atmosphere. Male C57/BL6 mice (6–8 
weeks) were maintained under protocols approved by Institutional An
imal Care and Use Committee of the Sichuan Cancer Hospital. BMDCs 
collected from marrow G cavities of femurs and tibias of 8–10 weeks-old 
C57/BL6 mice were cultured in culture dishes containing 4 mL serum- 
containing RPMI 1640 medium with 100 mg/mL streptomycin, 100 
IU/mL penicillin, 10 ng/mL GM-CSF, 10 ng/mL IL-4 for 8 days. 

4.3. Characterization of different sample formulations 

The hydrodynamic diameters of NPs suspended in 1 × PBS were 
measured by dynamic light scattering (DLS) (Malvern Instruments, UK). 
The morphology of Mon@LA-PDE5i@M was characterized by trans
mission electron microscope (TEM, JEM-1230, Japan). TEM imaging of 
those membrane-coated NPs was carried out directly without using any 
staining. The protein contents in membrane-coated Mon@LA-PDE5i 
were determined by the western blot assay. 

4.4. Quantitative real-time PCR (qRT-PCR) test 

Total RNA extracted from cancer cells using Trizol Reagent (Invi
trogen, USA), and qRT-PCR was performed using SYBR Prime Script RT- 
PCR kit (TaKaRa, Japan) on a Rotor-Gene 6000 real-time genetic 
analyzer (Corbett Life Science, USA). The primer sequences and the 
product sizes listed in Table S3 β-Actin was used as the internal control. 
The PCR conditions were set as follows: denaturation at 95 ◦C for 2 min, 
followed by amplification for 40 cycles and quantification (95 ◦C for 5 s, 
55 ◦C-57 ◦C for 30 s), and melting curve (55 ◦C-95 ◦C with 0.5 ◦C 
increment each cycle). Each sample was tested in triplicates. 

4.5. Immunoblotting analysis 

Immune blot analysis used to identify indicated protein expression in 
cell lines and tissues. Immune blot performed as previously described. 

Fig. 6. In vivo sequential immunotherapy potentiated by pluripotent ATVs plus anti-PD-L1 for suppressing LLC primary and distant subcutaneous LLC 
tumors via PDE5&PD-L1 co-inhibition-arised immunosuppressive microenvironment alleviation and TCM-enhanced activation and infiltration of CTLs. 
(a) Schematic illustration of the experiment design for assessing the anti-tumor ability of Mon@LA-PDE5i@M ATVs plus anti-PD-L1 on unilaterally-inoculated LLC 
tumor models; (b–f) Anti-tumor outcomes against the LLC xenografted tumors in male C57/BL6 mice treated with different samples including tumor photos (b), 
average tumor weight (c), tumor volume (d) at the end of experimental period and the time-dependent variation curves of tumor volume (e) and body weight (f); (g) 
Representative LCSM images of NO in tumor slices after staining with NO indicator post-different sample treatments, and scale bar: 50 μm; (h) Schematic illustration 
on the anti-tumor experiment procedures against primary tumor and distant tumor on the bilaterally-inoculated tumor metastasis models; (i,j) Digital photographs of 
excised primary (i) and distant (j) tumors harvested from LLC xenografted bearing C57/BL6 mice treated with different samples at the end of experimental period; 
(k–p) Anti-tumor outcome evaluations against primary and distant LLC tumors subcutaneously transplanted in mice after different treatments, which including 
average volumes of primary (k) and distant (l) tumors at the end of experimental period, average weights of primary (m) and distant (n) tumors at the end of 
experimental period and time-dependent volume variation profiles of primary (o) and distant (p) tumors; (q) Representative LCSM images of CD3+CD8+ T cells in the 
distant tumor slices after immunofluorescence staining post-different treatments, and scale bar: 50 μm. The data are presented as the mean ± SD (n = 5). ‘NS’ means 
no significance, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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Fig. 7. Sequential immunotherapy potentiated by pluripotent ATVs plus anti-PD-L1 for suppressing orthotopic tumors and tumor metastasis via 
PDE5&PD-L1 co-inhibition-arised immunosuppressive microenvironment alleviation and TCM-enhanced activation and infiltration of CTLs. (a) In vivo 
bioluminescence images of male C57/BL6 mice for tracking the migration and growth of i.v. injected RFP-LLC tumor cells after different treatments; (b–h) Repre
sentative FCM plots for quantifying the subtypes in PBMCs (b), which include CD8+ T cells (CD45+CD8+) (c), CD4+ T cells (CD45+CD4+) (d), CD45+CD8+IFNγ+ (e,f) 
and CD45+CD4+IFNγ+ (g,h) in the tumor-bearing mice treated with Mon or Mon@LA-PDE5i@M alone or plus anti-PD-L1. The data are presented as the mean ± SD 
(n = 5); (i–k) Digital photos (i), average volume (j) and average weight (k) of excised subcutaneously transplanted LLC tumors harvested from tumor-bearing mice 
after various treatments uniting with or without CD8+ T cells exhaustion at the end of experimental period. The data are presented as the mean ± SD (n = 4). ‘NS’ 
means no significance, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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The prepared A549 membrane and whole A549 cells were scraped from 
the culture, and lysed (RIPA: PMSF = 100:1) in an ice bath for 30 min. 
Centrifuge at 15000 g for 15 min, collect the supernatant and add 5 ×
loading buffer, and heat at 100 ◦C for 10min. The primary antibodies 
were as follows: NA+/K+-ATPase (1 : 1000, CST, Catalog: #3010, USA); 
LaminB1 (1 : 1000, CST, Catalog: #13435, USA); Ki-67 (1 : 1000, CST, 
Catalog:#13435, USA); β-actin (1 : 1000, CST, Catalog: #4970, USA); E- 
cadherin (1 : 1000, Abclonal, Catalog: #A11 492, China); GAPDH (1 : 
1000, CST, Catalog: #5174, USA); COX-IV (1 : 1000, CST, Catalog: 
#4850, USA); NF-κB p65 (1 : 1000, CST, Catalog: #8242, USA); P-p65(1 
: 1000, CST, Catalog: #3033, USA); IkBa (1 : 1000; CST, Catalog: #9242, 
USA); p-IkBa (1 : 1000, CST, Catalog: #2859, USA); IRF3 (1:1000, CST, 
Catalog: #4302, USA); P-IRF3 (1:1000, CST, Catalog: #29047, USA); 
TBK1/NAK (1 : 1000, CST, Catalog: #38066, USA); P-TBK1/NAK (1 : 
1000, CST, Catalog: #5483, USA); anti-β-actin (1 : 1000, CST, Catalog: 
#38066,USA); PDE5 (1 : 1000, Abcam, Catalog: #ab64179, USA); iNOS 
(1 : 1000, Abcam, Catalog: #ab178945, USA). Antibody was detected 
using a horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG 
kappa secondary antibody (1: 1000, CST, Catalog: #7076, USA) or 
horseradish peroxidase (HRP)-conjugated goat anti-Rabbit IgG kappa 
secondary antibody (1: 1000, CST, Catalog: #7074, USA). 

4.6. Cell proliferation assay 

Cancer cells were seeded in 96-well plates at 2 × 103 cells per well in 
0.2 mL of DMEM medium containing 10% FBS. Different samples were 
added in the culture media with a fixed concentration of 0.5 mg/mL for 
48 h at 37 ◦C and 5% CO2, followed by the designated treatments, then 
replaced by the DMEM medium containing 10% FBS for 5 days. In the 
following 5 days, the MTT assay performed daily. MTT [3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazoli um bromide] solution (50 μL, 2 
mg/mL, Sigma-Aldrich, USA) was added to cell culture, followed by 
incubation at 37 ◦C for 2 h. Culture medium was replaced by 150 μL 
DMEM and optical density was measured based on the absorbance at the 
wavelength of 450 nm by using a microplate reader (Bio-TekELx800, 
USA). 

4.7. Apoptosis assay 

For apoptosis assays, cells were treated with different samples for 48 
h (dose: 0.5 mg/mL), following by nitric oxide scavenger treatment or 
not, then collected and washed twice with cold PBS, and re-suspended in 
binding buffer at a concentration of 1 × 106 cells/mL. 500 μL of cell 
suspension was transferred to a 2 mL culture tube. 5 μL of Annexin V- 
FITC were added to each tube. Cells were incubated at room tempera
ture (25 ◦C) for 15 min in a dark environment, and then analyzed on 
FACS Calibur (BD Biosciences, USA), and results were calculated using 
Cell Quest software (BD Biosciences, USA). 

4.8. Nitric oxide scavenging 

For nitric oxide scavenging, the hemoglobin (S0017, Beyotime, 
China) was added in the culture media at a concentration of 20 μM/mL 
for 12 h, followed by different treatments in the proliferation, colony 
formation, apoptosis and DC cells maturation assay. 

4.9. Enzyme-linked immunosorbent assay (ELISA) 

The levels of IL-6, IL-12p70 and TNF-α in serum and conditioned 
media were detected using ELISA kit in accordance with the manufac
turer’s instructions (IL-6: M6000B; IL-10: M1000B; TGF-β1: MB100B; 
R&D Systems Co., Ltd., USA). The ELISA plate was treated and incubated 
with 50 μL of bovine serum albumin (BSA) blocking solution (10 mg/ 
mL), 50 μL of serum and 50 μL of biotin-conjugated detector mAb were 
mixed at 37 ◦C for 1 h, and mixed with avidin-HRP solution (1:100). 
After final rinsing with PBST, 100 μL of tetramethylbenzidine (TMB) 

substrate solution (10 mg/mL) was added for color reaction with Ag-Ab 
complex. The relative absorbance at 450 nm was measured using an 
automated ELISA reader (Bio-Rad model 550, Irvine, CA). The concen
tration was determined by comparing optical density value with stan
dard curve. 

4.10. HE staining 

For morphometric analysis, transverse sections (5 μm in thickness) 
were stained with hematoxylin and eosin (HE) staining. The slices were 
deparaffinized in xylene, which were treated in gradient concentrations 
of ethanol, rinsed for 1 min, stained with hematoxylin staining solution 
(Harris) for 3 min, and then differentiated with 0.8% hydrochloric acid. 
Ultimately, they were stained with eosin stain (alcohol-soluble) for 20 s, 
directly treated with absolute ethanol for 1 min, transparentized and 
sealed. 

4.11. Immunofluorescence staining 

Cells were blocked with pre-immune goat serum at 37 ◦C for 30mins, 
and then incubated with primary antibodies at 4 ◦C overnight. Antibody 
information used in the experiments will be provided upon request. The 
cells were subsequently washed in PBS and incubated at 37 ◦C for 1h 
with Cy3 or Cy5-conjugated goat anti-rabbit or anti-mouse IgG anti
bodies (1:1000; Invitrogen, USA). Nuclei were counterstained with 
Hochest 33258. Cells were observed under laser confocal scanning mi
croscopy (LCSM, Leica TCS-SP5, Germany). Additionally, frozen sec
tions were incubated with monoclonal anti-CD3 antibody (1:200, 
Abcam, Catalog:#ab16669, USA) and monoclonal rabbit anti-CD8 
antibody (1:200, Abcam, Catalog:#ab217344, USA) for over-night 
(4 ◦C), followed by incubation with secondary antibody. The immuno
fluorescence images were imported into Image-Pro Plus 6.0 software for 
further analysis. 

4.12. Immunohistochemistry (IHC) analysis 

Immunohistochemical staining was performed on tissue array slides 
and tumor xenografts using the streptavidin–biotin–peroxidase complex 
method. The antigen retrieval procedure was performed by heating the 
samples in antigen retrieval solution containing 10 mM sodium citrate 
buffer with a pressure cooker. Rabbit anti-human PDE5 antibody 
(abcam, ab64179, 1:100) was used to detect PDE5. Slides were coun
terstained with hematoxylin (Sigma). IHC staining intensity was inde
pendently scored by two anatomical pathologists. The staining intensity 
(negative = 0, weak = 1, moderate = 2, or strong = 3 scores) and the 
proportion of positive cells rounded of interest (<25% = 1, 25–50% = 2, 
>50% to <75% = 3, ≥75% = 4) were scored. The immunostaining was 
semi-quantitatively categorized by combining the intensity and the 
quantity scores, which yielded a staining index (values from 0 to 12). 
The staining index of 8–12 was regarded as high expression, while the 
staining index below 6 was considered as low expression. 

4.13. Preparation of Mon@LA-PDE5i@M ATVs 

According the manufacture (Thermo-fisher, USA), the A549 or LLC 
membranes were prepared by a membrane protein extraction kit. The 
resulting packed A549/LLC membrane was washed once in cold 1 ×
PBS. Afterwards, A549/LLC membrane was re-suspended in 1 × PBS and 
mixed with Mon@LA-PDE5i at 4 ◦C overnight. To obtain mannose- 
inserted A549/LLC membrane, the solution was stirred with DSPE- 
PEG-Man (0.1 mg/mL) for 1 h, where DSPE-PEG-Man was thus inser
ted into A549/LLC cell membranes according to a previous protocol. 
Then, the mixture was saved in 1 × PBS solution. 
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4.14. Nitric oxide fluorescence quantitative detection 

Detection of total nitric oxide content in A549 (g) and LLC (h) cells 
were treated with ATVs for 48 h. The intracellular nitric oxide produc
tion level was detected by 3-Amino, 4-aminomethyl-2′,7′-difluorescein, 
diacetate (DAF-FM DA) according to the manufacture (Beyotime, Cat
alog:#S00019, Shanghai, China). Different samples (i.e., Mon, Mon@
PDE5i, Mon@LA-PDE5i, Mon@LA-PDE5i@M) were set to explore their 
potential in producing nitric oxide. In brief, cell culture medium was 
removed from A549, LLC or DC cells and diluted DAF-FM DA (5 μmol/L) 
was added. The added dose was adjusted to completely cover the cells, 
and the volume of diluted DAF-FM DA that was added to each hole in the 
six-hole plate was usually 1 mL. The cells were incubated in a cell 
incubator at 37 ◦C for 20 min. Subsequently, cells were washed with PBS 
(pH = 7.4) three times to fully remove residual DAF-FM DA that did not 
enter the cells, and then observed by LCSM. Furthermore, the Total 
Nitric Oxide Assay Kit (Beyotime, Catalog: #S00024, Shanghai, China) 
was used for quantitatively detecting intracellular nitric oxide level 
according to the manufacture reference. 

4.15. In vitro DC activation and cytokine analysis 

DCs (1 × 106 cells) were incubated with NPs for 24 h. FCM analysis 
was performed to analyze the percentages of matured DCs. Cells sus
pended in PBS containing 1% FBS were incubated with anti-mouse 
antibody against CD80-APC (ebioscience, Catalog: #2036646, USA), 
and CD86-PE-cy7 (ebioscience, Catalog: #2050424, USA) for 30 min at 
4 ◦C in the darkness and then evaluated by FCM. For quantitative release 
of IL-6, TNF-α and IL-12p40, the DC supernatants were measured by 
ELISA following the vendor’s protocol (Beyotime Biotechnology). 

4.16. In vitro DC stimulation transwell co-culture experiment 

The Millicell Cell Culture Insert (0.4 μm, sigma, USA) was used for 
the co-culture assay to investigate DC maturation in vitro. A549 cancer 
cells (5 × 104) treated with different samples at a concentration of 0.5 
mg/mL were placed in the upper for 48 h, and then bone marrow 
derived dendritic cells (DCs) were placed in the lower chamber. Lipo
polysaccharide (LPS, Sigma) at a dose of 1 μg/mL was used as the pos
itive control. DCs stained with anti-CD86 PE-cy7 (ebioscience, Catalog: 
#2050424, USA) and anti-CD80 APC (ebioscience, Catalog: #2036646, 
USA) were analyzed by FCM. The pro-inflammatory cytokines (i.e., IL-6, 
IL-12p70 and TNF-α) from DC suspensions were tested by using ELISA 
kits with a standard protocol. 

4.17. In vivo therapeutic effect of ATVs plus anti-PDL1 blockade on 
subcutaneously xenografted tumor model 

Four-week-old male C57/BL6 mice were approved by the Institu
tional Animal Care and Use Committee of the Sichuan Cancer Hospital. 
The number of 1 × 106 LLC cells was suspended in 50 μL of PBS and 
subcutaneously implanted in male mice. All the tumor-bearing mice 
were randomly divided into several groups for different treatments: PBS, 
Mon, Mon@LA, Mon@PDE5i, Mon@LA-PDE5i, Mon@LA-PDE5i@M, 
Mon@LA-PDE5i@M+anti-PD-L1, anti-PD-L1. Mice in each group were 
injected with different samples sharing identical PDE5i dose (100 mg/kg 
mice) via tail vein once per two days for five repeated injections in total. 
For anti-PDL1 injection, mice were intravenously administrated with 
anti-PD-L1 (75 μg per mouse for each injection) after 24 h post-PDE5i- 
involved injections. The size of the xenografted tumor was measured 
every 3 days using a Vernier calliper, and the volume was calculated at 
different indicated intervals post-transplantation as follows: volume =
shortest diameter2 × longest diameter/2. At the end of experimental 
periods, the subcutaneous xenografted tumors were collected and 
weighed. The anti-metastasis evaluation was implemented on another 
subcutaneously xenografted tumor. 

4.18. In vivo anti-metastasis exploration of ATVs plus anti-PDL1 
blockade on subcutaneously distant and orthotopic tumor models 

The first tumor inoculation, LLC cells (1 × 106) were subcutaneously 
injected into the right flank of each C57/BL6 mouse. Six days later, the 
tumor-bearing mice were randomly divided into six groups (n = 5), and 
LLC cells were subcutaneously injected into the left inguina of each 
mouse for the second tumor inoculation and served as the artificial 
model of metastasis. Different samples were i.v. injected into animals at 
the same doses as mentioned above (once per two days for 5 times in 
total, dose: 100 mg PDE5i/kg mice), and anti-PDL1 antibodies at the 
dose of 75μg/mouse were intraperitoneally administered on the next 
day. At the end of the experiment period, mice were killed and tumors 
were excised, weighed and photographed. To establish the lung metas
tasis model, RFP-LL Cells (1 × 105) were administered intravenously via 
tail vein infusion. Then ATVs and anti-PD-L1 treatment were adminis
trated as above mentioned. An in vivo imaging spectrum system was used 
for the bioluminescence imaging after 60000 ms exposure. Lung micro- 
metastases in five lobes were counted directly through microscopic 
observation, and afterwards they were studied by pathological analysis. 

4.19. Fluorescence visualization 

For intravital imaging and assessment of bio-distribution, cyclodex
trin-labeled ATVs were used. The bio-distribution of Mon@LA- 
PDE5i@M in C57BL/6 mice was immediately determined by time- 
lapse confocal fluorescence microscopy after tail vein injection of 
different samples (100 mg/kg, 50 μL saline). Time-lapse images were 
acquired continually within the initial 3 h after Mon@LA-PDE5i@M 
ATVs injection, after which the mice were allowed to recover before 
subsequent imaging at 6h. Surgically resected tissues of interest were 
thoroughly washed in PBS and placed in an OV100 (Olympus) for bright- 
field imaging to identify regions of interest and fluorescence reflectance 
imaging. Integrated fluorescence density of regions of interest (ROIs) 
was determined (ImageJ, NIH). Values were obtained after subtracting 
tissue autofluorescence (background) in a vehicle-treated control. 

4.20. CD8+ T cell exhaustion test 

In CD8+ T cell exhaustion experiments, mice received intraperito
neal injection of anti-mouse CD8a antibody (200 μg, clone 53–6.7, 
BE0004-1) or isotype control (200 μg, clone 2A3, BE0089). All anti
bodies used in in vivo experiments were obtained from BioXCell. 

4.21. Flow cytometry (FCM) analysis 

After the in vivo tumor treatment five times, tumor-draining lymph 
nodes were excised for FCM analysis after co-staining with anti-CD86 
PE-Cy7 (ebioscience, Catalog: #2050424, USA) and anti-CD80 APC 
(ebioscience, Catalog: #2036646, USA). The tumor tissues were cleaved 
by type I and IV collagenase at 37 ◦C for 40 min and then filtered by a 
0.45 μm filter and then suspended in PBS. The blood samples were 
collected and PBMCs were sorted by Ficoll. The harvested cells from 
tumor tissues and blood samples were further stained with 
fluorochrome-conjugated antibodies in the darkness under 4 ◦C for 30 
min: Ms anti-CD45-APC Cy7(BD, Catalog: 557659), Ms anti-CD4- 
Percp–Cy5.5(BD, Catalog: 55095 4), Ms anti-CD8-APC (BD, Catalog: 
553035), Ms anti-IFNγ-Alexa fluor@488 (BD, Catalog: 557724, Ms anti- 
CD86 PE-Cy7 (ebioscience, Catalog: #2050424, USA) and Ms anti-CD80 
APC (ebioscience, Catalog: #2036646, USA) antibodies, and then 
analyzed by FCM. 

4.22. Ethics approval and consent 

Animal experiments were approved by the Institutional Animal Care 
and Use Committee of the Sichuan Cancer Hospital, China. Ethical 

H. Wu et al.                                                                                                                                                                                                                                      



Bioactive Materials 13 (2022) 223–238

237

approval for data extraction and tissue microarray construction of pa
tients with lung cancer was obtained from ethics committee of Shanghai 
Biochip Company Ltd. 

4.23. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 6.0 
(GraphPad, La Jolla, CA, USA). Two tailed unpaired t-test or one-way 
ANOVA were used to determine the level of significance. All data used 
in this study met the assumptions of statistical tests. Survival analyses 
were carried out using Kaplan–Meier curves with the log-rank test for 
comparison. All quantitative data were presented as Mean ± S.D. or 
mean ± S.E.M. as indicated. P < 0.05 was considered as statistical sig
nificance. All experiments were carried out at least in triplicate. 
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