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Self-Adjuvanted Molecular Activator (SeaMac)
Nanovaccines Promote Cancer Immunotherapy

Zichao Luo, Tao He, Peng Liu, Zhigao Yi, Shunyao Zhu, Xiuqi Liang, Entang Kang,
Changyang Gong,* and Xiaogang Liu*

Neoantigen-based immunotherapy is a promising treatment option for many
types of cancer. However, its efficacy and abscopal effect are limited by
impotent neoantigens, high treatment costs, and complications due to action
of adjuvants. Here, the design and synthesis of nanovaccines are reported,
based on self-adjuvanted, polymer nanoparticles with in vivo
neoantigen-harvesting and molecular activating capabilities. These
nanovaccines inhibit tumor growth significantly and prolong the survival of
tumor-bearing mice in both colon carcinoma 26 (CT26) and B16-F10 tumor
models. Mechanistic studies suggest that as-synthesized nanovaccines can
promote dendritic cell maturation and accumulation expeditiously in lymph
nodes, leading to the expansion of cytotoxic CD8+ T cells. Moreover, these
nanovaccines elicit abscopal effects in CT26 and B16-F10 tumors without the
need for adjuvants or immune checkpoint inhibitors. Combined with an
anti-PD-L1 antibody, nanovaccines can evoke robust, long-term memory
immune response, as evidenced by tumor growth inhibition and high survival
rates (∼ 67%) over 90 days. These results highlight the potential of using
self-adjuvanted nanovaccines as a simple, safe, and affordable strategy to
boost neoantigen-based cancer immunotherapy.
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1. Introduction

Immunotherapy is considered the fourth
pillar of cancer treatments, along with
surgery, chemotherapy, and radiotherapy.[1]

Cancer immunotherapies, including can-
cer vaccines, immune checkpoint inhibitors
(anti-CTLA-4, anti-PD-1, and anti-PD-L1 an-
tibodies), and chimeric antigen receptor
T cell therapies, can extend survival in pa-
tients with advanced disease.[2] In partic-
ular, cancer vaccines comprising tumor-
associated antigens (TAAs) and adjuvants
have proven effective in inducing TAA-
specific T cells and antibodies in preclinical
and clinical trials.[3] However, TAA-based
cancer vaccines face two notable challenges:
a slow immune response rate due to low-
affinity interactions with T cells and non-
discriminative overexpression in tumor and
healthy tissues.[4] To tackle these chal-
lenges, tumor neoantigens, arising from
non-synonymous mutations and genetic al-
terations without expression in healthy tis-
sues, have been widely used in neoantigen-
based vaccine development.[4]

Tumor neoantigen-specific CD4+ T and CD8+ T cells, re-
active to respective neoantigen MHC-II and MHC-I epitopes,
are essential to inhibit tumor growth in various murine tumor
models, including colon carcinoma 26 (CT26), 4T1 mammary
carcinoma, B16-F10 melanoma, d42m1-T3, and F244 sarcoma
tumors.[5] Importantly, personalized cancer vaccines, based on
combinations of adjuvants and predicted HLA class-II or class-
I neoantigens, elicit substantial neoantigen-specific CD4+ and
CD8+ cytolytic T cell responses, resulting in complete or partial
tumor regression in a variety of malignant diseases.[6] Compared
with TAAs, neoantigen-based cancer vaccines offer more spe-
cific immunogenicity in both preclinical studies and clinical tri-
als. Neoantigen-based vaccines also provide excellent safety pro-
files but require time-consuming identification of immunogenic
neoantigens, which remains a challenging task. Another con-
straint associated with neoantigen-based therapies is the need for
adjuvant mixing (e.g., polyinosinic–polycytidylic acid (PIC), CpG
oligodeoxynucleotide (CpG), Monophosphoryl Lipid A (MPLA))
to boost immune responses, thus adding complexity and cost to
cancer treatment.

Here, we report the design of self-adjuvanted molecular activa-
tor (SeaMac) nanovaccines for enhanced cancer immunotherapy.
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SeaMac nanovaccines have two essential characteristics: one is
the ability to harvest neoantigens at nanoparticle surfaces from
perished tumor cells, and the other is to induce dendritic cell
(DC) maturation through stimulator of interferon genes (STING)
(Figure S1, Supporting Information). SeaMac nanovaccines have
a maleimide moiety capable of harvesting neoantigens through
the Michael reaction between thiol and maleimide groups. Mean-
while, C7A monomers, designed to constitute the inner core
of SeaMac nanovaccines, can promote DC maturation and im-
prove downstream antigen presentation and T cell activation.[7]

Unlike conventional neoantigen-based cancer vaccines, SeaMac
nanovaccines enable high-efficiency personalized therapy, be-
cause they can harvest neoantigens from perished tumor cells
and present neoantigens to CD8+ T cells while inducing DC mat-
uration. These activated CD8+ T cells could participate in inhibit-
ing primary and distant tumors. For this reason, we reasoned that
SeaMac nanovaccines might provide a powerful strategy for can-
cer treatment without constraints associated with conventional
methods.

2. Results and Discussion

As proof of concept, we designed and synthesized self-adjuvanted
and neoantigen-harvesting Mal-PEG5000-b-PC7A45 nanoparticles
(described as Mal-NPs), while NH2-PEG5000-b-PC7A45 nanopar-
ticles (defined as NH2-NPs) were prepared as a control.
For Mal-NPs synthesis, an amphiphilic block polymer (Boc-
PEG5000-b-PC7A45) was firstly synthesized by reversible addition–
fragmentation chain transfer polymerization of C7A through
the use of Boc-PEG5000-CDTPA as the macro chain transfer
agent. Subsequently, NH2-PEG5000-b-PC7A45 polymer was ob-
tained by removing the Boc group of Boc-PEG5000-b-PC7A45
polymer using trifluoroacetic acid. Finally, 6-maleimidohexanoic
acid was conjugated to NH2-PEG5000-b-PC7A45 using 1-Ethyl-3-[3-
dimethylaminopropyl]cabodiimide and N-hydroxysuccinimide
as coupling agents to obtain Mal-PEG5000-b-PC7A45 polymer (Fig-
ure S2, Supporting Information). Chemical structures of all
three polymers were characterized by 1H NMR, gel perme-
ation chromatography, fluorescence spectroscopy, and Fourier-
transform infrared spectroscopy (Figure S3 and Table S1,
Supporting Information). NH2-NPs and Mal-NPs were prepared
by self-assembly of amphiphilic NH2-PEG5000-b-PC7A45 and Mal-
PEG5000-b-PC7A45, respectively, in PBS (pH 7.6) (Figure 1a,b).
The spherical morphology and particle size (∼ 60 nm) of NH2-
NPs and Mal-NPs were confirmed by transmission electron mi-
croscopy (Figure 1c). They both have a hydrodynamic size of
∼ 100 nm in phosphate-buffered saline (PBS) solution, as deter-
mined by dynamic light scattering (Figure 1d). Moreover, NH2-
NPs are more positively charged than Mal-NPs (Figure 1e).

DCs, the most potent professional antigen present cells
(APCs), play a critical role in mediating innate response and in-
ducing adaptive immune response.[8] Previous studies indicate
that C7A monomer-containing nanoparticles can deliver proteins
or mRNA vaccines to elicit potent immune responses against
cancer.[7,9] To examine the feasibility of NH2-NPs- and Mal-NPs-
induced DC maturation in vitro, we evaluated cytotoxic effects of
NH2-NPs and Mal-NPs against 3T3 and Raw 264.7 cells using the
standard MTT assay. Cell viabilities were over 90% in both cell
lines, even at a particle concentration of 400 µg mL−1, indicat-

ing excellent biocompatibility (Figure S4, Supporting Informa-
tion). Bone marrow DCs (BMDCs) were then treated with blank
NH2-NPs and Mal-NPs at 50 µg mL−1 for 24 h, and expressions
of co-stimulatory molecules were determined using flow cytom-
etry. Both NH2-NPs and Mal-NPs promoted BMDC maturation,
as evidenced by approximately two- fold enhanced expressions of
CD80, CD83, and CD86 compared with the medium (Figure 1f–
h, and Figure S4, Supporting Information). Notably, both NH2-
NPs and Mal-NPs enhanced TNF-a markedly, but with a slight
improvement in IL-1𝛽 production (Figure 1i,j). The mechanism
of this effect can be ascribed to the activation of STING by C7A
monomers, as demonstrated in STING knockout mice.[7] Taken
together, these results suggest the suitability of both NH2-NPs
and Mal-NPs as adjuvants in tumor immunotherapy.

Next, we evaluated the ability of Mal-NPs to capture released
neoantigens from perished tumor cells in vitro. First, a standard
photodynamic therapy (PDT) protocol based on chlorin e6 (Ce6)-
conjugated upconversion nanoparticles (UCNPs) was adopted to
generate perished tumor cells (Figure 2a and Figure S5, Support-
ing Information). For PDT, UCNP-SiO2-Ce6 (denoted as UCNP-
Ce6) was synthesized and characterized by TEM, UV–Vis spec-
troscopy, and fluorescence spectroscopy (Figure S5, Supporting
Information). Under 980-nm irradiation, UCNP-Ce6 produced
reactive oxygen species in vitro, inducing around 30% apoptosis
in both B16-F10 and CT26 tumor cells (Figure S5, Supporting In-
formation). Then, NH2-NPs and Mal-NPs were treated with B16-
F10 melanoma cell lysates induced by PDT in vitro. Total tumor-
derived protein antigens were quantified by measuring the
amount of proteins bound to each NP. Mal-NPs harvested more
proteins than NH2-NPs, consistent with a previous study (Fig-
ure 2b).[10] NH2-NPs and Mal-NPs formulations showed a similar
ability to capture a comprehensive set of proteins (Figure 2c). No-
tably, among approximately 730 sets of proteins captured, NH2-
NPs showed 91 unique sets, while Mal-NPs displayed 108 unique
sets (Figure 2d). Subsequently, an in silico analysis was per-
formed to confirm the existence of neoantigens in captured pro-
teins, as expressed by B16-F10 cells.[5a,11] Although NH2-NPs and
Mal-NPs both captured eight sets of neoantigens, Mal-NPs har-
vested several sets of neoantigens (e.g., Ppp1r7, Dag1and Actn4)
with a much higher density (Figure 2e, Figure S6 and Table
S2, Supporting Information). The captured neoantigens, such
as Actn4, Eef2, and Dag1, enhanced tumor immunotherapy in
an antigen-specific manner, as demonstrated by a potent IFN-
𝛾 production ex vivo after neoantigen stimulation.[10] Moreover,
this improvement may be also associated with an abundance of
the captured neoantigens.[10] Notably, both types of nanoparti-
cles can capture damage-associated molecular pattern proteins
(DAMPs), which are pro-inflammatory biomolecules known to
improve immune responses.[12] Notably, Mal-NPs captured a sig-
nificantly higher density of DAMPs than NH2-NPs, such as the
heat shock protein (Hsp) family (Hsp90ab1, Hspa11, Hspa5,
Hsp8, and Hspd1), the histone protein family (Hist1h2ap and
Hist2h2bb), and alarmins (Hmgb1), all of which have shown en-
hanced immune responses against tumor[12] (Figure 2e, Figure
S6 and Table S2, Supporting Information). Overall, our data sug-
gest that Mal-NPs show a stronger capacity for neoantigens and
DAMPs released from irradiated B16-F10 cells.

The antigen uptake and presentation by APCs, such as DCs,
macrophages, and B cells, is the initial step of vaccine-induced
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Figure 1. Mal-NPs promote maturation of mouse bone marrow BMDCs through the STING signal pathway. a,b) Schematic self-assembly of NH2-
PEG5000-b-PC7A45 and Mal-PEG5000-b-PC7A45 polymers into nanoparticles. c) TEM images of NH2-NPs and Mal-NPs. Scale bar, 100 nm. d,e) Size and
zeta-potential of NH2-NPs and Mal-NPs in PBS buffer (pH at 7.6). f–h) Impact levels of NH2-NPs and Mal-NPs on CD80, CD83, and CD86 expression
using bone marrow BMDCs. i,j) Impact levels of NH2-NPs and Mal-NPs on TNF-a and IL-1𝛽 production using BMDCs. Values are means ± s.e.m. (n =
3–4 biologically independent samples; asterisk: medium versus other treatments, *p < 0.05; **p < 0.01; one-way ANOVA analysis with Tukey test).

adaptive immunity in lymph nodes.[13] To study whether
NH2-NPs or Mal-NPs can deliver neoantigens and
DMAPs to APCs, we injected 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine (DiD)-labeled NH2-NPs or
DiD-labeled Mal-NPs intratumorally two days after PDT. We
studied particle lymphatic drainage and distribution in B cells,
macrophages, and DCs residing in tumor-draining lymph nodes
(TDLNs) 16 h after post-injection (Figure 2f). Mal-NPs were
accumulated in DCs (CD11c+) and B cells (B220+) at higher
rates than NH2-NPs, whereas the accumulation rates of the two
nanoparticles in macrophages were similar (Figure 2f and Figure
S7, Supporting Information). Furthermore, PDT markedly en-
hanced Mal-NPs uptake by both DCs and B cells in TDLNs (Fig-
ure S7, Supporting Information), similar to a previous study.[10]

Considering that Mal-NPs capture neoantigens, accumulate
in lymph nodes, and promote DC maturation, we next investi-

gated the effect of Mal-NPs on tumor immunotherapy in B16-
F10 and CT26 tumor models. Mice bearing CT26 or B16-F10 tu-
mors in the right flank underwent PDT on day 7 (Figure 3a). Two
days later, mice were intratumorally immunized with NH2-NPs
or Mal-NPs three times at a 2-day interval. The treatment efficacy
was evaluated by monitoring tumor volume and survival time. In
the CT26 tumor model, PDT alone only slightly inhibited tumor
growth, while NH2-NPs-based PDT showed moderate antitumor
activity. In contrast, Mal-NPs-based PDT led to more pronounced
inhibition of tumor growth, as assessed by measuring the tumor
volume across all groups over 24 days (Figure 3b). The survival
rate of mice in the PDT/Mal-NPs group reached 30% on day 37,
while all mice from other groups died within 35 days (Figure 3c).
Mice were euthanized on day 24, and tumors were harvested
and weighed. Tumors taken from PDT/NH2-NPs and PDT/Mal-
NPs groups showed 63.9% and 82.3% reduction in weight,
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Figure 2. Mal-NPs harvest neoantigens and promote cellular uptake in lymph node-resident immune cells. a) Schematic illustration of neoantigen
harvesting using NH2-NPs and Mal-NPs. b) Quantification of proteins harvested by NH2-NPs and Mal-NPs using the Bicinchoninic Acid Protein Assay
kit. c) The total number of proteins harvested by NH2-NPs and Mal-NPs. d) Comparison of the number of proteins harvested by NH2-NPs and Mal-NPs.
e) The heatmap of the relative abundance of neoantigens and DMAPs harvested by NH2-NP and Mal-NP. The relative abundance represents the average
value of three runs. f) Schematic timeline of DID@NH2-NP and DID@Mal-NP in vivo cellular uptake. g) Flow cytometric analysis of cellular uptake of
DID@NPs by DCs (CD11c+) and B cells (B220+) in tumor-draining lymph nodes (TDLNs). Values are means ± s.e.m. (n = 3 biologically independent
samples; *p < 0.05; **p < 0.01; Student’s t-test).

respectively, compared to those from the PDT group (Figure S8,
Supporting Information). In the B16-F10 melanoma model, com-
pared to PDT alone, Mal-NP-based PDT showed an improved sur-
vival rate, and tumor weight reduced 73.8% (Figure 3d,e and Fig-
ure S8, Supporting Information).

We further investigated the mechanism by which Mal-NPs im-
proves the efficacy of tumor immunotherapy. The experimental

design is the same as that for the B16-F10 melanoma inhibition
study (Figure 3a). Two days after immunotherapy (on day 15),
all mice were euthanized, and spleens, lymph nodes, and tumor
tissues were harvested for analysis of immune cell markers or
cytokines. Lymph nodes are those organs where antigen-specific
immune responses occur through DC interaction with T cells.[14]

DC activation, characterized by high pro-inflammatory cytokines
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Figure 3. Mal-NPs potently inhibit both CT26 and B16-F10 tumor growth in vivo. a) Schematic timeline of in vivo tumor immunotherapy experiments. b)
Average tumor growth curves of mice treated with PDT and immunotherapy in the CT26 model. c) Survival curves of mice in the CT26 tumor model (n =
6 mice per group). d) Average tumor growth curves of mice treated with PDT and immunotherapy in a B16-F10 tumor model. e) Survival curves of mice
in a B16-F10 tumor model (n = 10–11 mice per group). Data represent means ± s.e.m. (asterisk: PDT versus other treatments, *p < 0.05; **p < 0.01;
***p < 0.001; hash: two different groups, #p < 0.05; ##p < 0.01; tumor volume: one-way ANOVA analysis with Tukey test; survival rate: long-rank test).

and co-stimulatory expressing molecules (e.g., CD80, CD83, and
CD86), is generally associated with potent and sustained activa-
tion of antigen-specific T cells.[15] Therefore, we evaluated the sur-
face expression of CD86 and CD80 on DCs (CD11c+) in TDLNs
using flow cytometry. As illustrated in Figure 4a–c, there is an ele-
vated cell expression (1.5–2 fold) of CD86, CD80, or double mark-
ers in TDLNs from mice treated with NH2-NPs or Mal-NPs, com-
pared with PBS or PDT alone. Notably, treatment of mice with
Mal-NPs-based PDT results in a two-fold increase in infiltrating
CD8a+ DCs compared to PBS treatment, preferentially evoking
a Th1 type response[16] (Figure 4d).

To confirm whether Mal-NPs-induced DC maturation in
TDLNs leads to T cell activation and expansion, we an-
alyzed the relative abundance of tumor-infiltrating help
T cells (CD3+CD4+CD8−), cytotoxic T lymphocytes (CTL,
CD3+CD8+CD4−), regulatory T cells (Treg, CD4+CD25+Foxp3+),
myeloid-derived suppressor cells (MDSC, CD11b+Ly6c+

Ly6g+SSChi, and CD11b+Ly6c+Ly6g−), and activated neu-
trophils (CD11b+Ly6c+Ly6g+) in B16-F10 tumors. For B16-F10
tumors treated with PDT, both NH2-NPs and Mal-NPs injection

promoted help T cell (CD4+) and CD8+ cytotoxic T cell (CTL)
infiltration, compared with mice PBS-treated tumors (Figure 4e–
g). Importantly, the percentage of CD8+ CTLs in tumors after
PDT/Mal-NPs treatment increased to ∼ 30%, which was higher
than PDT/NH2-NP-treated groups (∼12%) (Figure 4g and Figure
S9, Supporting Information). Both PDT/NH2-NPs and PDT/Mal-
NPs increased the level of tumor-infiltrating Treg cells (Figure
S10, Supporting Information), which is similar to a previous
study.[17] One probable explanation is that the increase of Tregs
is used to control inflammatory immune response induced
by apoptotic cells from PDT. Notably, the PDT/Mal-NPs group
induced the highest CD8+ CTL/Treg ratio in tumors (Figure 4h),
primarily responsible for cellular immunity due to increased
antigen-specific CD8+ T cells. Moreover, there were no apparent
changes in levels of tumor-infiltrating-activated neutrophils
(CD11b+Ly6c+Ly6g+) (Figure 4i) and g-MDSCs (CD11b+Ly6c+

Ly6g+SSChi) in tumors across all groups (Figure S10, Supporting
Information). Intratumoral treatment with PDT in combination
with NH2-NPs or Mal-NPs slightly increased the percentage
of tumor-infiltrating monocytic MDSCs (CD11b+Ly6c+Ly6g−)
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Figure 4. The immune activation mechanism of Mal-NPs on inhibition of B16-F10 tumor growth. a–c) Expression of co-stimulatory CD80 or CD86, as
well as both CD80 and CD86 on DC cells (CD11c+) in TDLNs of mice in a B16-F10 tumor model. d) Percent of CD8a+ DC cells in TDLNs of mice in
Figure 3d. e–i) The relative abundance of CD4+ T cell (e,f) and CD8+ T cell (e,g) subpopulations in tumors, the ratio of CD8+ T cells to Treg cells (h),
and the frequency of activated neutrophils (i) in tumors of mice in Figure 3d. j–l) Flow cytometric analysis assessed IFN-secreting CD4+ T cells (j,k)
and CD8+ T cells (j,l) in the spleens of mice in B16-F10 tumor model. T cells in this assay are defined as CD3+. m,n) B16-F10 tumor growth curves (m)
and survival rate (n) of normal mice and CD8 T cell knockout mice treated with PDT combination with immunotherapy. All statistical data are shown as
means± s.e.m. (n = 3–4 biologically independent samples in a-l; n = 6 mice per group in (m) and (n); asterisk: PBS versus other treatments, *p < 0.05;
**p < 0.01; ***p < 0.001; hash: two different groups, #p < 0.05; ##p < 0.01; ###p < 0.001; one-way ANOVA analysis Tukey test; survival rate: long-rank
test).

Adv. Healthcare Mater. 2021, 10, 2002080 © 2020 Wiley-VCH GmbH2002080 (6 of 9)

 21922659, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202002080 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [24/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advhealthmat.de

relative to treatment with PBS alone.[18] The improvement in
m-MDSCs may be indicative of a regulatory response to restrict
STING-mediated inflammation.[19]

We next evaluated the effect of PDT/Mal-NPs on systemic T
cell activation by assessing tumor-specific interferon-𝛾 (IFN-𝛾)
secreting splenocytes, which were stimulated with tumor lysates
ex vivo. The highest levels of IFN-𝛾-secreting CD4+ T and CD8+

T cells were induced by combining PDT and Mal-NPs to aug-
ment tumor-specific immune responses (Figure 4j–l). Consid-
ering that PDT/Mal-NPs improved CD8+ CTL accumulation in
tumors (Figure 4h), we assumed that CD8+ T cells participate
in antitumor growth. To validate this hypothesis, we examined
the antitumor effect of PDT/Mal-NPs in CD8 knockout mice.
Effects of inhibitive tumor growth and prolonged survival were
abolished in CD8 knockout mice compared to a wild-type control
(Figure 4m,n). Imaging of H&E-stained tissue sections of major
organs harvested from mice with different treatments confirmed
the biocompatibility of the Mal-NPs (Figure S11, Supporting In-
formation). Moreover, at 12, 24, and 48 h following immunother-
apy, cytokine and chemokine concentrations were measured in
the systemic circulation (Figure S12, Supporting Information).
The results showed that Mal-NPs maintained normal cytokine
and chemokine levels, confirming their utility for safe and effica-
cious antitumor immunity.

To evaluate whether SeaMac nanovaccines suppress distal tu-
mor growth, two subcutaneous B16-F10 (or CT26 tumors) were
subsequently established in the contralateral flank of C57 BL/6J
mice (or Balb/c mice). The primary tumors were subject to dif-
ferent treatments (Figure 5a), whereas distant tumors were un-
treated. Combination of PDT with Mal-NPs inhibited primary tu-
mor progression markedly in both B16-F10 and CT26 tumors
compared with PDT alone or PDT/NH2-NPs treatment (Fig-
ure 5b,d), consistent with single side tumor model shown in Fig-
ure 3b–d. For distant tumors, both PDT/NH2-NPs and PDT/Mal-
NPs combinations delayed B16-F10 and CT26 tumor growth
(Figure 5c,e–g). The PDT/Mal-NPs combination appreciably pro-
longed survival in both B16-F10 and CT26 tumor models (Fig-
ure 5h–i), which could be attributed to treatment-induced sys-
temic immune responses.

Immunological memory is a cardinal feature of adaptive im-
munity, and it relates to its ability to remember antigens from
pathogens and protect against reinfection upon reencounter of
the same pathogens, including tumor cells.[20] In addition, the
blockade of programmed death receptor-1(PD-1) or PD-L1 can
activate CD8+ T cell proliferation and suppress Treg cell differ-
entiation in clinic situations.[21] In principle, memory CD8+ T
cells can be divided into two subsets, central memory T cells
(TCM, CD8+CD62L+CD44+) and effector memory T cells (TEM,
CD8+CD62L−CD44+). TCM cells locating in secondary lymphoid
organs have little or no effector function but readily expand and
differentiate to effector cells in response to antigenic stimulation.
Different from TCM cells, TEM cells residing in both lymphoid
and non-lymphoid tissues display immediate effector function
by producing multiple cytokines, such as TNF-a and IFN-𝛾 .[22]

Considering that combination of PDT and Mal-NPs slightly en-
hanced the frequency of Tregs in tumors, we argued that intro-
ducing of anti-PD-L1 antibody into this treatment may boost a
more potent and durable antitumor immune response. In this
regard, mice cured of CT26 tumors were rechallenged on day

20 with the same CT26 tumors (Figure S13, Supporting Infor-
mation). Effector memory CD8+ T cells (TEM) and central mem-
ory T cells (TCM) in spleens were analyzed on day 20 in differ-
ent groups of mice. The percentage of TEM cells in PDT/Mal-
NPs plus anti-PD-L1 group was much higher than that in mice
treated with either surgery only or surgery plus anti-PD-L1, or
PDT/Mal-NPs (Figure S13, Supporting Information). In contrast,
the frequency of TCM cells in PDT/Mal-NPs plus anti-PD-L1 was
much lower than that of the other three groups, indicating long-
term immune memory protection. Combination of PDT/Mal-
NPs and anti-PD-L1 substantially inhibited tumor growth com-
pared with other treatments. Importantly, this memory immune
response also prolonged survival time. Around 66.7% of mice in
the PDT/Mal-NPs/anti-PD-L1 group survived for 90 days, while
all mice in surgery and PDT/Mal-NPs controls died within 40
days (Figure S13f, Supporting Information).

In this study, we designed self-assembled polymeric nanopar-
ticles with neoantigen harvesting and self-adjuvanted capabilities
for personalized tumor immunotherapy. Our data indicate that
these nanoparticles harvest neoantigens from perished cells to
form SeaMac nanovaccines, which can induce DC maturation,
present neoantigens to CD8+ T cells with high efficiency, and
augment the effect of CD8+ CTL activation. These activated
CD8+ T cells have proven effective in inhibiting primary and
distant tumor growth and prolonging the survival time of
tumor-bearing mice.

Checkpoint inhibitors, such as anti-PD-L1 antibody and anti-
CTLA-4 antibody, have greatly changed the treatment and prog-
nosis of cancers, especially melanoma. However, only a mi-
nority of solid tumors respond to immune check inhibitors.
Nanoparticle-based multi-mode therapies, in combination with
immunotherapy, have achieved abscopal effects in various
tumors.[10,17,23] However, the synergistic effect of these combina-
tion strategies usually requires commercial adjuvants (e.g., CpG,
PIC, R837) or immune checkpoint inhibitors (e.g., anti-PD-L1,
anti-CTLA-4, anti-PD-1 antibodies), which inevitably increases
the complexity and cost of cancer treatment. In our study, Sea-
Mac nanovaccines can function as an adjuvant to evoke abscopal
effects in both CT26 and B16-F10 tumors in the absence of addi-
tional immunoactivators. Without the help of anti-PD-L1 or anti-
CTLA-4 antibody, the evoked CD8+ IFN-𝛾+ T cells by PDT+Mal-
NPs should play a key role in inducing “abscopal effect”, because
immune checkpoint inhibitors with other treatments substan-
tially improve abscopal response rates but not necessarily with
induced “abscopal effect.”

Furthermore, tumor heterogeneity often limits the effec-
tiveness of cancer therapy, which may explain why traditional
approaches based on administration of one or several “selected”
neoantigens fail to improve immunotherapeutic responses.[24]

Min et al. engineered the biodegradable polymer poly lactic-
co-glycolic acid (PLGA) nanoparticles with different functional
groups for neoantigen capture and found that the combination
of Mal AC-NPs with 𝛼PD-1 antibody facilitated the absco-
pal effect.[10] The ex vivo stimulation studies of splenocytes
showed that the captured neoantigens can induce neoantigen-
specific T cell proliferation and activation. This indicates that
antigen-capturing nanoparticles for cancer immunotherapy
offer a promising strategy for personalized therapy. It means
that the neoantigens captured by Mal-NPs may also evoke

Adv. Healthcare Mater. 2021, 10, 2002080 © 2020 Wiley-VCH GmbH2002080 (7 of 9)
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Figure 5. Mal-NPs improves in vivo abscopal effects of B16-F10 and CT26 tumors. a) Schematic timeline of abscopal effect evaluation. b,c) Tumor growth
curves of the primary tumor (b) and distant tumor (c) in the B16 F10 tumor model. d,e) Tumor growth curves of the primary tumor (d) and distant tumor
(e) in the CT26 tumor model. f) Growth curves of untreated (secondary) tumors in individual mice in (c). g) Growth curves of untreated (secondary)
tumors in individual mice in (e). h) The survival rate of the mice in the B16-F10 tumor model. i) The survival rate of the mice in the CT26 tumor
model. Data represent means ± s.e.m. (n = 6 mice per group; asterisk: PBS versus other treatments, *p < 0.05; **p < 0.01; hash: two different groups,
#p < 0.05; ##p < 0.01; tumor volume: One-way ANOVA analysis with Tukey test; survival rate: long-rank test).

Adv. Healthcare Mater. 2021, 10, 2002080 © 2020 Wiley-VCH GmbH2002080 (8 of 9)
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neoantigen-specific immune response, eliminating time-
consuming de novo sequencing and artificial synthesis. More-
over, PLGA NPs were selected as delivery systems due to their
biocompatibility and biodegradability.[10] Different from PLGA
NPs, Mal-NPs has intrinsic adjuvanticity, since C7A (the inner
core of Mal-NPs) can potently promote DC maturation through
STING without the need for additional adjuvants, providing a
simple and low-cost personalized cancer immunotherapy.

3. Conclusion

Unlike conventional methods, our SeaMac nanovaccines pro-
vide the immune system with a wide variety of neoantigens and
DAMPs in an individual-specific manner, evoking potent cellular
immune responses. We speculate that SeaMac nanovaccines may
allow cancer drugs to be delivered to tumors with unprecedented
precision, triggering a synergistic effect of chemotherapy and im-
munotherapy. Since PEG has been approved by the U.S. Food and
Drug Administration for clinical use, the SeaMac strategy may
hold high potential for personalized immunotherapy in clinical
trials with short production duration, low cost, and widespread
applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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