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Despite of the promising achievements of immune checkpoints blockade therapy (ICB) in the clinic,
which was often limited by low objective responses and severe side effects. Herein, we explored a
synergistic strategy to combine in situ vaccination and gene-mediated anti-PD therapy, which was
generated by unmethylated cytosine-phosphate-guanine (CpG) and pshPD-L1 gene co-delivery. PEI
worked as the delivery carrier to co-deliver the CpG and pshPD-L1 genes, the formed PDC (PEI/DNA/CpG)
nanoparticles were further shielded by aldehyde modified polyethylene glycol (OHC-PEG-CHO) via pH
responsive Schiff base reaction for OHC-PEG-CHO-PEI/DNA/CpG nanoparticles (P(PDC) NPs) preparation.
All steps could be finished within 30min. Such simple nanoparticles achieved the synergistic antitumor
efficacy in B16F10 tumor-bearing mice, and the amplified T cell responses, together with enhanced NK
cells infiltration were observed after the combined treatments. In addition, the pH responsive delivery
system reduced the side effects triggered by anti-PD therapy. The facile and effective combination
strategy we presented here might provide a novel treatment for tumor inhibition.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Programmed cell death protein 1/programmed cell death ligand
1 (PD-1/PD-L1) represented immune checkpoints blockade thera-
py, have achieved encouraging clinical results in different tumor
types, including melanoma, bladder carcinoma and non-small cell
lung [1–6]. Despite of these clinical achievements, many limi-
tations should be further improved, such as the low objective
response rate, which has been reported to be [10_TD$DIFF]10%–40% response
rates generally, only the patients with immunogenic tumors could
benefit from ICB therapy [7]. Moreover, patients often suffer from
side effects including autoimmune diseases during ICB treatment
for the antibodies non-specifically targeted to the normal cells [8–
10]. Therefore, efforts to not only promote ICB response rate but
also avoid side effects have become one of the crucial parts in the
field of cancer immunotherapy.

To sensitize tumors to ICB therapy, recent reports have focused
on the tumor vaccines [11–15], which could specifically activate
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the antitumor immune responses to enhance the immunogenicity
of tumor cells [16–20]. Themechanism for tumor vaccines to boost
immune system to fight against tumor cells could be explained.
Tumor cells could release the antigens during their growth, and the
antigens were then captured by dendritic cells (DCs), which could
be further processed for antigens presentation. Next, the treated
antigens were presented to T cells to prime the downstream
antitumor T cell responses. The effector T cells then trafficked to
and infiltrated into the tumors to specifically recognize and kill
tumor cells [21]. Owing to the immune activation behavior of the
tumor vaccines, many researches have combined tumor vaccines
with ICB therapy for tumor suppression [22–24]. Although such
combination strategy could improve the antitumor efficacy, the
genetic mutations of tumor cells during tumor growth might lead
to the antigen losses, which could limit the efficacy and
applications of tumor vaccines [25,26]. Besides, most the reported
combination strategy of tumor vaccines and ICB therapy neglected
the severe side effects of ICB therapy. Therefore, optimal strategy
for combining tumor vaccines and ICB therapy to overcome these
limitations should be proposed.

Herein, we developed an in situ vaccine approach by adjuvant
unmethylated cytosine-phosphate-guanine (CpG) administration,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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which was a Toll-like receptor 9 (TLR9) ligand with potent
immunostimulatory effects [27–29], and was delivered by poly-
ethyleneimine (PEI) via simple electrostatic interactions. Such in
situ vaccination strategy could avoid the problems for antigen
losses during tumor growth. Furthermore, to combine anti-PD
therapy for PD1/PD-L1 pathway blockade, we co-delivered the
plasmid DNA expressing shRNA to downregulate PD-L1 gene with
CpG by PEI delivery system, which was then shielded by aldehyde
modified polyethylene glycol (OHC-PEG-CHO) via in situ pH
responsive Schiff base reaction [30,31]. The Schiff base bonds
could specifically break under acidic tumor extracellular pH to
rebound to higher positive potential to improve the cellular uptake
of nanoparticles, the pH responsive delivery system we explored
here could avoid the PD-L1 gene silencing in normal cells to reduce
the side effects. The OHC-PEG-CHO/PEI/DNA/CpG nanoparticles
(P(PDC) NPs) could be prepared within 30min, such simple NPs
achieved the combination treatment of in situ tumor vaccine and
anti-PD therapy to realize superior antitumor efficacy in B16F10
tumor-bearingmice. In addition, the immune analysis revealed the
amplified T cell responses enhancement and the innate immunity
activation. The synergistic antitumor strategy we presented here
provided a facile and effective combination treatment for tumor
suppression (Scheme 1).

Firstly, in vitro transfection experiment was carried out to
explore the optimum ratios of PEI/DNA/CpG. In comparison of the
PEI/DNA complex, the little CpG addition caused the negligible
decrease of the transfection efficacy in B16F10 cells, while the PDC
NPs with higher CpG mass ratios exhibited obviously reduced
transfection efficacy (Fig. 1a). Thus, the mass ratio of 2.5/1/0.5 for
PEI/DNA/CpG was selected for the following experiments. In
addition, the zeta potential of PDC NPs with different mass ratio
was shown in Fig. S1 (Supporting information), more CpG led to
lower zeta potential of PDC NPs, which suggested that the CpG
[(Scheme_1)TD$FIG]

Scheme 1. Schematic illustration of in situ vaccination and gene-mediated PD-L1
blockade for enhanced tumor immunotherapy.

[(Fig._1)TD$FIG]

Fig. 1. (a) Transfection efficiency of various nanoparticles in B16F10 cells. (b) Parti
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could neutralize the positive charges of PEI/DNA complex to hinder
the interactions between cells and nanoparticles.

We next examined the in situ shielding of OHC-PEG-CHO and
the pH responsive behavior of the formed Schiff base bonds. The
structure of the OHC-PEG-CHO was shown in Fig. S2 (Supporting
information), which was synthesized as we described before and
the 1H NMR of OHC-PEG-CHO indicated its successful synthesis
[12]. The characterizations including particle size and zeta
potential of nanoparticles after shielding were examined. The
results showed that after OHC-PEG-CHO shielding, the prepared
P(PDC) NPs at pH 7.4 exhibited larger particle size with 217 nm for
DLS analysis (Fig.1b), the elevated particle sizemight cause by PEG
layers. To confirm the pH responsive behavior, the P(PDC) NPs was
incubated in pH 6.8 buffer, then the particle size was decreased to
115 nm, which might attribute to the removal of the PEG layers
under acidic environment. Furthermore, the zeta potential
decreased after OHC-PEG-CHO shielding but rebounded in pH
6.8, confirming that the Schiff base bonds could break under acidic
buffers for PEG detachment (Fig. 1c).

The cellular uptake behavior of nanoparticles was firstly
performed by flow cytometry (Fig. 2). The results indicated that
compared with the lowest cellular uptake of naked DNA, PDC
exhibited much higher DNA fluorescence intensity, owing to the
PEI delivery system for promoting uptake efficacy. P(PDC) in pH 7.4
showed themuch lower DNA cellular uptake,which suggested that
PEG shielding could prevent the interactions between nano-
particles and tumor cells for the decreased positive charges. P(PDC)
in pH 6.8 caused obvious cellular uptake enhancement, confirming
that the acidic environment could break the Schiff base bonds to
detach the PEG shielding, thus exposing the positively charged PDC
complexes to further interact with cells for internalization.

The cellular internalization of nanoparticles was further
examined by confocal laser scanning microscopy (CLSM). In
accordance with the results for flow cytometry (FCM) analysis,
reduced P(PDC) was foundwithin tumor cells for pH 7.4 treatment,
but remarkable elevated P(PDC) internalization was observed in
pH 6.8 treated group (Fig. 3), confirming that acidic environment
could remove the PEG shielding to promote nanoparticles
internalization. The pH responsive delivery system might prevent
the toxicity to the normal tissues for the specifically acidic tumor
microenvironment.

We next used mice-bearing B16F10 tumors, which was a highly
aggressive tumor models, to validate the antitumor efficacy of the
P(PDC)-based in situ vaccination and anti-PD combination therapy.
All experimental procedures in this study were carried out on the
basis of the guidelines established by Jilin University’ Animal Care
and Use Committee. Fig. 4a showed antitumor therapeutic
schedule. At day 0, the B16F10 cells were subcutaneously injected
to for B16F10 tumor models establishment. At day 9, when tumor
sizes reached about 120mm3, the tumor-bearing micewere sorted
into five groups, then various formulations including PBS, Carrier
(OHC-PEG-CHO/PEI), P(PD) (OHC-PEG-CHO/PEI/DNA), P(PC) (OHC-
cle size of different nanoparticles. (c) Zeta potential of different nanoparticles.
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Fig. 2. Cellular uptake of DNA, PDC, P(PDC) nanoparticles by FCM.

[(Fig._3)TD$FIG]

Fig. 3. CLSM images of tumor cells incubated with various formulations, DNA was
labeled by Cy3, scale bar: 20mm.
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PEG-CHO/PEI/CpG), and P(PDC) NPs were respectively injected via
tail vein every three day for total of three times. Until day 15, the
mice were sacrificed for the tumor tissues collection, which would
be examined for further immune analysis. The antitumor results
were shown in [11_TD$DIFF]Figs. 4b and c, PBS showed rapid tumor growth,
[(Fig._4)TD$FIG]

Fig. 4. (a) In vivo antitumor experimental strategy. Individual (b) and average (c) tumor
suppression rate. (e) Tumor weights during different antitumor treatments. G1, Contro
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while the PP treatments exhibited comparable tumor growth
curves, indicating the negligible antitumor effects of the delivery
system. P(PD) monotherapy caused themodest tumor suppression
for the PD pathway blockade. Similarly, the P(PC) treatments
induced moderate tumor inhibition, which might attribute to the
activation of antitumor immunity after in situ vaccination. By
contrast, the combined group achieved robust tumor inhibition,
with [12_TD$DIFF]83.6% tumor suppression rate. Tumor images and tumor
weights following various treatments also mirrored the antitumor
curves ([11_TD$DIFF]Figs. 4d and e). Moreover, hematoxylin-eosin (H&E)
staining of tumor tissues at the end of antitumor treatments
indicated that the combined group induced the most tumor cells
necrosis (Fig. S3 in Supporting information). All of these results
indicated that in situ vaccination could sensitize the tumors to anti-
PD therapy to enhance the antitumor efficacy in highly aggressive
B16F10 tumor models.

Moreover, the body weights during all antitumor treatments
were not impacted, suggesting the superior biocompatibility of the
combination strategy (Fig. S4 in Supporting information). To
confirm these results, H&E staining of the major organs including
heart, liver, spleen, lung and kidneywere performed to analyze the
histological damage following different treatments. Negligible
histological damage was observed for treated groups, confirming
the good biocompatibility of the designed treatments (Fig. 5).
Moreover, side effects were not found in both P(PD) and P(PDC)
group, for the tumor microenvironment responsive behavior,
which was reported to avoid side effects to normal tissues [32].
These results revealed that the pH responsive delivery systems
could achieve the PD-L1 silencing within tumor sites but avoid the
severe side effects of the anti-PD therapy.

To explore the underlying immune mechanisms for the
antitumor results, the intratumoral immune responses were
detailedly analyzed following different treatments (Fig. S5 in
Supporting information). As we all known, dendritic cells (DCs)
played a crucial role for immune responses initiation and
regulation [33,34]. Thus, we firstly examined DCs activation
within tumors for the in situ vaccination triggered by CpG
administration. It was shown that tumors with CpG treatment
exhibited obvious DCs maturation (CD11c+ CD86+ CD80+)
sizes in various groups. (d) Images of tumors after various treatments, TSR: tumor
l; G2, Carrier; G3, P(PD); G4, P(PC); G5, P(PDC).
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Fig. 5. H&E staining of normal tissues after various treatments. Scale bar: 200mm. G1, Control; G2, Carrier; G3, P(PD); G4, P(PC); G5, P(PDC).
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enhancement in comparison of control group, indicating that such
in situ vaccination approach could effectively activated the DCs
within tumors to initiate antitumor immunity ([11_TD$DIFF]Figs. 6a and b).
Meanwhile, we also measured the individual populations of T cells
including cytotoxic T lymphocytes (CTLs, CD3+ CD8+ cells) and
helper T cells (CD3+ CD4+ T cells), which were two main T
[(Fig._6)TD$FIG]

Fig. 6. (a) Representative flow cytometric images of DCs maturation within tumors ga
Representative quantitative analysis of T cells (gated on CD3+ T cells) by FCM detection
Proportions of NK cells within tumors. G1, Control; G2, Carrier; G3, P(PD); G4, P(PC); G
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lymphocytes for tumor killing [35–37]. Both P(PD) and P(PC)
treatments caused moderate increase of CTLs and CD4 helper T
cells infiltration. By contrast, the P(PDC) combination treatments
induced the remarkable CTLs and CD4 helper T cells infiltration,
even exhibiting 2.1- and 3.1-folds enhancement for CTLs infiltra-
tion in comparison of anti-PD and in situ vaccinationmonotherapy,
ting on CD11c+ cells. (b) Proportions of DCs maturation gating on CD11c+ cells. (c)
. Proportions of (d) CD3+ T cells, (e) CTLs and (f) helper T cells within tumors. (g)
5, P(PDC).
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respectively ([11_TD$DIFF]Figs. 6c-f), in accompany with the increased levels of
tumor necrosis factor alpha (TNF-α) and interferon gamma (IFN-g)
secretion after P(PDC) treatments (Fig. S6 in Supporting informa-
tion), confirming that such two combined strategy could further
amplified the antitumor T cell responses within tumors. Moreover,
the natural killer cells (NK cells) within tumors showed the highest
populations in combined group, which suggested that our
designed in situ vaccination and anti-PD combined treatment
could further activate innate antitumor immunity (Fig. 6g).

Since we have confirmed the activation of the antitumor
immunity,wenextexaminedweather suchcombination treatments
could reverse the immunosuppressive tumor microenvironment
(TME).WefurtherevaluatedtheintratumoralpopulationsofM2-like
tumor-associated macrophages (TAMs) and myeloid-derived sup-
pressor cells (MDSCs), which have been reported to promote tumor
growth [38,39]. Slightly increase of M2-like TAMs and MDSCs was
observed in the anti-PD monotherapy, but the CpG combination
neutralized the increase and normalized the populations of MDSCs
and M2-like TAMs, indicating that the combined strategy could not
leadto theactivationof the immunosuppressiveTME(Figs. S7andS8
in Supporting information). Moreover, the expression of PD-L1 has
been obviously downregulated following combined treatments,
which confirmed the PD pathway blockade (Fig. S9 in Supporting
information).

In summary, we developed an in situ vaccination approach to
promote the anti-PD therapy. PEI worked as delivery carrier to co-
deliver the CpG and pshPD-L1, which was shielded by OHC-PEG-
CHO to form the pH responsive P(PDC) NPs. CpG administration
caused in situ tumor vaccine to promote the DCs activation, and
activated the tumor immunity, which sensitized tumors to the
anti-PD therapy. At final, CpG and PD-L1 blockade group exhibited
the most tumor suppression behavior in B16F10 tumor-bearing
mice. The immune analysis within tumors indicted the both
amplified T cell responses and NK infiltration following combined
treatments. Furthermore, the pH responsive P(PDC) NPs could
prevent the side effects of the anti-PD therapy to the normal
tissues for their lower cellular uptake efficacy but enhanced
internalization efficacy owing to the removal of the PEG shielding
under tumor acidic microenvironment. The synergistic antitumor
strategy we presented might provide a facile and effective
combination treatment for tumor inhibition.
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