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A Designer Scaffold with Immune Nanoconverters
for Reverting Immunosuppression and Enhancing

Immune Checkpoint Blockade Therapy

Hathaichanok Phuengkham, Chanyoung Song, and Yong Taik Lim*

Current cancer immunotherapy based on immune checkpoint blockade (ICB)
still suffers from low response rate and systemic toxicity. To overcome the
limitation, a novel therapeutic platform that can revert nonimmunogenic
tumors into immunogenic phenotype is highly required. Herein, a designer
scaffold loaded with both immune nanoconverters encapsulated with
resiquimod (iNCVs (R848)) and doxorubicin, which provides the polarization
of immunosuppressive tumor-associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs) into tumoricidal antigen-presenting cells
(APCs), rather than depleting them, as well as in situ vaccination that can

be generated in vivo without the need to previously analyze and sequence
tumor antigens to favor neoantigen-specific T cell responses is suggested.
Local and sustained release of iNCVs (R848) and doxorubicin from the
designer scaffold not only reduces the frequency of immunosuppressive cells
in tumors but also increases systemic antitumor immune response, while
minimizing systemic toxicity. Reshaping the tumor microenivronment (TME)
using the designer-scaffold-induced synergistic antitumor immunity with ICB
effects and long-term central and effector memory T cell responses, results
in the prevention of postsurgical tumor recurrence and metastasis. The
spatiotemporal modulation of TMEs through designer scaffolds is expected to
be a strategy to overcome the limitations and improve the therapeutic efficacy
of current immunotherapies with minimized systemic toxicity.

response rate to ICB therapies, the promo-
tion of an immunogenic tumor phenotype
through a combination of cancer therapies
that does not generate systemic toxicity is
necessary.! In situ vaccination is a powerful
cancer prevention strategy that can be gen-
erated in vivo without the need to previously
analyze and sequence tumor antigens to
favor neoantigen-specific T cell responses.™
Several clinical studies have highlighted
the promising effects of the combination
of in situ vaccination and ICB treatment;
however, most of these studies have been
unsuccessful in significantly impacting the
highly immunosuppressive tumor microen-
vironment (TME) in advanced-stage cancers
or postsurgical treatment cancers.P! Surgery
is the most effective treatment regimen for
patients with solid tumors, and half of all
patients with cancer undergo surgery with
a curative intent.®) However, surgical pro-
cedures may induce immunosuppression
owing to the generation of wound healing
factors, which stimulate tumor recurrence
and metastasis.l”) Inflammatory cells (such

Immune checkpoint blockade (ICB) therapy is a promising
strategy that elicits durable antitumor responses against various
malignant tumors; however, therapeutic efficacy is limited
to 5-30% depending on the tumor type.!l Researchers have
observed that ICB treatment generally produces durable clinical
responses only in tumors classified as “immunogenic pheno-
types,” which are characterized by high T cell infiltration and neo-
antigen burden and low immunosuppression.*?l To enhance the
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as tumor-associated macrophages (TAMs),

myeloid-derived suppressor cells (MDSCs),

etc.) and soluble mediators (such as trans-
forming growth factor beta (TGF-f), interleukin (IL)-10, etc.) have
been found to accumulate to high levels in recurrent tumors and
produce a remarkably suppressive environment to inhibit T cell
activation and proliferation.”>#! Considering the marked changes
in the postsurgical TME, a combination therapy that considers
modulating immunosuppression may hold great promise in
improving clinical outcomes. Furthermore, the polarization of
immunosuppressive MDSCs and TAMs in the TME into tumor-
suppressing cells would be a better strategy than inhibiting or
depleting these immunosuppressive cells.””) Resiquimod (R848) is
an imidazoquinoline-based small-molecule compound that is rec-
ognized by Toll-like receptor (TLR) 7/8. It has been reported that
the recognition of R848 in the endosome leads to the activation
and maturation of antigen-presenting cells (APCs) and induces
the secretion of proinflammatory cytokines, type I interferons
(IFNs), and chemokines.¥ In addition to its immunostimulatory
function, R848 can also modulate immunosuppressive cells such
as MDSCs and M2 macrophages.'!] R848 can transform MDSCs
into APCs, such as dendritic cells (DCs) and macrophages, and
polarize TAMs from the M2 phenotype into the M1 phenotype.
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Figure 1. Schematic illustration and characterization of a designer scaffold for reverting immunosuppressive postsurgical TMEs and enhancing ICB
treatment. a) Schematic diagram showing the design of a scaffold that codelivers INCVs (R848), doxorubicin (Dox), and ICB molecules («PDL1/aPD1
antibodies) to induce an immunogenic tumor phenotype resulting in an enhanced ICB response. b) SEM analysis of the morphology and c) pore size
of collagen/HA scaffolds prepared using different collagen:HA ratios. d) In vitro (1:9, 5:5, and 9:1) and e) in vivo degradation tests of the scaffold (5:5).
f) In vitro profile of Dox release from the scaffold in an enzyme-containing buffer (pH 7.4 or 6.5). g) A representative SEM image of iNCVs (R848) and
h) the iNCVs (R848)-loaded scaffold. i) In vitro release of INCVs (R848) from the scaffold. Data are presented as the mean £ S.D. (n = 3). P values were

determined by one-way ANOVA and Tukey’s test (***P < 0.001).

Here, we suggest a designer scaffold loaded with both
immune nanoconverters (iNCVs) encapsulated with R848
(iNCVs (R848)) and doxorubicin, which can be applied to a
postsurgical model for the spatiotemporal modulation of the
nonimmunogenic TME into an immunogenic milieu, thereby
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resulting in an increase in the therapeutic efficacy of ICB
therapies (Figure 1a). Doxorubicin in the scaffold could turn
the tumor into a self-vaccine site, where eradicated tumor cells
serve as antigen sources to generate a host antitumor immune
response, by mediating the immunogenic cell death (ICD) of
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tumor cells. iNCVs (R848) could not only activate recruited
APCs and induce antigen-specific T cells as vaccine adjuvants
but also polarize MDSCs and TAMs into APCs, resulting in the
reprogramming of the tumor into an immunogenic phenotype
and the synergistic induction of antitumor immunity in com-
bination with ICB therapies to prevent tumor recurrence and
metastasis (Figure 1a). The immunotherapeutic efficacy of the
designer scaffold was then investigated in 4T1 breast cancer
and TC1 cervical cancer models.

Porous scaffolds were fabricated from a crosslinked collagen-
hyaluronic acid (HA) matrix, which is widely used as a natural
polymer for implantable matrices owing to its excellent biodeg-
radability and biocompatibility.'?l The porous matrix was made
by slowly freezing the polymer mixture, followed by lyophiliza-
tion and crosslinking according to the method described in our
previous study.”) The morphology of the cross-section of the
scaffold was examined by scanning electron microscopy (SEM),
which showed a highly porous and interconnected structure
that appeared to be relatively homogeneous throughout the
bulk of the scaffold (Figure 1b). The pore size and degradation
rate of the scaffold could be modulated depending on the initial
mixture ratio of collagen and HA (Figure 1b-e; Figure SI,
Supporting Information). The scaffold with a collagen to
HA ratio of 5:5 (w/w) showed a uniform pore diameter size of
85 um and optimal in vitro and in vivo degradation rates over
approximately one month. The scaffold could be incorporated
with various therapeutics (such as small molecules, soluble
proteins, nanoparticles, etc.) and fine-tuned to have a desirable
release profile. Doxorubicin was loaded in the scaffold homo-
geneously by simple solution dropping followed by lyophiliza-
tion for further use. To mimic the physiological condition of a
tumor bed (an inflamed or a hypoxic TME), the in vitro release
of doxorubicin from the scaffold was studied under acidic
pH conditions (=pH 6.5).1"3 The encapsulated doxorubicin was
released slowly from the scaffold in a buffer at pH 7.4 due to
the strong hydrogen bonding and hydrophobic interactions
between doxorubicin and the polymer matrix. On the other
hand, the release of doxorubicin was triggered and sustained
within two weeks in a buffer at pH 6.5 (Figure 1f). A possible
explanation for these observations is that the amine groups
of doxorubicin were protonated under the acidic condition,
leading to weakening of the interaction between the hydrogen
bonds and the subsequent release of the drug.*4

The TLR7/8 agonist R848 induces antitumor immune
responses by affecting the functions of immune cells, tumor
cells, and the TME.'%< TLR7/8 expression has been detected
in various immune cells, including DCs, macrophages, and
MDSCs."l As TLR7/8 exist in the endosomal compartment of
cells, the delivery of R848 into cells is essential for the activation
of immune cells. Thus, R848 was designed to be encapsu-
lated in iNCVs made from biocompatible and biodegradable
poly(lactic-co-glycolic acid) for efficient delivery. The formu-
lation of iNCVs (R848) was optimized to achieve high drug
loading with an iNCV size of =100 nm (Figure 1g; Table S1,
Supporting Information). To assess the uptake efficiency of the
iNCVs (R848), rhodamine was used as a model small-molecule
payload for R848. As shown in Figure S2a of the Supporting
Information, the efficiency of rhodamine uptake was higher
after rhodamine was encapsulated in the iNCVs than when
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it was in its free soluble form. Confocal microscopy images
showed that iNCVs (rhodamine) were significantly accumu-
lated inside cells and colocalized with LysoTracker (an endo/a
lysosomal marker), suggesting the efficient delivery of R848
into the endo/lysosome (Figure S2b, Supporting Information).
Prepared iNCVs (R848) were homogenously loaded and showed
a profile of sustained release from the scaffold within 3 days
(Figure 1h,i). The release of R848 from the scaffold was mainly
in form of iNCVs(R848) rather than free drug which offered the
efficient delivery of R848 to the endosome part of immune cells
(Figure 1i; Figure S3, Supporting Information).

The generation of an in situ cancer vaccine was preliminarily
evaluated via an in vitro test. Aside from its conventional usage
as a chemotherapeutic agent, doxorubicin is known to induce an
immunological response through a special cancer-killing mecha-
nism known as ICD.['*l Doxorubicin-induced selective cytotoxicity
in 4T1 cancer cells (Figure 2a; Figure S4, Supporting Informa-
tion) and rapid translocation of calreticulin (CALR) to the cell
surface, as monitored by confocal microscopy and flow cytom-
etry (Figure 2b,c). Surface exposure of CALR serves as an “eat
me” signal to APCs, leading to immunogenic uptake of tumor
antigens and the subsequent generation of antigen-specific T
cell responses.['®17] Dying cancer cells also release high-mobility
group box 1 (HMGB1) as a “danger” signal that is recognized
by TLR4 to induce APC maturation.!'®!8 We observed a signifi-
cant increase in HMGBI release from the doxorubicin-treated
4T1 cells and upregulated expression of the CD80 surface
activation marker on DCs after treatment with doxorubicin-
treated 4T1 medium (Figure 2d,e). R848 is known to promote
the maturation of APCs and enhance cellular immunity.!% The
immunostimulatory effect of iNCVs (R848) on APCs was inves-
tigated based on the upregulation of the expression of a surface
activation marker and the secreted levels of proinflammatory
cytokines. Treatment with soluble R848 or iNCVs (R848) sig-
nificantly upregulated the expression of CD80 and promoted
the secretion of IL-6, IL-12, and tumor necrosis factor (TNF)-
o in both DCs and macrophages in a dose-dependent manner
(Figure 2f,g). The upregulation of CD80 expression and the
secretion of proinflammatory cytokines by the immune cells
were much higher after treatment with iNCVs (R848) than after
treatment with soluble R848, probably owing to the efficient
delivery of R848 to the endosomes mediated by the nanoparti-
cles. These data suggest the generation of an in situ cancer vac-
cine through the induction of multiple modalities of cell death
in response to doxorubicin treatment and highlight the immu-
nostimulatory effects of iNCVs (R848).

TAMs and MDSCs are the most abundant infiltrated myeloid
cells in solid tumors that exert protumor functions in the
TME." Re-education of these immunosuppressive cells is
critical to enhancing therapeutic effects and suppressing tumor
growth. Recent studies have shown that TAMs and MDSCs
respond to stimulation via a TLR7/8 agonist by differentiating
into tumoricidal APCs, leading to the elimination of estab-
lished cancers.'! Thus, we investigated the polarizing effects of
iNCVs (R848) on TAMs and MDSCs. In general, macrophages
show notable plasticity in response to different environmental
cues. These cells can switch between two main phenotypes, the
antitumorigenic M1 phenotype and protumorigenic M2 pheno-
type, depending on surrounding signals.') We generated M1
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Figure 2. In vitro test of INCVs (R848) and doxorubicin for the generation of in situ vaccine. a) Cell viability of 4T1 cells after treatment with various
concentrations of doxorubicin measured by an MTS assay. b) Induction of immunogenic changes in 4T1 cells by doxorubicin treatment (1 pug mL™).
Representative fluorescence images showed the induction of CALR in 4T1 cells in the presence of doxorubicin for 4 h. Cell nuclei and CALR were
detected with Hoechst and FITC-conjugated anti-CALR antibody staining, respectively. c) Flow cytometry analysis of CALR" 4T1 cells. d) Release of
HMGBT into the medium of doxorubicin-treated 4T1 cells examined 24 h after treatment using ELISA. e) Histograms representing the expression of
cell surface activation markers on DCs following treatment with doxorubicin-treated 4T1 cell medium (1 ug mL™"). f) Flow cytometry analysis of the
expression of surface activation markers on DCs and macrophages. g) Quantification of cytokine production via ELISA following treatment with PBS,
empty iINCVs (blank), R848, or iINCVs (R848). Data are presented as the mean £ S.D. (n = 3). P values were determined by Student’s t-test and one-way
ANOVA with Tukey’s test (*P < 0.05, **P < 0.01, and ***P < 0.001).

and M2 macrophages in vitro from RAW 264.7 cells (MO0) using
lipopolysaccharide or IL-4 stimulation, respectively, and these
phenotypes were confirmed by assessing the upregulation of
surface marker expression and cytokine secretion (Figure S5,
Supporting Information).?% M1 macrophages showed upreg-
ulated CD86 expression and secretion of proinflammatory
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cytokines (TNF-¢, IL-6, and IL-12) and nitric oxide (NO), while
M2 macrophages showed upregulated expression of CD206 and
secreted high levels of an anti-inflammatory cytokine (IL-10) as
well as arginase-1 (Arg) (Figure S5, Supporting Information).
The M2 macrophages that closely resembled TAMs were used
for in vitro testing. When the M2 macrophages were incubated
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with iNCVs (R848), a marked increase in the M1 marker
level was observed, and this level was significantly higher
than that observed following treatment with soluble R848
(Figure 3a—c). The ability of iNCVs (R848) to convert MDSCs
into mature APCs with tumoricidal activity was also investi-
gated (Figure 3d,e). Purified MDSCs cultured in the presence
of iNCVs (R848) showed significantly upregulated expression
of DC-associated (CD11c*) and macrophage-associated (F4/80)
surface markers. Treatment with iNCVs (R848) also promoted
the secretion of the proinflammatory cytokines IL-12 and IL-6.
These results are consistent with the results reported in an
earlier finding, wherein R848 induced the differentiation of
TAMs and MDSCs into tumoricidal APCs and was shown to be
remarkably efficient upon encapsulation in nanoparticles.

Macrophage polarization

www.advmat.de

Then, we tested the efficacy of the designer scaffold loaded
with iNCVs (R848) and doxorubicin as a postoperative treat-
ment in an advanced-stage primary 4T1 breast tumor model
which demonstrated a poorly immunogenic TME (Figure S6,
Supporting Information). Surgery was performed as shown in
Figure S7 of the Supporting Information by removing =90%
of the established primary tumor. Mice with the same tumor
size underwent the surgical intervention, and those with the
same size residual tumors were carefully selected for further
experiments (Figure S8, Supporting Information). All mice
treated only with surgery showed tumor relapse and metastasis,
resulting in death within 28 days (Figure 4a—c; Figure S9,
Supporting Information). Compared to treatment with scaffold
containing iNCVs (R848) or doxorubicin alone or a bolus
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Figure 3. iNCVs (R848) turned immunosuppressive myeloid cells into tumoricidal APCs. a—c) iNCVs (R848) induced the polarization of M2 macrophages
into M1 macrophages. M2 macrophages were incubated with PBS, empty iNCVs (blank), R848, or iNCVs (R848) (5 g mL™" of R848) for 24 h. Polari-
zation was analyzed by assessing: a) the expression of surface markers (CD86 and CD206), b) the production of Arg and NO production, and c) the
secretion of cytokines (TNF-¢, IL-6, IL-12, and IL-10). d,e) iNCVs (R848) induced the polarization of MDSCs into tumoricidal APCs. d) Flow cytometry
was used to analyze surface markers associated with DCs (CD11c*) and macrophages (F4/80%). e) The production of the proinflammatory cytokines
IL-12 and IL-6 was analyzed by ELISA. Data are presented as the mean £ S.D. (n = 3). P values were determined by one-way ANOVA and Tukey’s test
(*P < 0.05, **P < 0.01, and ***P < 0.001).
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Figure 4. Spatiotemporal delivery of therapeutics via the designer scaffold enhances therapeutic efficiency and reduces systemic toxicity. a) Survival rate
of mice after treatment. Tumors were treated with surgery (10% of the tumor remained) at 14 days after inoculation and subsequently treated as follows:
PBS, soluble empty iNCVs (bolus(iNCVs(blank))), soluble iNCVs (R848) (bolus(iNCVs(R848))), soluble doxorubicin (bolus(Dox)), soluble of both
(bolus(combo)), empty scaffold (scaffold(blank)), iINCVs(R848)-loaded scaffold (scaffold(iNCVs (R848))), doxorubicin-loaded scaffold (scaffold (Dox)),
or scaffold loaded with both (scaffold (combo)). Doxorubicin and R848 were treated with the same dose at 200 and 100 pg, respectively. Differences in
survival were determined for each group by the Kaplan—Meier method, and the overall P value was calculated by the log-rank test (n = 10). b) Tumor
weight (n=15) and c) number of metastatic lung nodules (n = 4) and representative images of the lungs collected from mice at 14 days after treatment.
White nodules indicate metastatic tumors in the lungs. d) Percent body weight change and e) serum levels of IL-6 following administration of different
treatments to assess toxicity (n =5). P values were determined by one-way ANOVA and Tukey'’s test (*P < 0.05, **P < 0.01, and ***P < 0.001).

injection, treatment with scaffold containing both iNCVs (R8438)
and doxorubicin synergistically inhibited tumor recurrence and
metastasis, resulting in prolonged survival. Notably, local treat-
ment with the scaffold could generate a systemic antitumor
immune response and inhibit tumor growth on distal lesions
(Figure S10, Supporting Information).

In fact, doxorubicin treatments are greatly limited by exten-
sive side effects mainly due to the toxicity of the drugs on normal
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tissues.?!l In addition, to date, only a few immunomodulators
have been approved as adjuvants in FDA-licensed vaccines,
and several molecules have failed to enter clinical practice
despite a multitude of promising results obtained in preclinical
studies.?”) These failures are attributed to the imbalance
between immunogenicity generation and safety concerns,
leading to the induction of systemic inflammatory responses.
It is important to spatiotemporally control the delivery of
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encapsulated substances to tumor sites without generating any
undesirable side effects. Thus, in addition to the analysis of
antitumor activity, we also evaluated the systemic toxicity of this
delivery platform. Upon local treatment, bolus administration
of iNCVs (R848), doxorubicin, and combo resulted in substan-
tial weight loss in mice, and 10%, 30%, and 40% of the mice
died, respectively (Figure 4d). In addition, bolus administration
of iNCVs (R848) and combo caused a marked increase in the
serum level of IL-6 within 6 h (Figure 4e). These results may
be associated with the rapid diffusion of the iNCVs (R848)
bolus from the surgical site causing inflammatory effects. By
contrast, compared with phosphate-buffered saline (PBS) treat-
ment, treatment of mice with the scaffold platform produced
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no significant weight loss at any time point. These results
confirmed the potential benefits of the scaffold as a reservoir
for controlling the release of immunomodulators to enhance
therapeutic efficacy and avoid systemic side effects.

To investigate the cellular and molecular changes among
immune cell subsets after treatment with the scaffold by each
therapeutic, infiltrating immune cells and cytokine production
in the tumor and lymphoid organs were analyzed seven days
after treatment. The combination treatment significantly
enhanced the infiltration of immune effector cells (CD4* and
CD8* T cells and M1 macrophages) and reduced the frequency
of immunosuppressive cells (MDSCs and M2 macrophages)
in tumors (Figure 5a; Figure S11, Supporting Information).
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Figure 5. Antitumor effects of the designer scaffold are mediated by the reversion of the immunosuppressive microenvironment and the restoration of
immunostimulation. Tumors were treated with surgery (10% of the tumor remained) at 14 days after inoculation and then treated with no further treatment
(surgery), a blank scaffold (blank), iNCVs (R848)-loaded scaffold (iNCVs (R848)), a Dox-loaded scaffold (Dox), or a scaffold loaded with both (combo).
a) Fluorescence-activated cell sorting analysis demonstrating the infiltration of CD4* and CD8* T cells (gated on CD3* cells), MDSCs (Gr1*CD11b*), and
M1/M2 macrophages (ratio of MHCII* cells to CD206" cells within the gated F4/80" cell population) into the recurrent tumor at 7 days postsurgery.
b) Cytokine levels in the recurrent tumor analyzed by ELISA. c) Antigen-specific response. Splenocytes were stimulated with 4T1 tumor antigen for 72 h.
After incubation, the supernatants were collected and analyzed by ELISA. d) Fluorescence-activated cell sorting analysis demonstrating the infiltration of
activated pDCs (CD317*CD86%) and e) type | IFN secretion (IFN-0) in the tumor-draining lymph node. f) Weight of the recurrent tumor after treatment
with the scaffold containing iNCVs (R848) and doxorubicin (scaffold) when specificimmune cell subsets were depleted to reveal their relative contributions.
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Figure 6. a-l) The designer scaffold enhances the therapeutic response to ICB therapies in postsurgical 4T1 (a—g) and TC1 models (h-l). a,h) Expression
of PD-L1 and PD-1 in recurrent tumors after the scaffold (iNCVs(R848) + Dox) treatment (n =5). b,i) Survival curves after combination treatment with
checkpoint inhibitors. Differences in survival were determined for each group by the Kaplan—Meier method, and the overall P value was calculated
by the log-rank test (n = 10). ¢,j) Recurrent tumor weight at day 7 after treatment. d,k) Infiltrating CD8"* T cells in the tumor (left) and spleen (right).
e,l) IFN-ysecretion from activated T cells after combination treatment with checkpoint inhibitors. f) Quantitative analysis of memory T cells. Splenocytes
isolated from tumor-free mice (treatment with scaffold + oPDL1 antibody) and naive mice were analyzed for the presence of central memory T (Tcy)
cells and effector memory T (Tgy) cells gated on CD4* and CD8* cells on day 40 immediately before rechallenging the mice with secondary tumors (n =
5). g) Tumor volumes of naive and tumor-free mice (Scaffold + oPDL1 treatment) post tumor-rechallenge (n = 6). Data are presented as the mean
S.D. P values were determined by Student’s t-test and one-way ANOVA with Tukey’s test (*P < 0.05, **P < 0.01, and ***P < 0.001).
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In addition, the localized release of the therapeutics also led
to an increase in the percentage of T cells and a decrease
in the percentage of MDSCs in the spleen (Figure S12,
Supporting Information). Consistent with the immune profile,
upregulated production of proinflammatory cytokines (IL-12,
IL-6, and IFN-}) and downregulated levels of immunosuppres-
sive cytokines (IL-10) were observed in recurrent tumors after
the combination treatment (Figure 5b). We assessed whether
the inhibition of tumor recurrence and metastasis after scaf-
fold implantation was related to the tumor antigen-specific
T cell response by isolating splenocytes and restimulating
them ex vivo with a 4T1 tumor lysate. The level of IFN-y pro-
duction was increased in the combination treatment group,
thereby confirming that antitumor immunity was mediated
in an antigen-specific manner (Figure 5c). The combina-
tion treatment remarkably increased the percentage of acti-
vated DCs and upregulated the secretion of proinflammatory
cytokines (IL-6 and IL-12) in the tumor-draining lymph nodes
(Figure S13, Supporting Information). In addition, the levels
of activated plasmacytoid DCs (pDCs) and type I IFNs (IFN-¢)
were significantly increased after treatment with iNCVs
(R848) or the combination regimen (Figure 5d,e). R848 is
known to activate pDCs, which produce large amounts of type
I IFNs.['%< pDC-derived type I IFNs link the innate and
adaptive immune responses in virus infection by stimulating
antigen cross-presentation to T cells and directly inducing the
differentiation of naive T cells into T helper 1 (Th1) cells.?*l To
understand the underlying in vivo antitumor mechanism of
designer scaffold (iNCVs (R848) and doxorubicin) treatment,
the roles of effector T cells and type I IFN signaling in the scaf-
fold-mediated immune response were investigated by an anti-
body depletion test. Depleting either CD4* or CD8" T cells or
neutralizing IFN-o/f receptor 1 caused a significant increase in
tumor progression, implying that both T cell populations and
type I IFN signaling were necessary for the inhibition of tumor
recurrence (Figure 5f; Figure S14, Supporting Information).
The efficacy of the designer scaffold (iNCVs (R848) and doxo-
rubicin) in reshaping the TME to enhance the response to ICB
therapy was then investigated in two different tumor models,
4T1 breast cancer and TC1 cervical cancer models (Figure 6).
Previous studies have shown that low-dose local administration
of ICB antibodies is as effective as high-dose systemic adminis-
tration but avoids the overstimulation of self-reactive T cells.?4
Anti-PD-L1 (aPDL1, clone 10F.9G2) or anti-PD-1 (aPD1, clone
RMP1-14) antibodies were directly loaded into the scaffold,
and sustained release was observed over 5 days (Figure S15,
Supporting Information). After local implantation of the
designer scaffold (iNCVs (R848) and doxorubicin), the upreg-
ulation of PD-L1/PD-1 expression in the TME was observed.
A major increase in PD-L1 expression on tumor cells was
observed in the 4T1 model, and PD-1 expression on T cells was
observed in the TC1 model after scaffold (iNCVs (R848) and
doxorubicin) treatment (Figure 6a,h). As previous studies have
shown that chemotherapy remarkably increases the expression
of immune checkpoint molecules in tumor tissue, the different
upregulation patterns of PD-L1 and PD-1 expression in the
different tumor models may be related to the different TME
conditions in each tumor model in response to doxorubicin
and iNCV (R848) treatment.*’! Upon the upregulation of PD-L1
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expression in the 4T1 model and PD-1 expression in the TC1
model, the synergistic effect of the aPDL1/oPD1 antibodies
and the designer scaffold (iNCVs (R848) and doxorubicin) was
observed according to the tumor cell type, while treatment
with the oPDL1 or oPD1 antibodies alone did not result in
any enhanced antitumor effects on either tumor model. In the
4T1 tumors, the synergy of the designer scaffold (iNCVs (R848)
and doxorubicin) and oPDL1 antibodies led to the inhibition of
tumor recurrence and a 100% prolonged mouse survival rate
over a month (Figure 6b,c), while no effect was observed in the
TC1 tumors. Remarkably, this synergistic effect also resulted
in 50% of the mice being tumor free. The proportions of dif-
ferent T cell phenotypes in the spleen of these tumor-free mice
were analyzed, which showed higher percentages of central
memory T cells (CD44*CD62L") and effector memory T cells
(CD44*CD62L") in the tumor-free mice than in naive mice
(Figure 6f; Figure S16, Supporting Information). To investigate
the potent memory antitumor response, the tumor-free mice
were reinoculated with 4T1 cells on the flank contralateral to
the surgical site 40 days after tumor resection and treatment.
Tumor growth in the treated mice (Scaffold + aPDL1) was
significantly inhibited, while continuous tumor growth was
observed in naive mice (Figure 6g). By contrast, the synergistic
effect of the scaffold (INCVs (R848) and doxorubicin) and aPD1
antibody was distinctive in the TC1 tumors (Figure 6i,j). To
understand these diverse response behaviors, the level of CD8"
T cells in the tumor and spleen (Figure 6d,k) and the secretion
of IFN-y by activated T cells (Figure 6e,l) after treatment with
the different combinations were analyzed in the 4T1 and TC1
tumor models and showed trends consistent with the previous
results. These results suggest that spatiotemporal TME modu-
lation by implanting the designer scaffold could transform ICB-
nonresponding tumors into responding ones. Although the
oPDL1 and oPD1 antibodies target different cells, they both
play a fundamental role in blocking the PD-L1/PD-1 axis. The
different responses between the two antibodies may be related
to the different location of target cells. The oPDL1 antibody tar-
geted cancer cells, and its impact is localized, which is mainly
to alter the TME. By contrast, the oPD1 antibody targets T cells,
and its impact is systematic which would exert complex and
multifunctional effects on both T cells and whole immune
system.”’l The treatment of designer scaffold in TME is also
expected to evoke different impacts on tumor cells and T cells,
respectively, which are related to the different responses to oPDL1
and oPD1. In addition, further studies should be conducted sys-
tematically to understand the different responses to aPD1 and
oPDL1 antibodies in different tumor models. However, we can
speculate that they may be related to the different resistance
mechanisms to checkpoint therapy depending on different TME
condition in two tumor models.?®! Actually, several research
groups are developing sets of biomarkers (PD-1/-L1 overexpres-
sion, mutational burden, tumor-infiltrating immune cells, and
tumor environmental metabolites) associated with resistance
and response to ICB. These studies can be helpful not only to
disclose the underlying mechanism of the different responses to
ICB in different tumors but also to guide optimal combination of
immune modulators and ICB therapy in the clinic.l?’!

In summary, we have developed a designer scaffold for the
spatiotemporal delivery of immunotherapeutic agents to prevent
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tumor recurrence and metastasis after the removal of large estab-
lished primary tumors. The spatiotemporal release of doxorubicin
from the scaffold triggered robust expression of signals associated
with ICD and elicited an antigen-specific T cell response. iNCVs
(R848) could act as adjuvants to activate innate immune cells as
well as immunomodulators to reprogram immunosuppressive
cells (TAMs and MDSCs) into tumoricidal APCs. The synergistic
action of the TAM- and MDSC-repolarizing agents, which could
convert the immunosuppressive TME into one that supports
antitumor immunity, and the in situ cancer vaccine, which could
elicit tumor antigen-specific T cell responses, resulted in the
induction of systemic antitumor immunity. Although ICB thera-
pies have been developed as potent alternatives to conventional
treatment, their therapeutic efficacy is limited to only a small
group of patients, and the systemic administration of these anti-
bodies is still restricted by various side effects and resistance. The
combined delivery of doxorubicin and iNCVs (R848) mediated
by the scaffold elicited immunogenic phenotypes in tumors and
changed oPDL1/oPD1-nonresponsive tumors into responsive
tumors, resulting in significant increases in survival, the number
of tumor-free mice, and the long-term memory T cell response.
This strategy holds great promise for treating patients with poorly
immunogenic tumors that are less responsive to ICB treatment.
Moreover, local immunomodulation of the TME by the scaffold is
a more specific, more effective, and less toxic therapeutic strategy
for generating anticancer immunity than is bolus injection. Com-
bination therapy generally increases the risk of side effects; how-
ever, we did not observe any obvious toxicity in the mice treated
with the drug-loaded scaffolds. The designer scaffold we proposed
herein may serve as a novel platform in cancer immunotherapy
for the inhibition of tumor recurrence and metastasis.
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