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ABSTRACT Near-infrared light-responsive inorganic nanoparticles have been shown to enhance the

Primary tumor
Near-infrared laser S""CPSNPe

efficacy of cancer photothermal ablation therapy. However, current nanoparticle-mediated photothermal

ablation is more effective in treating local cancer at the primary site than metastatic cancer. Here, we
report the design of a near-infrared light-induced transformative nanoparticle platform that combines

photothermal ablation with immunotherapy. The design is based on chitosan-coated hollow CuS
nanoparticles that assemble the immunoadjuvants oligodeoxynucleotides containing the cytosine-

guanine (CpG) motifs. Interestingly, these structures break down after laser excitation, reassemble,

and transform into polymer complexes that improve tumor retention of the immunotherapy. In this
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“photothermal immunotherapy” approach, photothermal ablation-induced tumor cell death reduces

tumor growth and releases tumor antigens into the surrounding milieu, while the immunoadjuvants potentiate host antitumor immunity. Our results
indicated that combined photothermal immunotherapy is more effective than either immunotherapy or photothermal therapy alone against primary
treated and distant untreated tumors in a mouse breast cancer model. These hollow CuS nanoparticles are biodegradable and can be eliminated from the

body after laser excitation.
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hotothermal ablation therapy, em-
ploying photoabsorbers and near-
infrared light energy sources, provides
a precise and minimally invasive alternative
for cancer treatment.” In the past decade,
near-infrared light-responsive inorganic nano-
particles, such as gold nanoparticles,®’
carbon nanotubes? and CuS nanoparti-
cles,”™'® have been shown to efficiently
convert optical energy into thermal energy
and enhance the efficacy of photothermal
ablation therapy. Some applications are
under clinical trials."*'® However, nanopar-
ticle-mediated photothermal ablation, in
currently used forms, is employed primarily
as a local cancer treatment at the primary
site. It is less effective in controlling meta-
static cancer.
An ideal cancer photothermal therapy
should not only eradicate the treated pri-
mary tumors but also induce a systemic
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antitumor immunity, capable of controlling
metastatic tumors and long-term tumor
resistance.'® One promising strategy is
to combine photothermal therapy with
immunotherapy.'®'” It is well-known that
tumor cells usually do not induce potent
antitumor immune responses because of
their inefficient expression of molecules im-
portant for antigen processing and presen-
tation."® Laser-induced tumor cell death, on
the other hand, can release tumor antigens
into the surrounding milieu. Concomitantly,
immunoadjuvants for cancerimmunotherapy
promote antigen uptake and presentation
by professional antigen-presenting cells, thus
triggering specific antitumor immunity.'®
Therefore, photothermal therapy may act
synergistically with immunotherapy to en-
hance immune responses, rendering the
tumor residues and metastases more sus-
ceptible to immune-mediated killing.
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Among immunoadjuvants, oligodeoxynucleotides
containing cytosine-guanine (CpG) motifs are efficient
modulators of cancer immunotherapy.'® They specifi-
cally activate Toll-like receptor 9 signaling in plasma-
cytoid dendritic cells, a type of key regulatory cell
for the activation of innate and adaptive immune
responses.'® 2" CpG oligodeoxynucleotides can be
effective as monotherapy and as vaccine adjuvants
for cancer treatment.?>~2* However, clinical use of CpG
oligodeoxynucleotides faces several challenges includ-
ing in vivo instability, unfavorable pharmacokinetic
and biodistribution characteristics, and a requirement
for intracellular uptake because Toll-like receptor 9 is
located in the endosomal compartment.>® Recent stud-
ies indicate that nanoparticles can promote CpG uptake
into Toll-like receptor 9-rich endosomes of plasmacytoid
dendritic cells, thus improving efficacy.2 3>

In this study, we report the design of CuS-based,
light-induced transformative nano-CpG systems that
combine photothermal ablation with immunotherapy.
We have recently reported that hollow CuS nanopar-
ticles (HCuSNPs) are biodegradable photothermal cou-
pling agents that can be excreted from liver and kidney
and have low toxicity.?® Unlike gold nanorods or
hollow gold nanospheres that fuse into solid gold
nanoparticles upon near-infrared laser irradiation,” ~*°
we have observed, here, that the polycrystalline
HCuSNPs undergo disintegration from CuS shells into
single CuS crystals after laser treatment. On the basis
of this unique characteristicc we have developed
chitosan-coated HCuSNPs that assemble the CpG
oligodeoxynucleotides for “photothermal immuno-
therapy” in a mouse breast cancer model. After laser
excitation, these structures break down, reassemble,
and transform into polymer complexes that enhance
CpG tumor retention and uptake by plasmacytoid
dendritic cells. The HCuSNPs-mediated photothermal
immunotherapy, compared with immunotherapy or
photothermal therapy alone, exhibits more potent
innate and adaptive immune responses, resulting in
combined anticancer effects against primary treated
and distant untreated tumors. These HCuSNPs are
biodegradable and can be eliminated from the body
after laser irradiation.

RESULTS AND DISCUSSION

Transmission electron microscopic imaging showed
that HCuSNPs were on average 85 nm in diameter with
hollow interiors (Figure 1A). The nanoparticle shell was
porous and composed of small crystals of 10—12 nmin
diameter (Figure 1A, arrows). According to the Kirken-
dall effect, these CusS crystals formed on the outside
and inside surfaces of the nanoparticle's shell through
sulfidation.*' The holes in the shell became a shortcut
for mass diffusion and transference. Interestingly,
following irradiation with a pulsed near-infrared laser
(2.0 W/cm?, 40 s) at 900 nm, the HCuSNPs broke down
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Figure 1. Transmission electron microscopic imaging of (A)
HCuSNPs composed of small CuS nanocrystals (arrows) and
(B) small CuS nanoparticles as a result of disintegration of
HCuSNPs following near-infrared laser (2.0 W/cm?, 40 s,
900 nm) irradiation.

into small CuS nanoparticles between 7 and 12 nm in
diameter (Figure 1B), indicating photothermally in-
duced disintegration from original polycrystalline CuS
shells into single CuS crystals.

The schematic diagram in Figure 2A illustrates the
near-infrared light-induced transformative nano-CpG
systems based on HCuSNPs as photothermal coupling
elements. The systems assemble through chitosan
surface coating on HCuSNPs via a disulfide bond
followed by CpG condensation to form HCuSNPs-
chitosan-CpG (HCuSNPs-CpG) conjugates. Specifically,
the laser-triggered disintegration of HCuSNPs sepa-
rates the disintegrated small CuS nanoparticles from
the original HCuSNPs-CpG assembly, subsequently
allowing the systems to reassemble and transform into
chitosan-CpG nanocomplexes.

Transmission electron microscopic imaging of
HCuSNPs-CpG conjugates confirmed that the HCuSNPs'
surface was well-coated with chitosan and CpG, forming
a 10 nm thick layer (Figure 2B,1). The HCuSNPs-CpG
nanoparticles were stable in aqueous solution. However,
following near-infrared laser treatment (2.0 W/cm?,
40 s, 900 nm) and low-speed centrifugation (3000 rpm,
5 min), the CuS nanoparticles precipitated. Transmission
electron microscopic examination of the supernatant
revealed many nanoparticles with an average size
of ~85 nm (Figure 2B,2). These nanoparticles were
CuS crystal-deficient in their core, suggesting that
HCuSNPs-CpG transformed into chitosan-CpG nano-
complexes. On the other hand, the pellets were identi-
fied as disintegrated small CuS nanoparticles without
surface coating (Figure 2B,3). This result indicated that
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Figure 2. (A) Scheme of assembly of HCuSNPs-CpG conjugates, near-infrared light-triggered disintegration of HCuSNPs, and
system reassembly. “HCuSNPs-Chi” represents chitosan-coated HCuSNPs. “Chi-CpG-NPs” represents chitosan-CpG nano-
complexes. “SCuSNPs” represents small CuS nanoparticles. (B) Transmission electron microscopic imaging of HCuSNPs-CpG
before and after near-infrared laser (2.0 W/cm?, 40 s, 900 nm) treatment and centrifugation (3000 rpm, 5 min). (C) Agarose gel
electrophoresis of free CpG, HCuSNPs-CpG before (“NPs”), and after near-infrared laser treatment (2.0 W/cm?) for different
times. Following centrifugation, the supernatant and pellet of each laser-treated sample was individually loaded for

electrophoresis.

the chitosan polymer detached from the nanoparticles,
possibly due to the thermally induced cleavage of
disulfide bonds.*? The disintegrated small CuS nano-
particles precipitated in aqueous solution most likely
because of the loss of surface stabilization.

Agarose electrophoresis showed that almost no CpG
oligodeoxynucleotides existed in the pellet after laser
treatment regardless of the laser exposure time, sug-
gesting that the CpG was completely detached from
the HCuSNPs and dispersed in the supernatant
(Figure 2C). Analysis of the supernatant revealed that
the released CpG existed in both free form and chitosan-
CpG nanocomplexes. The latter were formed through
CpG condensation by the released chitosan, while the
free CpG was ascribed to inadequate amount of chitosan
cleaved from the CuS nanoparticles. With increased laser
exposure time, the intensity of the free CpG band
diminished, reflecting a greater amount of chitosan
released to condense CpG. After laser treatment for
40 s, almost all the supernatant CpG was condensed
by the released chitosan. There was no detectable band
of CpG fragment following the laser treatment.

These results confirmed transformative properties
of the near-infrared light-responsive HCuSNPs-CpG
conjugates. Accordingly, we hypothesize that intra-
tumorally administrated HCuSNPs-CpG-mediated pho-
tothermal ablation, as well as photothermally triggered
formation of chitosan-CpG nanocomplexes in primary
tumors, effectively elicits systemic immunity against
both primary tumors and untreated tumors at a distant
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site (Scheme 1). First, the selective photothermal dis-
ruption with HCuSNPs can reduce the primary tumor
size. Second, the simultaneously photothermal abla-
tion-induced tumor lysis may liberate tumor antigens.
Third, chitosan-CpG nanocomplexes, instead of free
CpG, may increase stability, tumor retention, and
plasmacytoid dendritic cells' internalization of CpG.
Through activation of Toll-like receptor 9 signaling,
the activated plasmacytoid dendritic cells are able to
initiate effective and systemic antitumor immunity
through orchestration of an immune cascade.

We first tested if the near-infrared light-triggered
formation of chitosan-CpG nanocomplexes resulted in
longer tumor retention time than did free CpG. To track
CpG oligodeoxynucleotides, we labeled CpG with
fluorescent IRDye680 (fCpG) at the 5’ terminal via an
amide linker. BALB/c mice bearing EMT6 murine mam-
mary carcinoma received intratumoral injection of free
fCpG or HCuSNPs incorporating fCpG (HCuSNPs-fCpG).
Live near-infrared fluorescent imaging showed that
the free fCpG was quickly eliminated from tumor 1 h
after injection (Figure 3A). After 4 h, there was no
fluorescence remaining in the tumor. In contrast, the
HCuSNPs-fCpG without laser treatment retained in-
tense fluorescence even 24 h following injection.
A similar distribution pattern was evident in mouse
intratumorally injected with HCuSNPs-fCpG plus laser
irradiation, suggesting that the chitosan-fCpG nano-
complexes had tumor retention capabilities compar-
able to those of the preformed HCuSNPs-fCpG.
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Scheme 1. Diagram of HCuSNPs-CpG-mediated photother-
mal immunotherapy of both primary treated and distant
untreated tumors. Under near-infrared laser irradiation, the
intratumorally injected HCuSNPs-CpG transform to chito-
san-CpG nanocomplexes (Chi-CpG-NPs) resulting in uptake
into Toll-like receptor 9-rich endosomes of plasmacytoid
dendritic cells (pDCs). Upon stimulation with CpG, the pDCs
secrete interferon-o (IFN-a) to promote innate immunity
through NK cell activation. Simultaneously, HCuSNPs-
mediated photothermal ablation disrupts the tumor cells,
relieving tumor burden and releasing tumor-associated
antigens to myloid dendritic cells (mDCs). In the presence
of IFN-o. secreted by the activated pDCs, these mDCs
become professional antigen-presenting cells and subse-
quently migrate to tumor-draining lymph nodes (DLNs),
where they cross-prime tumor antigen-specific T cells. The
antigen-specific CD8" T cells enter the systemic circulation
and are recruited to both primary tumor and untreated
tumor at a distant site to trigger the “effector phase” of the
adaptive immune response.

Additionally, imaging of dissected tumor-draining
lymph nodes (DLN) at 24 h following injection showed
that the lymph nodes of the mice treated with
HCuSNPs-fCpG plus laser had the strongest fluores-
cence among the three groups (Figure 3B). This could
be attributed to more antigen-presenting cells migrat-
ing from tumors to the draining lymph nodes®® in-
duced by HCuSNPs-fCpG plus laser treatment that
carried more fCpG, compared with the other two
groups. Fluorescence imaging confirmed significant
uptake of fCpG by plasmacytoid dendritic cells 24 h
after intratumoral injection of HCuSNPs-fCpG with or
without laser treatment (Figure 3C, overlap, yellow). In
contrast, there was little fCpG fluorescence 24 h after
intratumoral injection of free fCpG. This result demon-
strated that the photothermally induced formation
of chitosan-CpG nanocomplexes can increase tumor
retention of CpG and facilitate its internalization by
plasmacytoid dendritic cells.

Previous studies showed that CpG-activated plasma-
cytoid dendritic cells elicited adaptive immune re-
sponses against B16 tumors through activation of NK
cells, subsequently leading to maturation of myeloid
dendritic cells and cross-priming of tumor antigen-
specific cytotoxic T lymphocytes.** Here, histological
analysis of EMT6 tumors in mice following intratumoral
administration of HCuSNPs-CpG plus laser treatment
revealed a dramatic infiltration of NK cells (CD49b™)
with expression of the activation marker CD69 com-
pared with saline-treated tumors (Figure 4A, overlap,
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Figure 3. (A) Representative live fluorescence imaging of BALB/c mice bearing EMT6 tumors at different time points following
intratumoral injection with (1) free fCpG; (2) HCuSNPs-fCpG; or (3) HCuSNPs-fCpG plus laser (2.0 W/cm?, 40 s, 900 nm). fCpG
represents IRDye680-labeled CpG. The injected dose of fCpG in all three groups was 10 xg/mouse. Fluorescence intensity is
expressed as p/s/cm?/sr. (B) Fluorescence intensity in the dissected tumors and tumor-draining lymph nodes is shown 24 h
after administration. (C) Fluorescence micrographs of fCpG distribution in tumors 24 h after intratumoral injection.
Pseudored, fCpG; green, mAb (clone 120G8.04)-labeled plasmacytoid dendritic cells; blue, 4',6-diamidino-2-phenylindole
(DAPI)-labeled cell nuclei. Scale bar, 50 xm.
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Figure 4. EMT6 tumor-bearing mice were given intratumoral injections of saline or different formulations containing 100 ug
of CpG or GpC (sham CpG control) with or without laser treatment (2.0 W/cm?, 40 s, 900 nm) at day 0 and day 6. (A) Tumor
sections were stained for activated NK cells (CD69"CD49b™") at day 8. Green, FITC-conjugated anti-mouse CD69; pseudored,
allophycocyanin-conjugated anti-mouse CD49b; blue, DAPI. Scale bar, 50 um. (B) Flow cytometric analysis of activated
myeloid dendritic cells (CD11c*CD86™) in tumors or draining lymph nodes is shown at day 8. “HCuSNPs-GpC” represents

HCuSNPs-chitosan-GpC conjugates.

yellow). Intratumoral injection of HCuSNPs-CpG with-
out laser treatment also induced a significant amount
of NK cell infiltration but with fewer activated pheno-
types than HCuSNPs-CpG plus laser treatment. Tumors
treated with free CpG alone or laser alone did not show
significant NK cell infiltration. As a control of photo-
thermal therapy alone, we formulated HCuSNPs-
chitosan-GpC conjugates (HCuSNPs-GpC) by replacing
CpG with GpC oligodeoxynucleotide (sham CpG
control). GpC oligodeoxynucleotide contains GpC di-
nucleotides instead of CpGs and thus does not have
Toll-like receptor 9 stimulatory effects.** As a result,
HCuUSNPs-GpC plus laser treatment did not induce NK
cell infiltration. Flow cytometric analysis confirmed
that HCuSNPs-CpG plus laser treatment induced the
highest percentage of the CD69 " phenotype in tumors
among all treatments (Supporting Information Figure S1).
The amount of mature myeloid dendritic cells
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(CD11c*CD86™) in tumors of mice intratumorally
injected with HCuSNPs-CpG plus laser irradiation in-
creased by 41-fold compared with saline-treated control
(Figure 4B). This amount was 5.8- and 14.2-fold higher
than that in tumors of mice treated with HCuSNPs-CpG
alone and HCuSNPs-GpC plus laser, respectively. In addi-
tion, the treatment with HCuSNPs-CpG plus laser induced
the greatest number of mature myeloid dendritic cells
migrating to tumor-draining lymph nodes among all the
groups. The population of plasmacytoid dendritic cells in
tumors or the draining lymph nodes also increased in
mice treated with HCuSNPs-CpG plus laser (Figure S2).
Collectively, these results indicated that photothermal
ablation and the photothermally triggered formation of
chitosan-CpG nanocomplexes have a combined effect
on the activation of NK cells and myeloid dendritic cells
following intratumoral injection with HCUSNPs-CpG plus
laser treatment.
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A hallmark of immunotherapy is its success in indu-
cing cytotoxic T lymphocytes, which have the well-
documented ability to eradicate tumors in vivo.*
Effector CD8™ T cells are known to produce IFN-y, which
is considered an indicator for T-helper cell 1 (Th1)-type
immune responses. We found that HCuSNPs-CpG plus
laser treatment induced the largest amount of IFN-y-
secreting CD8™" T cells in tumor-draining lymph nodes
among all the treatment groups (Figure 5A). Impor-
tantly, the HCuSNPs-CpG plus laser treatment elicited
systemic immunity, as evidenced by the significantly
increased amount of IFN-y-secreting CD8" T cells in
tumor and spleen, respectively, compared to the saline
control. Furthermore, the same treatment also led to
elevated levels of IFN-y and IL-2 in tumor and spleen
(Figure 5B). A large number of IFN-y-secreting CD8™
T cells, as well as higher levels of immunostimulatory
cytokines related to Th1-type responses, were evi-
dence of a shift of the tumor microenvironment from
pro-oncogenic to antitumor.*® Comparatively, injec-
tion with HCuSNPs-CpG alone induced less tumor
IFN-y-secreting CD8" T cells and elevated lower
IFN-y and IL-2 levels in tumor and spleen than did
HCuSNPs-CpG plus laser treatment. Only a moderate
increase of IFN-y-secreting CD8™ T cells in tumor, but
not in spleen, was observed in HCuSNPs-GpC plus laser
group, suggesting photothermal therapy alone may
only induce local antitumor effects.

Next, we examined whether HCuSNPs-CpG-mediated
photothermal immunotherapy can exert systemic anti-
tumor effects. First, we evaluated the in vitro tumor cell-
lytic activities of splenocytes collected from the tumor-
bearing mice following different treatments to test the
effector function of cytotoxic T lymphocytes directly
(Figure 6A). Among all treatment groups, HCUSNPs-CpG
plus laser treatment induced the most pronounced cyto-
toxicity against EMT6 tumor cells at all three effector-to-
target cell ratios. Significant cytotoxicity was also ob-
served at effector-to-target cell ratios of 5:1 and 20:1 in
HCuSNPs-CpG-treated group in comparison with that of
free CpG-treated group. Photothermal therapy plus free
CpG (HCuSNPs + laser + free CpG) treatment had similar
effects on tumor cell-lytic activities as HCuSNPs-CpG
treatment but was less effective than HCuSNPs-CpG plus
laser treatment. Second, for evaluation of in vivo antitu-
mor effects, we inoculated EMT6 tumors in the right flank
(primary site) of mice and applied treatments at day 0 and
day 6. The treated mice received another EMT6 tumor
inoculation in the left flank (contralateral site) at day 6.
Figure 6B demonstrates that intratumoral injection with
free CpG did not exhibit significant antitumor activity at
the primary sites, presumably because of its rapid clear-
ance from the tumor. In contrast, groups treated with
HCuSNPs-CpG alone or with HCuSNPs-GpC plus laser
exhibited significant delays in tumor growth, indicating
that either HCuSNPs-CpG-mediated immunotherapy
alone or HCuSNPs-mediated photothermal therapy alone
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can effectively relieve the primary tumor burden. A
combined antitumor effect of photothermal therapy
and immunotherapy was achieved by treating with
HCuSNPs-CpG plus laser (Figure 6B). More importantly,
this treatment significantly delayed growth of untreated
tumors at distant contralateral sites. Notably, no distant
tumors of the five tested mice in this treatment group
grew until 10 days after inoculation (day 16). Neither
photothermal therapy alone nor immunotherapy alone
produced such an effect. Comparatively, photothermal
therapy plus free CpG treatment did not show the
combined antitumor effect at primary sites but at distant
contralateral sites. This treatment significantly delayed
distant tumor growth compared with saline, HCuSNPs-
GpC plus laser (photothermal therapy alone), or free CpG
treatments, while it did not show statistical difference in
inhibition of distant tumors in comparison with HCuSNPs-
CpG treatment (p = 0.083). The inhibition of tumor growth
at distant sites by photothermal therapy plus free CpG
treatment was less effective than that treatment with
HCuSNPs-CpG plus laser. Flow cytometric analysis con-
firmed that the number of IFN-y-secreting CD8™" T cells in
contralateral tumors in the group treated with HCuSNPs-
CpG plus laser was 19-fold higher compared with saline-
treated control (Figure S3). These results supported the
notion that HCuSNPs-CpG-mediated photothermal
immunotherapy can elicit systemic immunity not only
against primary treated tumors but also against subse-
quent untreated tumors.

To determine whether the tumor-infiltrating T cells
were specific for tumor-associated antigens, we used
mice bearing EMT6 tumors transfected with ovalbumin
(OVA, Figure S4). Notably, the CD8" T cells from the
EMT6-OVA tumors treated with HCuSNPs-CpG plus
laser were able to effectively produce IFN-y through
in vitro induction by OVA (Figure S5), indicating this
treatment can prime the cytotoxic T lymphocytes spe-
cific for antigens from the tumor cells. Comparatively,
OVA induced fewer cytotoxic T lymphocytes from tu-
mors treated with HCuSNPs-CpG but without laser. In
the EMT6-OVA tumor model, we designed a “prime-
boost” immunization strategy, in which the mice were
primed with HCuSNPs-CpG, with or without laser, and
boosted with OVA plus incomplete Freund's adjuvant
(IFA). In comparison to conventional antigen immuniza-
tion strategy, that is, priming with OVA plus complete
Freund's adjuvant (CFA) and boosting with OVA plus
IFA, prime immunization with HCuSNPs-CpG plus laser
produced stronger anticancer effects against both pri-
mary and distant tumors (Figure 7). This result con-
firmed that treatment with HCuSNPs-CpG plus laser can
induce high-level antigen-specific immune responses.

CpG immunotherapy has been studied as a strat-
egy for tumor prevention and treatment.??~2* Recent
studies have characterized the immunotherapeutic
significance of the combination of CpG immuno-
therapy and photodynamic therapy.*®*” Photodynamic
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Figure 5. EMT6 tumor-bearing mice were given intratumoral injections of saline or different formulations containing 100 n.g of CpG
or GpC (sham CpG control) with or without laser treatment (2.0 W/cm?,40s, 900 nm) at day 0 and day 6. (A) Flow cytometric analysis
of intracellular IFN-y production by CD8 ™ T cells in tumor, tumor-draining lymph node or spleen at day 12 followed by CpG (20 ug/mL)
with or without mitomycin C-treated tumor cell stimulation in vitro. (B) ELISA analysis of IFN-y or IL-2 level in tumor or spleen following
CpG (20 ug/mL) stimulation in vitro at day 12. Significant difference (**p < 0.01) between “HCuSNPs-CpG -+ Laser” group and other
groups. Data shown are expressed as mean + SD (n = 3). “HCuSNPs-GpC” represents HCuSNPs-chitosan-GpC conjugates.

therapy-induced cell lysates plus CpG oligodeoxy- also observed when combining CpG immunotherapy
nucleotides showed a significant suppression of tumor with chemotherapy or radiotherapy.**>° Here, our re-
growth, both prophylactically and as therapy, compared sults supported the hypothesis that the combined host
to photodynamic therapy-induced cell lysates alone or antitumor immune responses are induced by photother-
free CpG alone.*® The enhanced antitumor activity was mal immunotherapy in single settings, HCuSNPs-CpG,
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through a near-infrared light-initiated transformation
process. HCuSNPs-mediated photothermal therapy syn-
ergized with CpG-mediated immunotherapy, through
which photothermal ablation destroyed primary (local)
tumors and exposed tumor-associated antigens, and the
photothermally triggered formation of chitosan-CpG
nanocomplexes increased both innate and adaptive
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Figure 6. (A) EMT6 tumor-bearing mice were given intratu-
moral injection of saline or different formulations containing
100 ug of CpG or GpC (sham CpG control) with or without
laser treatment (2.0 W/cm?, 40 s, 900 nm) at day 0 and day 6.
The splenocytes were collected at day 12 followed by
mitomycin C-treated tumor cell and mIL-2 (5 U/mL) stimula-
tion in vitro. Cytolytic activity of the splenocytes was
determined by lactate dehydrogenase assay. “E/T ratio”
represents effector/target cell ratio. Significant difference
(**p < 0.01) between “HCuSNPs-CpG + Laser” group and
other treatment groups at E/T ratio of 1:1, 5:1, or 20:1. Data
shown are expressed as mean =+ SD (n = 3). (B) Growth of the
primary treated tumor and the distant (contralateral) un-
treated tumor over time. Data shown are expressed as mean
=+ SD (n = 5). Significant difference between the compared
groups (*p < 0.05). “HCuSNPs-GpC” represents HCuSNPs-
chitosan-GpC conjugates. “HCuSNPs + Laser + Free CpG”
represents photothermal therapy plus free CpG treatment.
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immunity. The combination of photothermal therapy
and immunotherapy displayed more effective systemic
immunity against untreated tumors, compared to pho-
tothermal therapy or immunotherapy alone. It is notice-
able that photothermal therapy-induced tumor cell
death provided a source of tumor antigens released from
the host's own tumor. As a result, each individually
treated host produced an in situ autovaccine.'” Current
vaccine strategies (peptide or cDNA) have concentrated
on a single and identified tumor-specific antigen.”' Since
tumor-specific antigens vary from tumor to tumor and
from patient to patient, HCuSNPs-CpG-mediated photo-
thermal immunotherapy, in lieu of current vaccine stra-
tegies, may have the potential to vaccinate patients
against multiple tumor-specific antigens, tailored to an
individual patient's tumor.

Our recently published data showed that systemi-
cally administrated pegylated HCuSNPs were elimi-
nated through both hepatobiliary and renal excretion,
resulting in approximate 90% of injected dose (% ID) of
Cu cleared within 1 month postinjection.>® Here, we
tested the biodegradability of HCuSNPs-CpG through
intratumoral injection, by examining Cu distribution
in tumors and major organs. About 21% ID of Cu was
cleared from tumors within 14 days after intratumoral
injection with HCuSNPs-CpG (Figure 8A). In comparison,
more than double amount of Cu (~47% ID) was elimi-
nated from tumors following intratumoral injection with
HCuSNPs-CpG plus laser treatment. This was possibly
attributed to photothermally induced disintegration
of the original ~85 nm HCuSNPs into ~10 nm small
CuS nanoparticles, resulting in accelerated clearance
from the tumor. There was no significant difference
in Cu distribution in major organs of the intra-
tumorally injected mice treated with or without laser.
Liver retained the highest amount of Cu at 14 days
following intratumoral injection in both treatment
groups (Figure 8B). Quantitative analysis of Cu indi-
cated that 14.3 + 12.2% ID of Cu appeared in feces

Distant tumor

-+-Saline

-=-CFA OVA + IFA OVA
HCuSNPs-CpG + IFA OVA

-+-HCuSNPs-CpG plus Laser
+IFA OVA

6 8 10 12 14 16 18 20
t (Day)

Figure 7. BALB/c mice bearing EMT6-OVA tumor in right flank were given the following treatment: group 1, intratumoral
injection with saline at day 0 and day 6; group 2, intratumoral injection with OVA (50 «g/mouse) with complete Freund's
adjuvant (CFA) at day 0 and intratumoral injection with OVA (50 xg/mouse) with incomplete Freund's adjuvant (IFA) at day 6;
group 3, intratumoral injection with HCuSNPs-CpG (100 u«g/mouse) at day 0 and intratumoral injection with OVA
(50 ug/mouse) with IFA at day 6; group 4, intratumoral injection with HCuSNPs-CpG (100 #g/mouse) plus laser (900 nm,
2.0 W/cm? for 40 s) at day 0 and intratumoral injection with OVA (50 g/mouse) with IFA at day 6. At day 6, the mice were
subcutaneously inoculated with 3 x 10° EMT6-OVA cells in left (contralateral) flank. Growth of primary treated tumor or
contralateral untreated tumor over time is presented following the scheduled treatment with saline or different formulations.
Data shown are expressed as mean =+ SD (n = 5). Significant difference between the compared groups (**p < 0.01).

GUO ET AL.

ACNTANKY
VOL.8 = NO.6 = 5670-5681 = 2014 K@LNMLJ\) 5677

WWwWW.acsnano.org



>
vy

120 -

100 A [I *%* |
g— 80 -
E 60
X 40 -
a

20

0 T
HCuSNPs-CpG HCuSNPs-CpG
+ Laser

C 90 - *

60 A
®
Qys5 4
30 A
15 V_Ll
0

HCuSNPs-CpG HCuSNPs-CpG
+ Laser

ID%ITissue

OHCuSNPs-CpG

2.4 1 WHCUSNPs-CpG + Laser

HCuSNPs-CpG HCuSNPs-CpG
+ Laser

Figure 8. EMT6 tumor-bearing mice were given intratumoral injection of HCuSNPs-CpG containing 1 mg of Cu per mouse
with or without laser treatment (2.0 W/cm?, 40 s, 900 nm) at day 0 and day 6. Biodistribution of Cu in tumors (A) and major
organs (B) at day 14 following injection. “DLN” represents tumor-draining lymph node. Data are expressed as percentage of
injected dose per tissue (% ID/tissue). Cumulative excreted Cu in feces (C) and urine (D) collected from day 0 to day 14. All data
presented are the values subtracted from endogenous Cu content. Data are presented as mean + SD (n = 5). Significant
difference in groups between HCuSNPs-CpG and HCuSNPs-CpG plus laser (*p < 0.05; **p < 0.01).

within 14 days postinjection of HCuSNPs-CpG, while
43.0 + 29.6% ID of Cu was detected in feces from
mice following HCuSNPs-CpG plus laser treatment
(Figure 8C). Comparatively, only a small amount of Cu
was cleared by kidney in both treatment groups
(Figure 8D). Our results indicated that (1) intratumorally
injected HCuSNPs-CpG can be cleared from the local
injection site (tumor); (2) hepatobiliary excretion is the
major clearance pathway of HCuSNPs-CpG from the
body; (3) laser-triggered disintegration of HCuSNPs
facilitates particle elimination.

CONCLUSION

In this study, we described a near-infrared light-
initiated transformative nano-CpG platform, HCuSNPs-
CpG, for cancer photothermal immunotherapy in a

EXPERIMENTAL SECTION

Materials. The chemicals were purchased from Sigma-
Aldrich Chemical, Inc. unless mentioned specifically. Female
BALB/c mice (6—8 weeks old) were ordered from Jackson
Laboratory, Inc. The mice were maintained in a pathogen-free
environment, and all animal experiments were performed in
compliance with the guidelines established by University of
Rhode Island Institutional Animal Care and Use Committee
(IACUC). EMT6 murine mammary carcinoma cell line was pur-
chased from American Type Culture Collection (ATCC). EMT6
cells were cultured in Waymouth media supplemented with
10% heat-inactivated fetal bovine serum (FBS) and penicillin-
streptomycin (Life Technologies). CpG oligodeoxynucleotide
(ODN2216, 5'-ggGGGACGATCGTCgggggg-3') was custom syn-
thesized by Life Technologies, Inc. GpC oligodeoxynucleotide
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mouse model. Success of this technique relies on
photothermally triggered disintegration of HCuSNPs,
allowing the HCuSNPs-CpG conjugates to reassemble
and transform into chitosan-CpG nanocomplexes.
The chitosan-CpG nanocomplexes increase their
tumor retention and promote CpG uptake by plasma-
cytoid dendritic cells. The HCuSNPs-CpG-mediated
photothermal immunotherapy elicits more effec-
tive systemic immune responses than immuno-
therapy or photothermal therapy alone, resulting
in combined anticancer effects against primary trea-
ted as well as distant untreated tumors. Strong anti-
tumor effectiveness, combined with quick elimi-
nation, would seem to justify further development
of this HCuSNPs conjugate-based photothermal
immunotherapy.

(5'-g9gGGGAGCATGCTGgggggc-3’) was custom synthesized
(Genscript) as sham CpG control.

Preparation of HCuSNPs-CpG. HCuSNPs were synthesized ac-
cording to our previous report.3®>? Thiolated chitosan was
synthesized by modifying the previous method (see Supporting
Information).>® The thiolated chitosan (10 mg) was dissolved in
5 mL of distilled water to which 0.5 mL of HCuSNPs (2 mg of CuS)
was added under constant stirring for 48 h. The HCuSNPs
conjugated with thiolated chitosan (HCuSNPs-Chi) were centri-
fuged at 10 000 rpm for 8 min at room temperature and washed
with distilled water. To formulate HCuSNPs-CpG, 0.1 mL of CpG
aqueous solution (containing 10 ug CpG) was added to 0.2 mL
of the above HCuSNPs-Chi suspension (containing 200 ug CuS)
under stirring at room temperature.

Laser Treatment of HCuSNPs-CpG in Vitro. HCuSNPs-CpG aqueous
suspension (90 uL containing 0.9 ug of CpG) was irradiated with
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a pulsed near-infrared laser centered at 900 nm (2.0 W/cm?) for
different times. The 900 nm near-infrared laser was generated
from a master oscillator power amplifier (MOPA) Ti**:sapphire
tunable laser (LT-2211A, LOTIS Tl) pumped by a pulsed
Q-switched Nd:YAG laser system (LS-2137/2, LOTIS TII). After
laser treatment, the suspension was centrifuged at 3000 rpm for
5 min, which allowed complete precipitation of the CuS nano-
particles. Both pellet and supernatant were collected separately
for agarose gel electrophoresis: 0.8% agarose; 1x TAE; loading
buffer (30% glycerol, 0.025% xylene cyanol, 0.025% bromphe-
nol blue). The gel was run at 75 V for 30 min and then stained
with 1:10000 dilution of SYBR Green Il (Life Technologies) for
20 min. Washed with water, the gel was scanned under
Typhoon FLA9000 scanner (GE Healthcare).

HCuSNPs-CpG Distribution. For in vivo tracking the distribution
of CpG, CpG modified with a primary amine group at the 5
terminal through the Cq linker (5'-NH,-C-CpG-3') was custom
synthesized (Genscript). The amine-modified CpG (100 xg) was
added to 100 ug of IRDye680RD NHS ester (LiCor) in PBS (pH 7.4)
for overnight reaction. The product was passed through a
PD-10 column (Sigma) to separate the unreacted dye. The
purified CpG-IRDye680 (fCpG) conjugate was lyophilized and
stored at —20 °C until use. The CpG-IRDye680-loaded HCuSNPs
(HCuSNPs-fCpG) were prepared with the same method as used
for HCuSNPs-CpG.

BALB/c mice were subcutaneously (sc) inoculated with 1 x
10° EMT® cells in the right flank. When the tumor size reached
8—10 mm, the tumor-bearing mice were divided into three
groups (n = 3). Mice in group 1 were intratumorally injected with
50 uL of free fCpG (10 ug fCpG/mouse). Mice in groups 2 and 3
were intratumorally injected with 50 uL of HCuSNPs-fCpG (10 ug
fCpG/mouse). At 30 min after injection, tumors of mice in group
3 received near-infrared laser irradiation (900 nm, 2.0 W/cm?,
40 s). All the mice were imaged by live small animal optical
imaging system (IVIS Lumina XR, Caliper) at 1, 4, or 24 h
following injection. Twenty-four hours after injection, the mice
were euthanized. The tumor and the draining lymph nodes
were harvested for imaging.

Following imaging, the tumor tissues were embedded in
Tissue-Tek O.C.T compound (Sakura Finetek) for cryosectioning
(8 um thickness). The immunohistochemistry was performed by
staining with rat anti-mouse plasmacytoid dendritic cell mono-
clonal antibody (clone 120G8.04, Imgenex, 1:50) followed by
Alexa Flour 488-conjugated goat anti-rat IgG (Life Technologies,
1:750). The cell nuclei were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI, Sigma).

Tumor Treatment. BALB/c mice bearing the EMT6 tumor were
used to investigate the efficacy of antitumor immunity. The
mice were sc inoculated with 1 x 10° EMT6 cells in the right
flank at day —4. The tumor size reached 4—6 mm at day 0. The
mice were then divided into 6 groups and received the follow-
ing treatment at day O: intratumoral injection of saline; laser
alone; intratumoral injection of free CpG (100 ug) alone;
intratumoral injection of HCuSNPs-CpG (100 ug of CpG) alone;
intratumoral injection of HCuSNPs-CpG (100 ug of CpG) plus
laser; intratumoral injection of HCuSNPs-GpC (sham CpG
control, 100 ug of GpCQ) plus laser. For laser treatment groups,
the mice received near-infrared laser irradiation (900 nm,
2.0 W/cm?, 40 s) at 30 min after intratumoral injection. Boost
treatment with the same dose was given to each group at day 6.

Flow Cytometry. Cell surface or intracellular staining was
performed according to protocols supplied by the manufac-
turer. Cells were stained with allophycocyanin (APC)-, FITC-, or
PE-conjugated antibodies by incubation at 4 °C for 30 min.
Fluorescence-labeled monoclonal antibodies against mouse
CD8a, CD69, IFN-y, and B220 (eBioscience) and anti-mouse
CD11c and CD86 (BD Biosciences) were used. Samples were
analyzed on a FACS Calibur (Becton Dickinson). For analysis of
DCs and NK cells, tumor-draining lymph nodes, spleen, and tumor
of the treated mice were collected at day 8. For analysis of T cells,
the tissues were collected at day 12. Single cell suspension was
obtained by grinding spleen or draining lymph node tissues with
glass slides or by digesting small pieces of tumor with collagenase
A (0.5 mg/mL, Sigma) in Dulbecco's modified Eagle's medium
(DMEM) with 2% FBS for 2 h at room temperature.
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Immunohistochemistry. For staining the activated NK cells,
tumors were collected at day 8 for cryosectioning. The sections
were stained with FITC-conjugated anti-mouse CD69 (1:50,
eBioscience) and APC-conjugated anti-mouse CD49b (1:50,
eBioscience) followed by DAPI counterstaining.

Cytokine Assay. Spleen and tumor tissues were collected at
day 12.Single cell suspension was prepared as described above.
The cells were then incubated with CpG (20 ug/mL) in 6-well
plates. The supernatant was collected after 8 h incubation.
The IFN-y and IL-2 concentrations were tested with ELISA
(eBioscience) according to the manufacturer's protocol.

Cytotoxicity Assay of Cytotoxic T Lymphocytes. A lactate dehydro-
genase (LDH) assay was used to evaluate the cytotoxicity of
cytotoxic T lymphocytes according to the previous method.>*
The splenocytes collected at day 12 from tumor-bearing mice
were stimulated with mitomycin C-treated tumor cells and
mouse IL-2 for 72 h at 37 °C under 5% CO.,. After stimulation,
viable splenocytes were counted and used as effector cells for
the measurement of specific cytolytic activity. The EMT6 cells, as
target cells, were distributed into triplicate wells of a 96-well
plate (2 x 10* cells/well) in 100 uL of complete RPMI-1640
medium supplemented with 2% FBS. The stimulated lympho-
cytes were diluted in the same medium and added to target
cells in triplicate with (effector-to-target) E/T cell ratios of 20:1,
5:1, and 1:1 in a total volume of 200 xL. Wells added with only
target cells served as spontaneous release. Target cells were
treated with lysis buffer to calculate maximal release of LDH. The
cell mixtures were incubated for 6 h at 37 °C under 5% CO.. After
incubation, the supernatant was collected and assayed for LDH
according to the manufacturer's instructions (Sigma).

Tumor Growth Delay Study. BALB/c mice bearing EMT6 tumors
in the right flank, with tumor sizes of 4—6 mm (n = 5, defined as
day 0), were used for evaluation of the antitumor efficacy with
the following treatments at day 0: intratumoral injection of
saline; intratumoral injection of free CpG (100 ug) alone; in-
tratumoral injection of HCuSNPs-CpG (100 ug of CpG) alone;
intratumoral injection of HCuSNPs-CpG (100 ug of CpG) plus
laser; intratumoral injection of HCuSNPs-GpC (sham CpG
control, 100 ug of GpC) plus laser; intratumoral injection of
HCuSNPs plus laser followed by intratumoral injection of free
CpG (100 ug) 3 h after the laser treatment (photothermal
therapy plus free CpG). For laser treatment groups, the mice
received near-infrared laser irradiation (900 nm, 2.0 W/cm?, 40's)
at 30 min after injection. A boost treatment with same dose was
given to each group at day 6. Also at day 6, the mice were sc
injected with 3 x 10° EMT6 cells in the left flank. Tumor size was
assessed by measuring the length and width and calculated
with the standard formula: tumor size = (length + width)/2.

EMT6-OVA tumor-bearing mice were used to assess antigen-
specific antitumor efficacies of different treatments. Briefly, 1 x
10° EMT6-OVA cells were sc inoculated in the right flank of
the mice. When tumor size reached 4—6 mm, defined as day 0,
the mice were divided into 4 groups (n = 5) and received the
following treatments: group 1, intratumoral injection with saline
at day 0 and day 6; group 2, intratumoral injection with OVA
(50 ug/mouse) in complete Freund's adjuvant (CFA) at day 0 and
intratumoral injection with OVA (50 ug/mouse) in incomplete
Freund's adjuvant (IFA) at day 6;>> group 3, intratumoral injec-
tion with HCuSNPs-CpG (100 ug/mouse) at day 0 and intratu-
moral injection with OVA (50 #g/mouse) in IFA at day 6; group 4,
intratumoral injection with HCuSNPs-CpG (100 ug/mouse) plus
laser (900 nm, 2.0 W/cm? for 40 s) at day 0 and intratumoral
injection with OVA (50 ug/mouse) in IFA at day 6. At day 6, 3 x
10° EMT6-OVA cells were inoculated in the left flank of the
immunized mice. The tumor size was measured as described
above.

Biodistribution and Elimination of Cu. BALB/c mice bearing EMT6
tumors in the right flank, with tumor sizes of 4—6 mm at day 0,
were divided into three groups (n = 5). Mice in groups 1 and 2
were intratumorally injected with HCuSNPs-CpG (1 mg of Cu
per mouse). Mice in group 1 were treated with laser (900 nm,
2.0 W/cm?, 40 s) at 30 min after injection and at day 6. Mice in
group 3 without injection were used as control for endogenous
Cu. All mice were transferred to mouse metabolic cages
(Tecniplast) for urine and feces collection up to 14 days.
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At day 14, all mice were euthanized. The heart, liver, spleen,
lung, kidney, tumor, and tumor-draining lymph nodes were
collected. Tissue, urine, and feces samples were digested for
the inductively coupled plasma mass spectrometer (ICP-MS)
(model: X7, Thermo Electron Corporation) quantitative analysis
of Cu according to our previously reported procedure.>® Data of
both HCuSNPs-CpG treatment groups were calculated by sub-
tracting endogenous Cu content from the measured Cu values.
Statistical Analysis. The statistical difference of the results
among multiple treatment groups was evaluated by one-way
analysis of variance (ANOVA) followed by LSD post hoc multiple
comparison tests. Differences in values of Cu biodistribution
between two treatment groups were assessed using an un-
paired Student's t test; p < 0.05 was considered significant.
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