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Lethal cancer is characterized by drug-resistant relapse and meta-

stasis. Here, we evaluate the efficacy of a neoadjuvant therapeutic

strategy prior to surgery that combines the immune checkpoint

inhibitor anti-PD1 with a powerful immunostimulatory nano-

particle (immuno-NP). Lipid-based immuno-NPs are uniquely

designed to co-encapsulate a STING and TLR4 agonist that are

functionally synergistic. Efficacy of neoadjuvant combination

immunotherapy was assessed in three aggressive murine tumor

models, including B16F10 melanoma and 4T1 and D2.A1 breast

cancer. Primary splenocytes treated with dual-agonist immuno-

NPs produced a 75-fold increased production of interferon β com-

pared to single-agonist treatments. Systemic delivery facilitated

the widespread deposition of immuno-NPs in the perivascular

space throughout the tumor mass and their preferential uptake by

tumor-resident antigen-presenting cells. Our findings strongly

suggested that immuno-NPs, when administered in combination

with anti-PD1, harnessed and activated the otherwise “exhausted”

CD8+ T cells as key mediators of tumor clearance. Neoadjuvant

combination immunotherapy resulted in significant efficacy, cura-

tive responses, and protective immunological memory in 71% of

good-responding mice bearing B16F10 melanoma tumors and

showed similar trends in the two breast cancer models. Finally, this

neoadjuvant combination immunotherapy drove the generation of

B and T cell de novo epitopes for a comprehensive memory

response.

1. Introduction

Due to significant advances in surgical precision, primary
tumor resection is typically the first and most effective treat-
ment option in the majority of cancers.1–3 However, the aggres-
sive forms of cancer display a high risk of metastatic disease
and recurrence, which exhibit pro-survival and chemo/radio-
resistant phenotypes, making current standard-of-care thera-
pies ineffective. Further, in aggressive solid tumors that are
initially unresectable or high-risk resectable, there is signifi-
cant interest in the development of new neoadjuvant treat-
ments to reduce tumor size and viability prior to surgery.4–6

Due to increased resistance of aggressive cancers to conven-
tional treatments, immunotherapies are increasingly exploited
as neoadjuvant pre-surgical treatments.

An effective neoadjuvant immune intervention can exploit
the primary tumor and its diverse microenvironment and
tumor antigens, increasing the likelihood of the entire tumor
being turned into a vaccine. From an immunotherapy design
perspective, the tumor microenvironment (TME) itself offers a
substantial local immune cell infiltrate that, if modulated
effectively, can be harnessed for tumor clearance. In advanced
tumors, this immune infiltrate can make up approximately
50% of the cells of the tumor mass and includes both phago-
cytic innate immune cells, such as neutrophils, macrophages,
dendritic cells (DCs), and natural killer (NK) cells, and adap-
tive immune cells, such as T and B cells.1,7–9 Notably, while
early tumors are inflamed and “hot” with significant numbers
of proinflammatory anti-tumor immune cells such as DCs,
M1 macrophages, and CD8+ T cells, aggressive tumors advance
to become noninflamed, immune-excluded, and “cold” by
upregulating the immunosuppressive function of tumor-pro-
moting cell subsets such as neutrophils, M2 macrophages,
and regulatory T cells (Tregs) to render proinflammatory
cells dysfunctional and “exhausted”.10,11 Tumor immunity,
however, can be adeptly modulated if accessed effectively.
Neoadjuvant immunotherapies exploit this very malleability of
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tumor immune cells for therapeutic purposes. Despite some
modest efficacy, neoadjuvant therapies using the immune
checkpoint inhibitor anti-PD1 have been limited in their
narrow, singular focus solely on CD8+ T cells, which relies on
these “exhausted” cells in “cold” tumors to mediate tumor
clearance entirely by themselves. Given that the majority of
tumor-resident CD8+ T cells are dysfunctional and “exhausted”
due to an overwhelming immunosuppressive “cold” TME
milieu, “cold”-to-“hot” immunostimulatory strategies to
harness and activate the proinflammatory innate immune
cells of the tumor to reduce TME immunosuppression have
garnered significant attention as a necessary component of
CD8+ T cell therapies.11–17

Towards this goal of developing effective “cold”-to-“hot”
strategies, a nascent but fast-growing class of immunothera-
pies involving the direct intratumoral administration of immu-
nostimulatory innate agonists as neoadjuvant treatments prior
to surgery has gained notable traction in recent years.12,18–20

Such neoadjuvant immunostimulatory therapies seek to repro-
gram and activate the antigen-presenting cells (APCs) in the
TME by delivering agonists of powerful pattern recognition
receptor (PRR) pathways, chief classes of which are the
families of the stimulator of interferon genes pathway
(STING)21–26 and Toll-like receptor (TLR) pathway.27–29

Here we report on the development of a novel immunosti-
mulatory nanoparticle-based neoadjuvant therapeutic strategy
to achieve both curative results and protective immunological
memory (Fig. 1). Notably, we combine these immuno-nano-
particles (immuno-NPs) with anti-PD1 to powerfully augment
the pivotal tumor-killing function of local CD8+ T cells. The
neoadjuvant immuno-NP treatment integrates three key fea-
tures. First, we designed a biocompatible lipid-based nano-
particle system that co-encapsulates two synergistic immune
agonists, the STING pathway agonist cyclic di-guanylate mono-
phosphate (cdGMP)30,31 and the TLR4 pathway agonist mono-
phosphoryl lipid A (MPLA)32–36 on the same particle.37,38 In
recent work, we have shown that and co-delivery of the two
agonists to the same target APC is an essential driver of syner-
gistic IFNβ production.23,37,39 Second, this dual-agonist
immuno-NP system can be systemically delivered to achieve
widespread access to the tumor perivascular region that is rich
in target APCs (Fig. 1, step 1). Systemic administration of
immuno-NPs resulted in preferential and significant uptake by
tumor APCs and promoted significant IFNβ production by
these cells in multiple aggressive murine tumor models
including melanoma, triple-negative breast cancer, and pan-
creatic cancer. Systemic administration offers distinct benefits
over the standard intratumoral administration methods, which

Fig. 1 Combining systemic dual agonist immunostimulatory NPs with anti-PD1 as a powerful neoadjuvant treatment prior to surgical resection of
aggressive tumors. Our treatment relied on systemic delivery of dual-agonist immuno-NPs as an ideal route to access perivascular APCs (step 1) and
combination with PD1 blockade as a co-treatment (step 2). Immuno-NP uptake by local APCs and their simultaneous sampling of antigens shed by
tumor cells drives the priming and activation of local CD8+ T cells that become key drivers of tumor clearance (step 3). Surgical resection of the
small residual tumor mass ensures complete elimination, while immunological memory generated from the immunotherapy protects against cancer
recurrence (step 4).
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not only rely on accurate prior knowledge of tumor locations
that is often clinically infeasible, but also have limitations in
achieving the necessary widespread delivery of agonists
throughout the tumor mass.40 Compared to delivery of free
agonists, the co-encapsulation of the two synergistic cargoes in
immuno-NP enables high potency at the tumor target site at a
reduced dose resulting in a high safety profile where any tox-
icity is only minimal and transient. Third, we combined the
immuno-NP treatment with tumor PD1 blockade in efforts to
augment and facilitate a tumor-clearing CD8+ T cell response
(Fig. 1, step 2). Activation of local tumor-resident CD8+ T cells
that are otherwise “exhausted” allows us to harness
their tumor-killing potential for a significant therapeutic
advantage.41–43 Immuno-NP uptake by and activation of target
APCs that continue to sample antigens from dying tumor cells
promotes their production of a powerful local Type I IFN cytokine
gradient that serves to activate other innate and adaptive
immune cells. Notably, these APCs can prime and activate local
tumor-specific CD8+ T cells that are otherwise “exhausted”,
leading to T cell-mediated tumor killing and clearance (Fig. 1,
step 3). The neoadjuvant combination immunotherapy can gene-
rate potent antitumor immunity leading to a substantial
reduction of the tumor size within just a few days, which can
increase the likelihood of success of the subsequent surgical
resection. Finally, immunological memory is generated to protect
against tumor recurrence (Fig. 1, step 4). We further demonstrate
the major role local tumor-resident CD8+ T cells play in tumor
clearance. We establish that immuno-NPs drive de novo CD8+ T
and B cell epitope recognition,44–47 enabling more comprehen-
sive defense and protection against tumor recurrence.

2. Experimental section
2.1. Experimental design

The purpose of this study was to develop an immunostimula-
tory nanoparticle-based combination therapy with PD1 check-
point blockade as a neoadjuvant immunotherapy for aggres-
sive cancers. Institutional, local, state, and federal guidelines
under a Case Western Reserve University School of Medicine
IACUC-approved protocol were followed for all in vivo animal
studies using syngeneic murine tumor models. In vitro cell
culture analysis was performed using both established cell
lines and primary cells. Results from rigorous prior studies
were used as a guideline to establishing the optimal number
of animals and samples used in each study. Sample size was
assessed to ensure adequate power and selected based on his-
torical data. All mice were females to eliminate any confound-
ing gender differences and also because this gender was most
relevant for the breast cancer models used in this study.
Treatment groups were formed by random assigning of mice,
and all analyses were blinded. No animals or samples were
excluded from analysis, neither were any outliers. The specific
number of independent biological replicates, sample size, and
details of statistical analyses are included in the figure
legends.

2.2. Immuno-nanoparticle synthesis & characterization

Dual-agonist immunostimulatory nanoparticles (immuno-NPs)
were synthesized by ultrasonication. Equimolar amounts of
DOPC (48.5 mol% 1,2-dioleoyl-sn-glycero-3-phosphocholine,
Avanti) and DPPC (48.5 mol% 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, Avanti) were prepared in chloroform, along
with 3 mol% mPEG2000-DSPE [methoxy-poly(ethyleneglycol)-
2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N, Laysan
Bio]. 100 µg of MPLA (Sigma-Aldrich) was added per 42 µmol
of lipid. Lipid films were formed by evaporation of chloroform.
These films were hydrated in phosphate-buffered saline (PBS)
containing 200 µg of cdGMP (Invivogen), heated to 56 °C for
40 min, with vortexing every 5 min for 30 s intervals. Samples
were then ultrasonicated on ice using 30 s cycles, with pulsing
at 20% amplitude for 20 s followed by a 10 s pause for a total
of 5 min. Immuno-NPs were dialyzed for 2–4 h against sterile
PBS and stored immediately at 4 °C. Dynamic light scattering
(DLS) and zeta potential measurements were used to measure
immuno-NP hydrodynamic size and surface charge, respect-
ively (Beckman Coulter). High permeation liquid chromato-
graphy (HPLC, Shimadzu) was used to measure encapsulated
cdGMP. Stability studies were performed in independent tripli-
cate at both 22 °C and 37 °C over short (1–4 h) and long (24 h)
time points. 0.2 mol% of DiR (Thermo Fisher Scientific) was
incorporated into lipid films during synthesis for fluorescent
immuno-NP studies. Each dose of immuno-NPs carried 7 µg
each of cdGMP and MPLA. The MTT assay (Abcam) was used
for viability/cytotoxicity in vitro studies in B16F10 melanoma
cells using immuno-NPs carrying doses of 7 µg each of cdGMP
and MPLA and an equivalent concentration of empty NPs as a
control.

2.3. Cell lines & animal models

Murine B16F10 melanoma cells, 4T1 triple-negative breast
cancer cells, D2.A1 breast cancer cells, and RAW 264.7 macro-
phages were cultured in DMEM (Gibco) supplemented with
10% FBS (HyClone). 4T1 and D2.A1 cells were transfected to
express GFP and luciferase and a gift from the Schiemann
Laboratory at the Case Comprehensive Cancer Center. RAW
macrophages were purchased from ATCC. Quality control of
cell lines was routinely performed using short tandem repeat
authentication and testing for Mycoplasma contamination.

All animal procedures were conducted under a protocol
(number: 2015-0116) approved by the Institutional Animal
Care and Use Committee (IACUC) of Case Western Reserve
University (CWRU). CWRU follows the Guide for the Care and
Use of Laboratory Animals, which is required by the United
States Public Health Service Policy (PHS) on humane care and
use of laboratory animals.

For B16F10 melanoma studies, C57/BL6 mice (Jackson
Laboratories) were inoculated by orthotopic subcutaneous
injection of 1 × 106 B16F10 cells on the dorsal flank. Tumor
burden was monitored by measurement of physical tumor
dimensions by digital calipers and mouse weight every 1–2
days post-inoculation. Tumor-bearing animals were treated on

Communication Nanoscale

1146 | Nanoscale, 2022, 14, 1144–1159 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

on
 1

/6
/2

02
6 

2:
46

:2
2 

A
M

. 
View Article Online

https://doi.org/10.1039/d1nr06577g


day 7 after inoculation. Immuno-NPs were administered by
intravenous (i.v.) tail vein injection. Anti-PD1 (250 µg, clone
RMP1-14; BioXCell) was administered by subcutaneous injec-
tion adjacent to the primary tumor mass. On day 14 post-
inoculation, tumors were surgically removed under 1–2% iso-
flurane anesthesia with 5.0 mg kg−1 carprofen as analgesic for
2–3 days post-surgery.

For D2.A1 and 4T1 breast cancer studies, Balb/C mice
(Jackson Laboratories) were inoculated by orthotopic sub-
cutaneous injection of 5 × 105 tumor cells in mammary fat pad
#9. Tumor burden was monitored by bioluminescence
imaging (IVIS Spectrum, PerkinElmer), measurement of physi-
cal tumor dimensions by digital calipers, and mouse weight
every 1–2 days post-inoculation. Tumor-bearing animals were
treated on day 7 after inoculation, with immuno-NPs/anti-PD1
treatment administered and surgical resection performed as
for B16F10 tumor-bearing mice as detailed above.

2.4. Flow cytometry

Anti-mouse CD45 (clone 30-F11), Ly6G (clone 1A8), Ly-6C
(clone AL-21), CD11b (clone M1/70), CD11c (clone HL3), F4/80
(clone BM8), CD49b (clone DX5), CD3ε (clone 145-2C11), CD4
(clone GK1.5), CD8α (clone Ly2, 53-6.7), and CD19 (clone 1D3)
flow cytometry antibodies were purchased from BD Biosciences.
Anti-mouse CD80 (clone 16-10A1), CD86 (clone GL1), CD206
(clone C068C2), CD25 (clone PC61), and CD127 (clone SB/199)
were also purchased from BD Biosciences and BioLegend.
Flow cytometry analysis was performed on blood, tumor, and
spleen samples 4 days post-treatment and on a weekly basis as
indicated. Blood was collected by retro-orbital bleeding and
tumors were excised via surgical resection or immediately fol-
lowing euthanization along with spleens. Blood samples were
treated with ACK lysing buffer to lyse erthyrocytes and the
remaining blood leukocytes were washed in FACS buffer (0.5%
FBS in PBS-EDTA) prior to staining. Organs were gently dis-
rupted by progressive mincing/straining into single-cell sus-
pensions. Cells were blocked with anti-mouse CD18/CD32 and
stained in FACS buffer to identify immune cell populations.
Samples were analyzed using a BD FACS LSR II Flow
Cytometer (Becton Dickinson) and data analysis was per-
formed using FlowJo software.

For IgG antibody coating studies for investigation of de novo
B cell epitope recognition, treated mice that were initially
inoculated with B16F10 or D2.A1 tumor cells that were good
responders were bled and serum was isolated at 4 °C. Tumor
cells were cultured in sterile PBS containing 5% of serum from
these good responders for 30 min also at 4 °C. Samples were
stained with 1 : 200 of anti-mouse IgG Alexa Fluor 647-conju-
gated secondary antibody for 1 h at 25 °C. Samples were
washed in FACS buffer and analyzed for IgG staining using a
BD FACS LSR II Flow Cytometer (Becton Dickinson).

2.5. Immunostaining and confocal microscopy

B16F10 tumor-bearing mice were treated with combination
immuno-NPs/anti-PD1, immuno-NPs only, anti-PD1 only, or
left untreated on day 7 following inoculation. Mice were eutha-

nized on day 11, 4 days following the start of therapy.
Immediately following, organs were harvested, fixed in 4%
PFA/PBS, dehydrated in 30% sucrose/PBS, and embedded and
frozen in optimum cutting temperature medium (OCT
medium, Thermo Fisher Scientific). Primary antibodies to
mouse anti-PD1 and anti-PDL1 were purchased from BioXCell,
while secondary antibodies were purchased from Thermo
Fisher Scientific. 7 µm thick frozen sections were sectioned,
blocked with goat serum, and stained with 1 : 50–1 : 100
primary antibodies overnight at 4 °C, followed by staining with
1 : 50–1 : 100 secondary antibodies for 1 h at 25 °C. Following
staining, sections were mounted with no. 1.5 glass coverslips
using Vectashield DAPI aqueous mounting medium (Vector
Laboratories). Samples were imaged using a Leica TCS
SP8 gated STED confocal microscope (Leica Microsystems).

2.6. Immunosequencing

For T cell receptor repertoire expansion studies, PCR amplifi-
cation bias-controlled immunosequencing technology,
ImmunoSEQ, by Adaptive Biotechnologies was used. Genomic
DNA was analyzed from whole blood of mice cured from
B16F10 melanoma, 7 days following re-challenge with B16F10
tumor cells. Data was analyzed using ImmunoSEQ Analyzer
software.

2.7. Transmission electron microscopy with negative staining

For TEM imaging, carbon film grids were first treated by glow
discharge for 3 min. NPs were diluted 10-fold from treatment
concentrations and applied to treated grids. Following 30 s of
sedimentation time, grids were washed with 5 mM Tris buffer
and stained immediately with 2% uranyl acetate. Samples were
imaged using a Tecnai G2 SpiritBT Electron Microscope (FEI)
operated at 80 kV.

2.8. ELISAs

C57/BL6 splenocytes were harvested as for flow cytometry and
6 million cells were plated per well of a 24-well plate in tripli-
cate and treated with dual-agonist immuno-NPs containing
20 µg mL−1 each of cdGMP and MPLA, single-agonist NPs con-
taining equivalent amounts of cdGMP or MPLA, empty NPs
that served as the vehicle control, or left untreated. Cell culture
supernatants were harvested 16 and 40 h after seeding and
treatment, clarified by centrifugation at 4 °C, and analyzed per
manufacturers’ protocols for the presence of IFNβ (LumiKine
Xpress Bioluminescent Cytokine ELISA Kit, Invivogen) and
TNFα (ELISA MAX Deluxe Kit, BioLegend). For RAW
264.7 macrophage ELISAs, identical methods were used with
cell culture supernatants harvested at 2, 6, and 24 h after
seeding and treatment.

2.9. Statistical analysis

All statistical analyses are detailed in figure legends. Prism 8
(GraphPad Software) was used to analyze data by one- or two-
way ANOVA with Tukey or Sidak’s post-test. To be considered
statistically significant, P values were less than 0.05. All values
are reported as the mean ± standard error (SEM) of at least 3
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independent biological replicates, unless otherwise noted. For
animal studies, at least 3–5 mice were included in each group.
In representative studies, study groups consisted of up to
25 mice when pooled from up to 3 independent study
repetitions.

3. Results and discussion
3.1. Synergistic dual agonist immuno-NPs drive activation of
primary DCs

The effective design of the immuno-NP itself is fundamental
to the premise of the novel nanoparticle-based neoadjuvant
combination immunotherapy we report here (Fig. 2). Since our
goal was to generate a robust proinflammatory Type I inter-
feron response driven specifically by APCs, we elected to co-
deliver agonists of two powerful PRR pathways that overlapped
in downstream effectors, STING and TLR4 (Fig. 2A). Given our
very recent findings that co-delivery of STING agonist cdGMP
and TLR4 agonist MPLA on the same liposomal NP promoted
the synergistic production of Type I IFNβ,37 we elected to use
the same lipid-based design (Fig. 2B). We constructed
immuno-liposomes by ultrasonication of an equimolar lipid
matrix of the low- and high-Tm lipids DOPC and DPPC,
respectively. This lipid-based design was ideally suited for the
co-encapsulation of the hydrophilic cdGMP within the
aqueous internal core of the NP and the hydrophobic lipidic
MPLA by insertion within the lipid bilayer shell. Driven by
design criteria that dictated both optimal tumor draining from
the systemic blood circulation and internalization within a
local target APC, we elected to coat the immuno-NP with
3 mol% poly(ethylene glycol) (PEG) for an overall diameter of
∼50 nm (Fig. 2B). Characterization by transmission electron
microscopy (TEM) with negative staining indicated stable lipid
ultrastructure (Fig. 2C). Dynamic light scattering (DLS) and
zeta potential measurements indicated a mean ∼50 nm hydro-
dynamic size with neutral surface charge (Fig. 2D, E, ESI
Table 1 and ESI Fig. 1A†). DLS measurements over short
(1–4 h) and long (24 h) time points indicated that NPs were
stable in physiologically relevant solvents, including PBS,
water, and DMEM medium supplemented with 10% serum
(ESI Fig. 1B†). Further, in vitro cytotoxicity measurements indi-
cated that there were no changes to cell viability following
treatment with dual-agonist NPs compared to controls
(Fig. 2F).

To assess the functionality of immuno-NPs in vitro, we used
primary splenic immune cell cultures from C57BL6 mouse
strains to quantify immuno-NP uptake, DC activation, and pro-
motion of synergistic production of proinflammatory cyto-
kines. Dual-agonist immuno-NPs, single-agonist NPs, and
empty NPs were prepared for these studies (ESI Fig. 2†).
Uptake of fluorescent NPs by splenocytes was continuously
increasing from 16 to 40 h of treatment (Fig. 2G), but a distinct
population of NP+ splenocytes appeared to endocytose par-
ticles with significantly higher affinity at 40 h, with cells that
were more than 10 000-times higher in NP fluorescence that

other splenocytes. Within this NPhi population, at 40 h of treat-
ment, dual-agonist immuno-NPs and cdGMP-only NPs had sig-
nificantly more NPhi splenocytes, with dual-agonist immuno-
NPs having the highest, a significant 1.8-fold greater than
cdGMP-only NPs, 7.5-fold greater than MPLA-only NPs, and
61.3-fold greater than empty NP vehicle controls (Fig. 2H and
I). Further investigation indicated that at 40 h, 50% of NP+

splenocytes were DCs in the case of treatment with dual-
agonist immuno-NPs, which was significantly higher than the
single-agonist and control comparisons (Fig. 2J). Significantly,
nearly 100% of NPhi splenocytes across all treatment con-
ditions were DCs, which is expected given their proficient pha-
gocytic activity (Fig. 2K). In splenocytes treated with dual-
agonist immuno-NPs and cdGMP-only NPs, 58% of DCs were
NP+ at 16 h of treatment, which was a significant 2.9-fold
higher than with MPLA-only NPs (Fig. 2L). At 40 h, 91% of DCs
were NP+ in splenocytes treated with dual-agonist immuno-
NPs and cdGMP-only NPs (Fig. 2L). In splenocytes treated with
dual-agonist immuno-NPs, a significant 60% of DCs are NPhi

at 40 h compared to cells treated with single-agonist and
control formulations (Fig. 2M). Taken together, these data
suggest a significant role for APCs in general and DCs in par-
ticular in driving dual-agonist immuno-NP efficacy. Next, we
investigated immuno-NP-mediated DC activation. At both 16
and 40 h, DCs in splenocyte cultures treated with dual-agonist
immuno-NPs and cdGMP-only NPs were significantly expres-
sing both surface activation markers, CD80 and CD86, com-
pared to MPLA-only NPs, empty NPs, and untreated controls
(Fig. 2N and O). In dual-agonist immuno-NP-treated spleno-
cyte cultures, 57% of DCs were expressing CD80, CD86, or
both activation markers at 16 h of treatment, while 90% of
DCs were expressing either or both activation markers at 40 h.
At 40 h of treatment, dual-agonist immuno-NP- and cdGMP-
only NP-treated splenocyte cultures had at least 2.1-fold more
strongly activated CD80+ CD86+ double-positive DCs compared
to cultures treated with MPLA-only NPs and control cultures
(Fig. 2O). Similar trends were observed for NP+ DCs, where at
40 h, there were 1.6-fold more CD80+ CD86+ DCs compared to
MPLA-only NPs and empty NPs (Fig. 2P–R). Having quantitat-
ively assessed NP uptake and NP-mediated activation, we
finally sought to assess biological function by measuring their
promotion of proinflammatory IFNβ and TNFα in treated sple-
nocytes. Strikingly, splenocytes treated with dual-agonist
immuno-NPs significantly produced the highest IFNβ and
TNFα compared to single-agonist NPs, empty NPs, and
untreated controls (Fig. 2S and T). Notably, dual-agonist
immuno-NPs promoted 45- and 75-fold increased production
of IFNβ at 16 and 40 h of treatment, respectively, and 19- and
16-fold increased production of TNFα at 16 and 40 h of treat-
ment (Fig. 2S and T). Production of both cytokines is strongly
synergistic and does not correlate solely to any differences in
uptake (i.e., a 1.8-fold increase in uptake of dual-agonist
immuno-NPs compared to cdGMP-only NPs at 40 h cannot
alone account for the 75-fold increase in IFNβ production and
16-fold increase in TNFα production). To assess kinetics of
this response, we treated RAW 264.7 macrophages with dual-
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Fig. 2 Co-encapsulation of cdGMP and MPLA on the same immunostimulatory NP promotes synergistic production of IFNβ and significant uptake
in primary DCs. Schematic depiction of synergistic STING and TLR4 pathways (A) and dual-agonist immuno-NP co-encapsulating cdGMP and MPLA
(B). Ultrastructure of immuno-NPs by transmission electron microscopy (TEM) with negative staining (C), scalebar 50 nm. DLS (D) and zeta potential
(E) measurements of empty control NPs and cdGMP/MPLA dual-agonist NPs. (F) Viability studies in B16F10 melanoma cells. Analysis by flow cytome-
try of NP+ splenocytes (G) and NPhi splenocytes (H) with representative dot plots (I). Analysis by flow cytometry of NP+ (J) and NPhi (K) cells that are
primary DCs, and primary DCs that are NP+ (L) and NPhi (M). Expression of activation markers CD80 and CD86 in primary DCs at 16 h (N) and 40 h
(O), and in NP+ DCs at 16 h (P) and 40 h (Q). Flow cytometry dot plot plots for activation markers CD80 and CD86 in primary DCs (R). ELISA analysis
for production of IFNβ (S) and TNFα (T) in primary splenocytes, and of IFNβ in RAW 264.7 macrophages (U). All experiments were performed in inde-
pendent biological triplicate. Statistics were analyzed by Student’s t test, 1-/2-way ANOVA with Tukey’s post-test (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001).
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agonist immuno-NPs and measured a significant IFNβ pro-
duction after 6 h of treatment, but not as early as 2 h, com-
pared to controls (Fig. 2U).

3.2. Combination with PD1 blockade augments reduction in
tumor burden

Initially, we sought to assess whether an initial combination
treatment of immuno-NP and anti-PD1 can provide therapeutic
benefits in terms of activation of the tumor-resident immune
cells and control of tumor growth for at least a week prior to
surgery (next study). In previous work,37 evaluation of the
immuno-NP’s biodistribution indicated that 6% of the dose
accumulated in the tumor 28 hours after injection with the
rest of the nanoparticles found primarily in the liver and
spleen. Notably, flow cytometry analysis of the primary tumor
showed that about 53% of immuno-NPs were taken up by
CD45+ immune cells, including DCs and macrophages, but
less than 1% of immuno-NPs were found in tumor cells.37

These findings point out to the benefits of systemic delivery of
immuno-NPs and their passive and preferential accumulation
in the perivascular TME for gaining access to the majority of
tumor-resident APCs. We tested the efficacy of the immuno-
NP/anti-PD1 combination in vivo using the B16F10 melanoma
model. When tumor were well-established with sizes of
100–150 mm3 (day 7 post-inoculation), animals were treated
with 3 consecutive daily doses each of immuno-NPs and anti-
PD1 with anti-PD1 treatment staggered ahead to start 24 h
prior to the start of immuno-NP treatment (Fig. 3A). On days
where mice received both immuno-NPs and anti-PD1, treat-
ments were staggered to be administered 12 h apart. While
immuno-NPs were administered systemically via intravenous
(i.v.) injection in the tail vein, anti-PD1 was administered sub-
cutaneously (s.c.) directly adjacent to the tumor mass to mini-
mize any transport and delivery challenges that might arise
due to the large globular size of the antibody. We recognize
that a lymph node-activated CD8+ T cell response would likely
not occur for 4–7 days following tumor-resident DC activation
by immuno-NPs and DC trafficking to lymph nodes. However,
we hypothesized that the striking and near-immediate tumor
clearance driven by immuno-NP treatment alone that occurs
within 24 h of initial treatment may not be due simply to the
activity of phagocytic innate immune cells but also due to the
activation of local otherwise “exhausted” tumor-specific CD8+

T cells. As such, to significantly augment this particular local
CD8+ T cell response, we elected to administer anti-PD1 at the
very start of the combination therapy adjacent to the tumor,
allowing for direct draining to the tumor mass (Fig. 3A).
Tumor burden was monitored by caliper measurements of
tumor volume (Fig. 3B) and overall mouse weight (ESI Fig. 3†).
Just 24 h following the first immuno-NP treatment, tumor
volumes in both the combination and immuno-NP groups
reduced by up to 25%, indicating near-immediate tumor clear-
ance. While tumor sizes remained significantly small in mice
that received combination therapy for at least 8 days following
(45% reduced), this clearance was sustained for only 5 days in
mice that received immuno-NPs alone (39% reduced).

Throughout the study, mice in the combination group signifi-
cantly had the smallest tumors, 57% smaller than mice receiv-
ing immuno-NPs alone, and 75% smaller than mice receiving
anti-PD1 alone or untreated mice. Notably, in specific treat-
ment groups where anti-PD1 was given continually every 2 days
following the first 3 consecutive doses, there appeared to be
no added benefit (Fig. 3B).

To investigate the mechanistic basis underlying these func-
tional results, we treated mice bearing B16F10 melanoma
tumors with combination therapy or individual monotherapies
and analyzed the immune cell makeup of the tumor and blood
on day 11 post-inoculation, 4 days following the start of the
treatment. We found 37–42% reduced PD1 on the surface of
tumor-resident CD8+ T cells in mice that received combination
therapy or immuno-NPs compared to untreated mice (Fig. 3C
and D). Confocal microscopy showed that both PD1 and PDL1
were upregulated in untreated tumors compared to their
treated counterparts (Fig. 3E). On day 11, we found that
excised tumor masses of all treated groups were comparable
and 45% smaller than those of the untreated group (Fig. 3F).
Further, splenic masses across all groups, treated and
untreated, were comparable, suggesting that there was no sig-
nificant systemic inflammation (ESI Fig. 4†). Tumor size had a
strong significant inverse correlation with the percentage of
CD45+ immune cells in the tumor on day 11, with all tumors
having more than 28% of their cells CD45+ and a mass less
than 100 mg being from mice that received a treatment
(Fig. 3G, dashed box). Specifically with respect to CD8+ T cells,
all treatment groups had 2.8-fold greater tumor-resident CD8+

T cells compared to untreated groups on day 11 (Fig. 3H). Mice
that received the combination treatment had 2.2-fold more
CD8+ T cells in the blood compared to mice from other groups
on day 11 (Fig. 3I). We noted a 3.9-fold increased CD8+/Treg
ratio in the tumor in the combination and immuno-NP treat-
ment groups compared to the anti-PD1 and untreated controls
(Fig. 3J). Similarly in the blood, we found a 3.2-fold increased
CD8+/Treg ratio in the combination treatment group compared
to the other groups (Fig. 3K). Further, we measured signifi-
cantly increased levels of innate immune cells, specifically
neutrophils, DCs, macrophages, and NK cells, in the blood
compartment of mice receiving combination therapy on day 11
compared to all other treatment groups and untreated controls
(Fig. 3L and M).

3.3. Surgical resection following neoadjuvant combination
immunotherapy enables curative responses with memory

Given the efficacy of the immuno-NP/anti-PD1 combination
therapy for the necessary 7-day window before surgery, we next
investigated the efficacy of a complete neoadjuvant scenario
with the addition of surgery. Since the treated tumor itself
serves as an essential source of information for the immune
system to generate a robust protective memory response, we
hypothesized that sufficient time was necessary following the
start of therapy to allow for local tumor clearance, DC traffick-
ing to lymph nodes for priming of tumor-specific T and B
cells, and the generation of adaptive memory clones. In mice
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Fig. 3 Combination therapy of immuno-NPs with anti-PD1 significantly improves overall survival in vivo. Combination treatment schematic of
B16F10 orthotopic melanoma-bearing mice (A). Average physical tumor volume measurements (B). Flow cytometry analysis for PD1+ CD8+ T cells in
the tumor (C) and representative dot plots (D). Confocal micrographs for expression of PD1 (yellow, stained with AlexaFluor 647 secondary antibody),
PDL1 (green, stained with AlexaFluor 488 antibody), and nuclei (blue, stained with DAPI) in B16F10 tumor tissue (E), scalebar 50 µm. B16F10 tumor
mass measurements upon excision on day 11 (F). Flow cytometry analysis for CD45+ immune cells in the tumor in correlation to tumor mass upon
excision (G). Flow cytometry analysis of CD8+ T cells in the tumor (H) and blood (I), CD8+/Treg ratios in the tumor (J) and blood (K), and neutrophils,
monocytes, DCs, macrophages, and NK cells in the blood (L) on day 11. Flow cytometry dot plots of DCs, macrophages, and NK cells in the blood on
day 11 (M). All experiments were performed with at least 3–5 mice per study group. Statistics were analyzed by Student’s t test, 1-/2-way ANOVA
with Tukey’s post-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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bearing B16F10 melanoma tumors, we therefore constructed
an identical treatment regimen with surgical resection of
tumors 7 days following the start of therapy, on day 14
(Fig. 4A), where we found in our previous studies that tumor
size remained at its smallest (Fig. 3B). On day 31 following
original inoculation and approximately 2 weeks following
surgery, we prepared to re-challenge surviving mice or good
responders with tumor cells to assess for protective immuno-
logical memory. Mice bearing orthotopic B16F10 tumors were

either treated with neoadjuvant combination immunotherapy
followed by surgery or treated by surgery alone (Fig. 4B).
Compared to mice that received neoadjuvant combination
immunotherapy, mice that received surgery alone succumbed
significantly more to primary tumor regrowth post-surgery, to
sudden weight loss, and to tumor re-challenge (Fig. 4C).
Overall survival was significantly prolonged in mice that
received combination immunotherapy followed by surgery
with 71% of the treated group being cancer-free (compared to

Fig. 4 Addition of surgery following combination immunotherapy drives curative outcomes with protective immunological memory. Schematic of
combination treatment followed by surgery of B16F10 orthotopic melanoma-bearing mice (A). Average (B) and individual curves (C) for physical
tumor volume measurements with corresponding Kaplan–Meier survival (D). Percentage of mice that was re-challenged (E), percentage of mice that
rejected re-challenge (F), and percentage of total good responders (G). Tumor masses following surgical resection of all mice (H) and tumor masses
of good versus poor responders (I). Flow cytometry analysis for CD45+ immune cells in the tumor (J) and T and B cells in the tumor (K), with a repre-
sentative dot plot for tumor B cells (L). Flow cytometry analysis for cross-presenting DCs (M), M1/M2 ratio (N), and CD8+/Treg ratio (O), all in the
tumor. Flow cytometry analysis for neutrophils, monocytes, DCs, macrophages, and NK cells in the blood on day 18 (P), and T and B cells in the
blood on day 18 (Q), day 32 (R), and day 39 (S). All experiments were performed with at least 5–10 mice per study group. Statistics were analyzed by
Student’s t test, 1-/2-way ANOVA with Tukey’s post-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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just 20% for mice treated by surgery alone). These mice were
classified as good responders, all of which were cured with
immunological memory that protected against recurrence
(Fig. 4D–G). Following surgery, the resected tumor masses of
mice that received combination immunotherapy were 52%
smaller than those of mice that received surgery alone
(Fig. 4H). Further, within each treatment group, the resected
tumor masses of good responders were 3–5 times smaller than
those of poor responders (Fig. 4I). Resected tumors in mice
that received combination therapy prior to surgery had 2.7-fold
more CD45+ immune cells compared to mice that received
surgery alone (Fig. 4J). Notably, excised tumor masses of mice
that received combination therapy had significantly more
tumor-infiltrating B cells (Fig. 4K and L), which suggested a
key role for humoral immunity in the memory response (inves-
tigated in studies reported later in Fig. 7). Resected tumors of
mice that received combination immunotherapy also had
greater cross-presenting DCs (3.6-fold), significantly higher
M1/M2 ratios (5.3-fold), and higher CD8+/Treg ratios (6.7-fold)
(Fig. 4M–O, respectively). Four days following surgery, on day
18 post-inoculation, mice that received combination immu-
notherapy had significantly higher levels of blood neutrophils,
DCs, macrophages, and NK cells compared to mice that

received surgery alone (Fig. 4P), as well as significantly elevated
blood CD3e+ T cells (Fig. 4Q). One and 7 days following re-
challenge, mice that received combination therapy had notably
3.2-fold increased CD4+ T cells, 2.8-fold increased CD8+

T cells, and 2.1-fold increased B cells in the blood (Fig. 4R and
S).

3.4. Local tumor-resident CD8+ T cells are central mediators
of tumor clearance

Following these findings of rapid tumor clearance, curative
treatment, and subsequent long-term protective immunologi-
cal memory, we sought to elucidate immune cell players with
pivotal roles in these processes (Fig. 5). Towards this goal, we
followed an identical neoadjuvant combination immunother-
apy treatment regimen with re-challenge in mice bearing
orthotopic B16F10 melanoma tumors and selectively depleted
macrophages, NK cells, CD8+ T cells, or B cells. Depletions
were initiated 24 h prior to the start of therapy and continued
2–3 times per week until tumors were surgically removed
(Fig. 5A). Mice that were depleted of macrophages, NK cells,
and B cells all responded to immuno-NP/anti-PD1 combi-
nation therapy similarly to mice where no cells were depleted,
where tumor sizes across all of these groups were 51% smaller

Fig. 5 Immune cell depletions suggest key tumor clearance role for CD8+ T cells. Schematic of neoadjuvant combination treatment of B16F10
orthotopic melanoma-bearing mice with depletion antibodies administered 2–3 times per week from days 6–14 (A). Average (B) and individual (C–E)
tumor volume measurements. Percentage of mice that was re-challenged (F) and percentage of total good responders (G). Tumor masses following
surgical resection (H). Flow cytometry analysis for CD45+ immune cells (I), DCs (J), macrophages (K), and CD8+ T cells (L) in the tumor. All experi-
ments were performed with at least 4–6 mice per study group. Statistics were analyzed by Student’s t test, 1-/2-way ANOVA with Tukey’s post-test
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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than tumors of untreated mice (Fig. 5B). Strikingly, however,
mice that were depleted of CD8+ T cells did not appear to
respond to combination therapy at all (mice in other groups
had 61% smaller tumors) and tumor sizes in these mice with
depleted CD8+ T cells were statistically similar to the large
sizes of untreated controls (Fig. 5B). These results strongly
suggested that local tumor-resident CD8+ T cells that are other-
wise “exhausted” likely play a major role in the near-immediate
clearance of tumor cells following combination immunother-
apy. In this particular cohort of mice, with no depletions,
100% of mice had curative responses with protective immuno-
logical memory against tumor re-challenge (Fig. 5C). With
CD8+ T cells depleted, 50% of mice succumbed to large

tumors prior to surgery, 25% of mice had primary tumors that
regrew, and the remaining 25% of mice that were re-chal-
lenged did not control the re-challenge, indicating that they
did not have a significant adaptive memory subset (Fig. 5D).
In groups that were depleted of macrophages, NK cells, and B
cells, 100% of mice were tumor-free at re-challenge, but while
none of the mice with depleted NK cells and B cells controlled
the re-challenge, 50% of mice with depleted macrophages sur-
vived with curative outcomes (Fig. 5E). Taken together, these
data suggested that while primarily CD8+ T cells play a major
role in primary tumor clearance, CD8+ T, NK, and B cells all
play critical roles in the immunological memory response
(Fig. 5F and G). They also indicated that macrophages may be

Fig. 6 Analysis in two models of metastatic breast cancer corroborate efficacy of neoadjuvant combination immunotherapy. Schematic of neoadju-
vant combination treatment of D2.A1 and 4T1 orthotopic breast tumor-bearing mice (A). In vivo bioluminescence imaging in D2.A1 tumor-bearing
mice for orthotopic primary tumor signal on day 7, surgical resection on day 14, and lung metastasis on day 21 (B). 4T1 tumor-bearing mice had a
similar tumor growth trajectory. Average tumor volume (C), primary tumor bioluminescence signal (D), and metastatic bioluminescence signal (E) for
D2.A1 tumor-bearing mice. Average tumor volume in D2.A1 re-challenged mice (F). Average tumor volume (G) and metastatic signal (H) in 4T1
tumor-bearing mice. Surgically resected 4T1 tumor masses (I). Flow cytometry analysis for tumor-infiltrating CD45+ immune cells (J), DCs, macro-
phages, and NK cells (K), cross-presenting DCs (L), and T and B cells (M) in 4T1 tumor-bearing mice. Flow cytometry analysis for DCs, macrophages,
and NK cells in the blood on day 18 (N) and for B cells in the blood on days 11 (O) and 18 (P) in 4T1 tumor-bearing mice. All experiments were per-
formed with at least 5–7 mice per study group. Statistics were analyzed by Student’s t test, 1-/2-way ANOVA with Tukey’s post-test (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001).
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important APCs at the start of the therapy, but unlike DCs,
they may not be critical for efficacy (Fig. 5F and G). Flow cyto-
metry analysis of surgically excised tumor masses indicated a
significantly increased tumor mass in mice depleted of CD8+ T
cells (at least 2-fold, Fig. 5H) and significantly reduced levels
of CD45+ immune cells (Fig. 5I), DCs (Fig. 5J), macrophages
(Fig. 5K), and CD8+ T cells as expected (Fig. 5L).

Given these results, we sought to investigate the efficacy of
neoadjuvant combination immunotherapy in two mouse
models of metastatic breast cancer (D2.A1 and 4T1 models).
We treated mice bearing either D2.A1 or 4T1 tumors using the

same neoadjuvant treatment regimen we established for
B16F10 tumor-bearing mice (Fig. 6A). For both models,
primary orthotopic breast cancer cells were inoculated in the
mammary fat pad and allowed to grow until well established at
the start of treatment on day 7. On day 14, primary tumors
were surgically resected and by day 21, metastasis was detected
predominantly in the lungs (Fig. 6B, trajectory of tumor devel-
opment shown for representative D2.A1 tumor-bearing mice
and is similar for 4T1 tumor-bearing mice). In mice bearing
D2.A1 tumors, primary tumor volume was 1.7-fold decreased
significantly in mice treated with combination therapy by the

Fig. 7 Combination therapy drives CD8+ T cell and humoral memory with de novo epitope recognition. Schematic of neoadjuvant combination
treatment of B16F10 melanoma-bearing mice (A). Average tumor volumes following re-challenge (B). Following in vitro co-culture of blood cells
with B16F10 tumor cells, flow cytometry analysis for proliferating CD8+ T cells on day 5 post re-challenge (C) and activated CD8+ T cells on day 7
expressing IFNγ, TNFα, or both cytokines (D) with representative dot plots (E). ImmunoSEQ analysis for CD8+ T cell clones in blood of mice on day 7
post re-challenge with data summary (F), pairwise plots for productive frequency (G), and Venn diagram for shared versus individual clones (H).
Following in vitro incubation of serum antibodies with tumor cells, flow cytometry analysis for IgG antibody-coated B16F10 melanoma (I) and D2.A1
breast cancer (J) tumor cells. Representative flow cytometry histogram plots for IgG-coated tumor cells (K). All experiments were performed with at
least 3–5 mice per study group. In vitro studies were performed in independent biological triplicate. Statistics were analyzed by Student’s t test, 1-/
2-way ANOVA with Tukey’s post-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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time of surgical resection (Fig. 6C). Primary tumor cell viability
as measured by luciferase luminescence decreased signifi-
cantly 4.2-fold within just 2 days of the start of treatment
(Fig. 6D). Strikingly, early metastasis signal also decreased 2.8-
fold in mice bearing D2.A1 tumors given immuno-NP/anti-PD1
combination treatment within just 2 days. Metastatic signal
remained low in these mice even 11 days post-surgery, 25 days
post-inoculation, in contrast to mice that were treated by
surgery alone that developed significant advanced metastases
with 20-fold higher signal (Fig. 6E). We re-challenged the good
responders 31 days post-inoculation and 100% of these mice
rejected the re-challenge, which was significant compared to
naïve controls (Fig. 6F). Similarly in mice bearing 4T1 tumors,
mice that received combination treatment had 1.5–2.0-fold
smaller tumors consistently up to 3 days prior to surgery
(Fig. 6G). Further, 7 days post-surgery and 21 days post-inocu-
lation, mice that received only surgery had advanced meta-
stasis with a signal that was 32 times that of 4T1 tumor-
bearing mice that received neoadjuvant combination treat-
ment prior to surgery (Fig. 6H). 4T1 tumor-bearing mice that
received combination therapy had resected tumors that were
25% smaller by mass compared to mice that received surgery
alone (Fig. 6I). Tumors of these treated mice had 1.9-fold
increased CD45+ immune cells (Fig. 6J), 1.6-fold and 1.2-fold
increased DCs and NK cells, respectively (Fig. 6K), and 1.4-fold
increased cross-presenting DCs (Fig. 6L). Further, these
tumors had 1.2-fold elevated CD3e+ T cells, 1.4-fold elevated
CD8+ T cells, and 2-fold elevated B cells (Fig. 6M). Notably,
DCs were significantly elevated in the blood of 4T1 tumor-
bearing mice on day 18, 4 days post-surgery (Fig. 6N). B cells
were also significantly elevated on days 11 and 18, 3 days prior
to surgery and 4 days after surgery, respectively, again indicat-
ing that an immunological memory response may have a
strong humoral component (Fig. 6O and P).

3.5. Dual agonist immuno-NPs drive increased recognition of
de novo T and B cell epitopes

Taken together, these data in multiple models of aggressive
cancer provided evidence of a protective immunological
memory. Given that the immuno-NPs can by themselves drive
an active APC-mediated sampling and surveillance of the
tumor microenvironment without co-delivery of a specific
tumor antigen, we sought to establish whether this technology
enhances de novo epitope recognition. Using the established
neoadjuvant combination immunotherapy treatment scheme
in mice bearing B16F10 melanoma tumors (Fig. 7A), we
assayed blood of re-challenged mice early during the course of
treatment, 5 and 7 days following re-challenge particularly for
tumor-specific memory CD8+ T cells (Fig. 7B). Notably, these
samples were taken 3–5 days before the appearance of even
minimally palpable tumors in the naïve controls and 9–11
days before any differences in tumor size between the treated
and control groups were statistically significant (Fig. 7B). To
induce tumor-specific memory CD8+ T cells, peripheral blood
mononuclear cells (PBMCs) were co-cultured with increasing
numbers of B16F10 tumor cells for 30 h prior to Golgi trans-

port inhibition and for another 18 h following for a total of
48 h incubation. While there was no significant CD8+ T cell
proliferation when day-5 PBMCs were co-cultured with 5 × 103

B16F10 tumor cells, there was a significant 2.5-fold increase in
CD8+ T cells in co-cultures with 10 × 103 B16F10 tumor cells
that remained as high in co-cultures with 20 × 103 B16F10
tumor cells (Fig. 7B). However, CD8+ T cells co-cultured with
all three concentrations of B16F10 tumor cells were producing
significantly increased amounts of functional cytokines TNFα
and IFNγ when compared to CD8+ T cells that were not co-cul-
tured with tumor cells (Fig. 7D). Notably, levels of these cyto-
kines and CD8+ T cells that were producing both TNFα and
IFNγ and therefore fully functional increased significantly on
day 7 compared to day 5 (Fig. 7C–E). To assess directly for
increased peripheral CD8+ T cell clones in the blood of mice
that received combination immunotherapy prior to surgery
versus mice that received surgery alone, we selected good
responders from each group (71% of mice who received neoad-
juvant therapy were good responders, while 20% of mice who
received surgery alone were good responders). ImmunoSEQ
(Adaptive Biotechnologies) genetic sequencing analysis on day
7 following re-challenge in mice formerly bearing B16F10
tumors indicated that mice that received neoadjuvant combi-
nation immunotherapy had 2.5-fold increased CD8+ T cells in
peripheral blood and a 2.6-fold increased number of unique
clones (Fig. 7F). Further, mice that received neoadjuvant combi-
nation immunotherapy shared 22 times as many unique clones
between them compared to mice that received surgery alone
(Fig. 7G and H). Following this analysis of CD8+ T cells, we also
assayed for increased de novo antibody responses, especially
considering the significant levels of tumor-infiltrating and circu-
lating B cells observed in multiple tumor models. Selecting
representative good responders among mice originally bearing
either B16F10 or D2.A1 tumors, we obtained blood serum
samples ∼300 days post-inoculation. Incubation of good respon-
der serum with B16F10 or D2.A1 tumor cells and analysis for
surface IgG antibody coating as a measurement of tumor
antigen recognition indicated a clear increased antibody
response in mice that received neoadjuvant combination immu-
notherapy in both tumor models, 8.8-fold for mice cured of
B16F10 melanoma and 6.1-fold for mice cured of D2.A1 breast
cancer compared to surgery-only and naïve controls (Fig. 7I–K).

4. Conclusions

These results highlight the efficacy of this novel neoadjuvant
nanoparticle-based combination immunotherapy. Two central
components of this therapeutic approach are at the crux of its
efficacy. First, the design of the immuno-NPs that enables co-
encapsulation of two synergistic immune agonists, cdGMP a
STING agonist and MPLA a TLR4 agonist, on the same NP is
critical in promoting the robust IFNβ production that potenti-
ates an APC-driven immune response. Notably, in recent
results, we have also shown that NP-encapsulated agonists
have significant immune-promoting efficacy compared to both
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free agonists administered i.v. or even directly by i.t. injec-
tion.37 We have also shown the functional synergy of the two
agonists can be altered by adjusting the ratio of the two agonists
loaded in the immuno-NP.38 Further, due to the high potency
of the synergistic cytokine-promoting immuno-NP treatment,
the required doses for efficacy can be reduced allowing for high
systemic safety profiles. A single dose of immuno-NPs carries
7 µg each of cdGMP and MPLA, intentionally chosen to be 7–21
times lower than published doses for free agonists.24,48,49

Further as previously reported, our assessment of systemic
hepatotoxicity in terms of release of liver enzymes alanine trans-
aminase (ALT) and aspartate aminotransferase (AST) indicated
only minimal and transient elevation in these enzymes that was
not statistically significant.37 Similarly, quantification of weight
changes in treated mice also indicated only a transient weight
loss within 2 days of the start of treatment that is recovered
fully and rapidly within 2–4 days. Within 7 days and onwards
following the start of treatment, mice that received the combi-
nation treatment gain weight. Second, the addition of anti-PD1
as a combination companion therapeutic is central in augment-
ing a tumor-resident CD8+ T cell-driven tumor clearance
response. Since our depletion studies indicated that these T
cells were key drivers of immediate clearance (i.e., within 1–2
days of the start of immuno-NP treatment), these results
reinforce the powerful efficacy of our tumor-draining immuno-
NPs since they are able to initiate and drive an immune
response that can move well beyond the innate myeloid com-
partment and harness an effective adaptive response. These
results further support the essential role that nanotechnology
and delivery systems can play in cancer immunotherapy.50,51

In recent publications,37,38 we reported on the preferential
and significant uptake of immuno-NPs by tumor-resident
APCs, specifically DCs and macrophages, in vivo in both the
primary tumor and sites of disseminated metastasis. We also
noted that NP+ APCs were producing significantly increased
levels of IFNβ. Nanoparticles loaded with anticancer drugs
have traditionally relied on the so-called EPR effect. However,
systemic administration often results in heterogeneous and
perivascular deposition of nanoparticles in tumors leading to
failure to deliver their anticancer drug to the majority of
cancer cells. In the case of immunostimulatory NPs, systemic
administration allows NPs to passively deposit into the
tumor’s perivascular space, which coincides with the APC-rich
tumor areas, resulting in predominant uptake by the desirable
innate immune cells. Overall, while near-perivascular depo-
sition of nanoparticles may be considered a limitation in the
context of delivery of cytotoxic cancer drugs, NPs can seam-
lessly access the APC-rich perivascular region of tumors.37,38

In the current work, the results suggest a pivotal tumor
clearance role for CD8+ T cells. This is significant, since
this cell subset is otherwise “exhausted” and dysfunctional
in aggressive, advanced, and highly immunosuppressive
cancers.41,52 These findings emphasize the powerful efficacy of
immuno-NPs and their intratumoral perivascular deposition
in harnessing an APC subset that is strong enough to activate
otherwise dysfunctional and “exhausted” CD8+ T cells.

Notably, rescuing “exhausted” CD8+ T cells is a significant area
of investigation. The key role for CD8+ T cells established here
in these studies suggests that DC activation by immuno-NPs
may be more pronounced and significant, since it is only DCs
that can prime and activate CD8+ T cells. This significant role
for activated DCs also has implications for long-term thera-
peutic efficacy since these DCs have the potential to traffic to
lymph nodes to prime, activate, and recruit other tumor-
specific T cells for clearance.

Finally, the neoadjuvant application of the combination
immunotherapy (immuno-NP and anti-PD1) provides an essen-
tial immune intervention, while the primary tumor and its
diverse microenvironment and tumor antigens are still present,
allowing the prospect of the entire tumor to be turned into a
vaccine. Our findings also indicate that immuno-NPs drive de
novo T and B cell epitope recognition.10,44,45,47 We expect that
uptake of immuno-NPs and activation of these target cells
drives a self-amplifying response that, along with co-sampling
of tumor antigens shed by dying tumor cells (e.g., by APCs),
leads to immune recognition of a large and increasing number
of diverse tumor-specific T and B cell clones. We performed
these studies in good responders with an immunological
memory response that protected against a tumor re-challenge.
These studies indicated that the memory cells also contained
tumor-specific clones that were generated de novo. Notably, this
response of de novo epitope recognition can result in a more
comprehensive protective immunological memory response. To
further validate the potency of the antitumor immunity, we will
perform detailed investigation of the tumor antigen-specific
responses in the future using mixed lymphocyte reaction assays.

Taken together, here we report on the development of an
effective combination neoadjuvant therapeutic strategy that
combines a dual-agonist immunostimulatory nanoparticle
with anti-PD1 checkpoint blockade. Our findings suggest that
this therapeutic strategy is effective in multiple models of
aggressive cancer. In particular, the significance of this
approach fundamentally relies on the co-encapsulation of a
STING agonist and TLR4 agonist on the same immuno-NP
that together promote the synergistic production of Type I
IFNβ upon uptake by tumor-resident APCs. Further, the combi-
nation with anti-PD1 highlighted the role of otherwise
“exhausted” tumor-infiltrating CD8+ T cells in immediate
tumor clearance. As such, this unique nanoparticle-based
strategy has significant implications for the development of
effective clinical neoadjuvant immunotherapies.
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