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CpG expedites regression of local and systemic tumors when
combined with activatable nanodelivery

Azadeh Kheirolomoom®a1, Elizabeth S. Ingham&1, Lisa M. Mahakian?, Sarah M. Tam?,
Matthew T. Silvestrini2, Spencer K. Tumbale?, Josquin Foiretd, Neil E. HubbardP, Alexander
D. BorowskyP, William J. Murphy®, and Katherine W. Ferrara®”
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CUniversity of California, Davis, Department of Dermatology, 2921 Stockton Blvd., Institute for
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Abstract

Ultrasonic activation of nanoparticles provides the opportunity to deliver a large fraction of the
injected dose to insonified tumors and produce a complete local response. Here, we evaluate
whether the local and systemic response to chemotherapy can be enhanced by combining such a
therapy with locally-administered CpG as an immune adjuvant. In order to create stable,
activatable particles, a complex between copper and doxorubicin (CuDox) was created within
temperature-sensitive liposomes. Whereas insonation of the CuDox liposomes alone has been
shown to produce a complete response in murine breast cancer after 8 treatments of 6 mg/kg
delivered over 4 weeks, combining this treatment with CpG resolved local cancers within 3
treatments delivered over 7 days. Further, contralateral tumors regressed as a result of the
combined treatment, and survival was extended in systemic disease. In both the treated and
contralateral tumor site, the combined treatment increased leukocytes and CD4+ and CD8+ T-
effector cells and reduced myeloid-derived suppressor cells (MDSCs). Taken together, the results
suggest that this combinatorial treatment significantly enhances the systemic efficacy of locally-
activated nanotherapy.
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1. Introduction

The use of ultrasound (US) and other local therapies has long been acknowledged to have
the potential to cure local cancers; however, only a subset of lesions can be addressed by
US, and treatment of inaccessible disease sites or large numbers of lesions is often required
to increase life expectancy. The literature supports the use of US to reduce tumor tolerance
or enhance immune response although these effects alone are not sufficient to generate a
complete response [1-3]. The combination of US, immunomodulatory agents and
chemotherapy has not been explored but is a rational choice because of the effect of US on
the immune environment [4] and the augmented antitumor effects observed when
chemotherapy is added to immunotherapy [5-7]. Recently, the addition of immune
adjuvants to such local therapies has been shown to create an abscopal response and enhance
survival [8, 9]. This represents a particularly significant opportunity for US methods as US
can be applied repeatedly without a limit on the number of treatments and with a schedule
that can be determined by biological need. With a protocol in which the accessible lesions
are insonified and a systemic response is achieved, new treatment opportunities exist.
Within this new paradigm, there are several potential directions: for example, US can be
used to enhance local delivery via drug release or to ablate a lesion within a single treatment.
Given the opportunity to repeatedly stimulate the immune system using a combination of
US-mediated drug release and the application of immune adjuvants, we follow this approach
here.

One strategy to achieve a minimally-toxic and highly-effective local treatment, which can be
combined with immunotherapy, is to create an activatable particle that minimizes systemic
toxicity and maximizes local tumor cell death. Previously, we formulated a highly-stable,
pH-sensitive complex between doxorubicin (Dox) and copper (CuDox) in the core of
lysolipid-containing temperature-sensitive liposomes (TSL) [10]. Local release of
chemotherapy from temperature-sensitive particles has been shown to deliver a large
fraction of the injected dose to the tumor [11]. When combined with US, a single
administration of CuDox-TSL suppressed tumor growth, and further, with 8 repeated
administrations, achieved a complete local tumor response with minimal systemic toxicity.
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Repeated administration over a 4-week period was curative for local disease; however, this
treatment did not extend survival in disseminated disease.

Chemotherapeutic drugs augment the antitumor effects of immunotherapies, where
chemotherapy-induced apoptosis of tumor cells activates dendritic cells (DCs) and provides
tumor-specific antigens for cross-presentation to T cells [12-17]. An advantage of therapy
with temperature-sensitive particles is that the released drug is internalized or cleared
quickly (thus recruited T cells/DCs survive). Further, this therapy is repeated several times
in order to achieve a local cure. Such a protocol is ideal for the addition of immunotherapy
[3, 18-22].

In our studies, we add the agonist CpG (single-stranded synthetic DNA molecules that
contain cytosine “C” followed by a guanine “G” connected through a phosphodiester or
phosphorothioate backbone) to enhance the response to systemic/metastatic cancers.
Bacterial CpG DNA motifs that signal through Toll-like receptor 9 (TLR-9) have been used
in combination with various vaccination strategies to treat cancer [23]. CpG signaling results
in plasmacytoid DC activation, production of IFN-y, DC maturation and T cell activation
[23, 24]. Combining treatment with CpG agonists shows promise to extend local treatment
to a systemic effect [25-28]. TLR agonists combined with local therapies have been the
most successful such combination in creating a DC vaccine; alternatively cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) and programmed cell death (PD)-1 have not
shown as potent of a synergistic effect with local therapies [25-28].

Therefore, in this study, we evaluated the use of CpG immunogenicity in combination with
an US-releasable temperature-sensitive particle (CuDox-TSL) as a non-invasive local-cancer
treatment with potential systemic antitumor effects in an aggressive murine breast cancer
model. In order to evaluate both local and distant therapeutic effect, a bilaterally-
transplanted NDL tumor model was employed in which one tumor per animal received
direct US and CpG treatment. In this context, the power of immune adjuvants and
activatable particles is combined for systemic therapy.

2. Material and methods

2.1. Materials

Doxorubicin hydrochloride (USP grade), copper (11) gluconate, ammonium sulfate, and
triethanolamine (TEA) were purchased from Sigma (St. Louis, MO). 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(MPPC), and 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-
Methoxypolyethyleneglycol-2000 (DSPE-PEG2k) were obtained from Avanti Polar Lipids
Inc. (Alabaster, AL). CpG-ODN 1826 (5’-tccatgacgttcctgacgtt-3’; total backbone
phosphorothioated) was from InvivoGen (San Diego, CA). The neu deletion (NDL)
metastatic mammary carcinoma cell line was obtained from the Alexander Borowsky
Laboratory (UC Davis) [29, 30].
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2.2. Preparation of liposomes and Dox loading

Lysolipid-containing temperature-sensitive liposomes (TSL) were made from DPPC:DSPE-
PEG2k:MPPC (86:4:10, molar ratio). Liposomes were prepared by the hydration and
extrusion method as described previously [10, 31]. Lipids, at the indicated ratios, were
dissolved in chloroform. The chloroform was removed under a gentle stream of nitrogen gas
and, subsequently, the residual solvent was removed under vacuum overnight. The dried
lipid was hydrated in 0.3 mL of 100 mM copper (I1) gluconate including triethanolamine at
540 mM (pH 8.4) to prepare copper-TSL (Cu-TSL). The multi-lamellar lipid solution at a
final concentration of 50 mg/mL was extruded above the phase transition temperature of the
lipid mixture through a polycarbonate membrane with a pore diameter of 100 nm. Cu-TSL
were separated from non-encapsulated copper/TEA by passing the extruded liposomal
suspension through a spin column of Sephadex G-75 (5 x 1 cm, GE Healthcare, Biosciences,
Piscataway, NJ) equilibrated with saline (0.9% sodium chloride). The liposomal diameters
were ~100 nm (115 nm + 18 nm) as measured using a NICOMP™ 380 ZLS submicron
particle analyzer (Particle Sizing System Inc., Santa Barbara, CA). Lipid concentration was
measured using the Phospholipids C assay kit (Wako Chemicals USA, Richmond, VA)
according to manufacturer’s instructions. Dox was added to Cu-TSL at a drug-to-lipid ratio
of 0.2:1 (wt:wt) and incubated at 37 °C for 1.5 h. The resulting CuDox-TSL were then
separated from non-encapsulated Dox using Sephadex G-75 spin columns.

2.3. Animals and in vivo procedures

All animal experiments were conducted according to guidelines approved by the University
of California, Davis, Animal Care and Use Committee (IACUC) and additional details of the
study are provided in the supplementary information. FVB/n mice (Charles River,
Wilmington, MA) were orthotopically transplanted with NDL tumor biopsies into the
bilateral #4 inguinal mammary fat pads as previously described [32]. Mice were randomized
among several groups including CuDox-TSL+US+CpG (CuDox+US+CpG), CuDox-TSL
+US (CuDox+US), US+CpG (US+CpG), US only (US), drug treatment only (CuDox), CpG
only (CpG) and no treatment (Control). A total of 101 bilateral NDL-tumor bearing mice
were studied, among which the treatment groups for each study contained the following
samples sizes: 1) 10-day tumor growth study: Control (n = 15), US (n = 3), CuDox (n = 8),
CuDox+US (n=9), CpG 30 ug (n =3), CpG 50 ug (n = 3), CpG 60 pug (n = 3), CpG 100 ug
(n =3), US+CpG (n = 4), and CuDox+US+CpG (n = 9); 2) Immuno-profiling study: Control
(n=6), CpG (n =4), US+CpG (n = 4), CuDox+US (n = 4), CuDox+US+CpG (n = 4); 3)
Open-ended survival study: Control (n = 4), CpG (n = 7), US+CpG (n = 4), CuDox+US
+CpG (n = 4). Drug-treated mice bearing bilateral NDL tumors of ~2 to 4 mm (~ 4 - 30
mm3) in longitudinal diameter were injected via the tail vein with CuDox-TSL (~6 mg
Dox/kg body weight and ~30 mg lipid/kg body weight) on days 0 and 3 (for the 7-day
treatment period) and days 0, 3 and 7 (for the 10-day treatment period), with a total Dox
injected dose of 100 mg/m2. Non-drug treated control mice received a saline injection; 150
uL of 0.9% sodium chloride intravenously and/or 50 pL intratumorally were each evaluated
and combined into the control group as no significant difference was observed. For
treatments involving CpG, the dose of CpG was injected in 50 uL of endotoxin-free water
intratumorally in a single injection (CpG only) or to the treated tumor immediately
following US-hyperthermia (US+CpG and CuDox+US+CpG). For all insonified mice, one
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tumor per animal was insonified for 5 min at 42 °C prior to intravenous administration of
drug and saline in the drug treatment with US and US-only groups, respectively. Tumor
insonation was continued for an additional 20 min at 42 °C after injection, and CpG was
injected into the insonified tumor (Fig. 1A). The US protocol consisted of 100-cycle bursts
at a 1.54 MHz center frequency and 1.1 MPa peak negative pressure, with the pulse-
repetition frequency (PRF) ranging from 100 Hz to 5 kHz and maintained as controlled by a
proportional integral derivative (PID) controller based on the constant temperature of 42 °C.

2.4. Antibodies

The following fluorochrome-conjugated monoclonal antibodies (mAbs) were purchased
from BioLegend (San Diego, CA): Pacific blue (PB)-anti-CD45 (30-F11), fluorescein
isothiocyanate (FITC)-anti-F4/80 (BM8), phycoerythrin (PE)-anti-NK1.1 (PK136), PE-Cy7-
anti-CD3 (145-2C11), PE-Cy7-anti-CD11c (N418), allophycocyanin (APC)-CD206
(C068C2), APC-Cy7-anti-CD11b (M1/70), APC-Cy7-anti-CD25 (PC61), Alexa Fluor
(AF)-700-anti-CD8 (53-6.7), AF-700-anti-Ly6G/Ly6C (Gr-1, RB6-8C5); from BD
Biosciences (San Jose, CA): FITC-anti-CD4 (GK1.5), PE-anti-CD86 (GL1); and from
eBioscience (San Diego, CA): PE-anti-Foxp3 (FJK-16s), PE-Cy5-anti-MHCII
(M5/114.15.2). Isotype-matched mouse, rat and hamster IgG mAbs were used as negative
staining controls. In order to block Fcylll/Il receptor-mediated unspecific binding, the anti-
CD16/CD32 antibody (2.4G2) from BD Biosciences was used.

2.5. Cell preparation and flow cytometry

Bilateral tumor-bearing mice were sacrificed after the 7-day treatment period for immune
cell profiling via flow cytometry. In this syngeneic orthotopic model, a draining lymph node
is located within the mammary inguinal fat pad containing the transplanted NDL tumor.
Therefore, the entire fat pad containing the tumor and inguinal lymph node was collected
and processed together for these analyses. Single-cell suspensions were obtained by
mechanical disruption of the tissue followed by enzymatic digestion with 1mg/mL
collagenase IV (Sigma Aldrich, St. Louis, MO) and filtration through a 70 um cell strainer
(BD Biosciences, San Jose, CA). Cell suspensions were stained using the LIVE/DEAD®
Fixable Aqua Dead Cell Stain Kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions in order to exclude dead cells from analysis. Cells were then
incubated with 2.4G2 mAb for 10 min to block nonspecific antibody binding and finally
stained with combinations of the indicated fluorochrome-conjugated anti-mouse antibodies
for 25 min at 4 °C. Antibody combinations used to distinguish immune cell populations
were CD45* (leukocytes) plus the following: CD3*, CD4* (CD4+ T cells), CD3*, CD8*
(CD8+ T cells), CD4*, CD25", Foxp3™ (regulatory T cells), CD11b*, F4/80", Gr-1-
(macrophages), CD11b*, F4/80*, Gr-1-, CD86*, MHCIIN' (M1 macrophages), CD11b™,
F4/80*, Gr-1-, CD206%, MHCII'°W (M2 macrophages), CD11c*, MHCII*, F4/80~ (dendritic
cells), CD3~, NK1.1* (natural killer cells) and CD11b*, Gr-1* (myeloid derived suppressor
cells). Intracellular mouse Foxp3 staining was carried out using the eBioscience Anti-
Mouse/Rat Foxp3 Staining Set (72-5775) following manufacturer’s instructions. All cell
preparations were fixed in Cytofix buffer (BD Biosciences) diluted to 1% paraformaldehyde
(PFA) in phosphate buffered saline (PBS). Stained cells were analyzed within 24 h on a
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LSRII flow cytometer (BD, San Jose, CA) and all datasets were analyzed using FlowJo
software vX (TreeStar).

IFN-y secretion from CD4+ and CD8+ T cells was quantified using the Mouse IFN-y
Secretion Assay Cell Enrichment and Detection Kit (130-090-517, Miltenyi Biotec, San
Diego, CA) according to the manufacturer’s instructions, except cells were not magnetically
labeled and enriched over a MACS column. Instead, after addition of the IFN-y catch
reagent to cells, followed by incubation in the recommended culture medium for 45 min at
37 °C, cells were washed and incubated with PE-anti-IFN-y detection antibody in
combination with the helper and cytotoxic T-cell fluorochrome-conjugated antibodies
indicated above for 15 min at 4 °C. Finally, cells were washed, fixed in 1% PFA Cytofix
buffer and run on a LSR Il cytometer.

2.6. Statistical analyses

3. Results

Statistical analyses were performed using Prism 6 software (GraphPad Software Inc.). Data
are expressed as mean + SEM, unless otherwise indicated. For analysis of three or more
groups, a one-way ANOVA test was performed with either a Bonferroni or Tukey’s post-
hoc test as stated. Analysis of differences between two normally-distributed test groups was
performed using an unpaired t test assuming unequal variance. For t tests comparing only
two groups within a larger data set, the mean of each treatment group was compared only to
the mean of the control group and a Sidak-Bonferroni correction for multiple comparisons
was applied. Differences between groups in the Kaplan-Meier plot were determined using
Log-rank statistics. P-values less than 0.05 were considered significant.

3.1. In vivo efficacy achieved by combining CuDox-TSL, US and CpG

We augmented the CuDox+US treatment described previously [10, 31] by adding an
intratumoral injection of CpG immediately following insonation (n=101) (Fig. 1A). Over the
course of three treatments delivered on days 0, 3 and 7, treatment groups that included
CuDox-TSL injection (CuDox, CuDox+US, CuDox+US+CpG) all suppressed tumor growth
compared to control animals (Fig. 1B). CuDox+US+CpG treatment resulted in tumor
regression after the first treatment and tumor growth was reduced to the greatest extent with
CuDox+US+CpG as compared with CuDox+US or CuDox alone (each p < 0.001 compared
to control, Fig. 1B, D and SI Fig. S1). The reduction in tumor growth achieved by CuDox
+US+CpG was also observed in the contralateral tumors (Fig. 1B, D, p < 0.001). While
treatment with US-hyperthermia only did not affect tumor growth, intratumoral
administration of CpG alone or CpG in combination with US-hyperthermia did reduce
growth in directly-injected tumors and to a lesser extent in contralateral tumors (Fig. 1C, p <
0.01 for CpG-treated tumors compared to control and p < 0.001 for US+CpG treated tumors
compared to control). The antitumor effect of CpG did not significantly increase with
increasing injected dose (Fig. 1C).

In order to assess the variability of response, we also present the individual tumor growth
curves from all mice evaluated with the CuDox+US+CpG, CpG and control protocols (Fig.
1E-1). For the directly treated CuDox+US+CpG treatment group, tumor regression was
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observed immediately in 9 of 12 mice (Fig. 1E), whereas the remaining 3 of 12 did not grow
or grew slowly initially and decreased in volume after the third treatment. For the CuDox
+US+CpG contralateral group, 10 of 11 tumors grew initially; however, tumor volume was
decreasing in 11 of the 12 after three treatments (Fig. 1F). This consistency in treatment
response was not observed with administration of CpG alone (Fig. 1G, H); and tumor
growth continued in 3 of 9 directly treated tumors and 4 of 10 contralateral tumors after
three treatments. Control animals did not receive any treatment and therefore both bilateral
tumors were considered untreated control tumors (i.e. there is no “primary” and
“contralateral” tumor in these animals).

H&E-stained tumor sections obtained on day 10 confirmed a dramatic reduction in viable
tumor cells remaining after the combinatorial treatment with CuDox+US+CpG compared to
control tumors (Fig. 2). This reduced cell viability was also apparent in the contralateral
tumors of mice receiving the CuDox+US+CpG treatment, with infiltrating leukocytes
elevated and extensive necrosis observed. Similarly, histological sections obtained from
tumors treated with CpG alone also displayed an increase in leukocytes and tumor cell
apoptosis, but with a lesser overall effect in the contralateral tumors of this group of mice.
Mice receiving CuDox only or CuDox+US treatment displayed the greatest tumor viability
in both the treated and contralateral tumors.

3.2. Immune cell profiles in the tumor-containing inguinal fat pad after CuDox+US+CpG

treatment

Immune cells were quantified by flow cytometry after two treatments delivered on days 0
and 3. The percentage of total cells expressing CD45 (general leukocytes) at the site of the
inguinal fat pad containing tumor and lymph node was significantly increased in the US
+CpG-, CuDox+US- and CuDox+US+CpG-treated tumor site and in the contralateral tumor
site of CuDox+US+CpG-treated mice (Fig. 3A, left column, p < 0.05). Because these
treatments dramatically reduced tumor growth and therefore total cell number, the total
leukocyte number in the directly-treated and contralateral tumor sites of these animals was
not significantly different compared to controls (Fig. 3A, right column). The fraction of
CD4+ and CD8+ T cells in both the treated and contralateral tumor sites of CuDox+US
+CpG-treated mice was increased compared to control mice (Fig. 3B, C, p <0.001 for
CDA4+ T cells in the treated and contralateral site and CD8+ T cells in the treated site; p <
0.05 for CD8+ T cells in the contralateral site). CuDox+US treatment on its own also
significantly increased the fraction of CD4+ T cells, but only in the treated-tumor site (Fig.
3B). Further, the fraction of macrophages within the treated site was significantly increased
with local CuDox+US+CpG treatment, but not with other treatments (Fig. 3B, p < 0.05). For
all treatments, the M1 macrophage phenotype was more common than the M2 phenotype
(M1 macrophage frequency was 19.4 + 11.1% of total macrophages versus 3.5 + 3.0% for
M2 macrophages, mean £ SD); however, most of the fat pad and tumor macrophages did not
demonstrate either the M1 or M2 markers. No significant difference in the frequencies of
M2 macrophages, dendritic cells or natural killer cells was noted with any treatment
compared to controls (data not shown).
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3.3. Reduced immunosuppression and enhanced T cell activation after CuDox+US+CpG

treatment

A significant reduction in the frequency and absolute number of myeloid-derived suppressor
cells (MDSCs) within CuDox+US+CpG-treated and contralateral tumor sites was observed
at the termination of the 7-day treatment period (Fig. 4A through C, p < 0.05). In control
tumors, Foxp3-staining regulatory T cells (Tregs) were found to be strongly associated with
the tumor periphery (Fig. 4D). In contrast, for mice treated with CuDox+US+CpG, Tregs
were significantly reduced in the treated tumors but remained in the contralateral tumor
periphery in mice with remaining viable tumor (Fig. 4D, E, p = 0.034). Tregs were also
quantified in the tumor periphery of CpG-only treated and contralateral tumors. However,
we did not observe a significant difference in the Treg populations within the tumor
periphery of these treated and contralateral tumors compared to that of the control (data not
shown).

CuDox+US+CpG treatment also increased CD4+ T cell and CD8+ T cell activation, as
indicated by significantly higher percentages of IFN-vy secreting CD4+ T cells in the locally-
treated tumor site and significantly higher percentages of IFN-y secreting CD8+ T cells
within both the locally-treated and contralateral tumor sites compared to those of control
mice (Fig. 5A, B, ** p < 0.01, *** p < 0.001).

3.4. Treatment with CuDox+US+CpG elicits tumor remission and extends survival

In mice receiving CuDox+US+CpG, complete tumor regression was observed 20 days after
treatment termination. Further, only the directly-treated CuDox+US+CpG tumors
maintained complete remission over the entire 48 days of monitoring (Fig. 6A). Survival
was significantly extended only with the combinatorial CuDox+US+CpG treatment (p <
0.05, compared to control, Fig. 6B). Growth of the contralateral tumors limited survival in
the CuDox+US+CpG treatment group, but we reiterate that long-term survival has
previously been achieved when all tumors are directly treated with repeated CuDox+US
[10]. Survival percentages were similar for US+CpG and CpG-only treated mice (data not
shown). With CpG administration following CuDox+US, all locally-treated tumors showed
consistent and sustainable tumor-regression over the 48-day study and reduced growth of the
contralateral tumors (SI, Fig. S2A, S2B). This consistency in treatment response was not
observed with administration of CpG alone or with the US+CpG treatment (SI, Fig. S2C-F).
Histology of the tumor and surrounding fat pad obtained upon sacrifice after up to 48 days
post treatment confirmed complete tumor regression in CuDox+US+CpG-treated mice (Fig.
6C, i-iv), where viable tumor cells were not detected in the directly-treated fat pads of these
animals; however, inflammation is apparent in the form of reaction within the lymph node
(yellow arrow) and surrounding parenchyma. Control tumors (Fig. 6C, viii), CuDox+US
+CpG contralateral tumors and CpG-only treated and contralateral tumors contained regions
with viable tumor (Fig. 6C, v, vi, and vii, respectively).

3.5. Systemic toxicity with repeated CuDox+US+CpG treatment

We monitored animal body weight, organ hypertrophy, and blood hematology and
circulating proteins as indicators of kidney and liver function. As shown in Supplementary
Fig. S3A, body weight was reduced by 5% in the CuDox+US+CpG group over the initial 10
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days of treatment; however, normal weight gain returned upon treatment termination.
Although mice receiving CuDox+US+CpG treatment exhibited hepatomegaly immediately
following the 10-day treatment period, upon termination of the 48-day study period, liver
hypertrophy was not detected and spleen and heart weights were similar to no-treatment
control animals (data not shown). Leukopenia was also observed in CuDox+US+CpG
treated mice over the 10-day treatment period (Sl, Fig. S3B, p < 0.01). However, once
treatment was terminated, white blood cell levels recovered by the end of the 48-day study
(SI, Fig. S3B).

4. Discussion

US was applied to locally release a drug from temperature-sensitive particles and provided a
real-time and image-guided means of delivering a precise and focused thermal dose.
Historically, a major concern for such activatable therapies has been the inability to impact
systemic cancers. Here, we demonstrate that the impact of such therapies can be extended to
treat systemic disease. The low systemic toxicity and highly localized delivery demonstrated
here represents a new approach to trigger an in situ tumor vaccine. While we have not yet
optimized the timing and protocol for this combined treatment, we found that a systemic
effect was observed after three treatments and survival was extended.

With addition of the Toll-like receptor agonist, CpG, to the CuDox+US combinatorial
treatment, complete regression of the local tumor was achieved with fewer treatments than
with the CuDox+US treatment alone (3 treatments over 10 days vs 8 treatments over 4
weeks). Viable tumor was not detected by histology within the directly-treated tumors;
viability of the contralateral tumors was confirmed to be reduced on histological
examination after 10 days of treatment and therefore survival was extended. The rapid and
complete destruction of the primary tumor raises interesting questions for an immunotherapy
protocol as the contralateral tumor was responding but had not been eliminated. Since CpG
is typically locally administered within viable tumor and the three CuDox+US+CpG
treatments eliminated all local viable tumor, extending treatment of the initial primary lesion
beyond the first three treatments is expected to be suboptimal for inducing a systemic
response. A more effective systemic therapy (and enhanced survival) may require the direct
treatment of multiple tumors or metastases.

Release of Dox from CuDox-TSL was previously shown to produce a complete local
response in syngeneic breast tumors [10]. Full release of the Dox requires release of the
complex from the particle and a reduction in pH in order to disassociate the copper and Dox.
With the ability to selectively release chemotherapy in tumors and eliminate local disease,
we sought to extend the therapeutic effect to systemic cancer by adding an immune adjuvant
to the treatment. The advantage of this approach, as compared with traditional chemotherapy
or radiation treatment, is the highly-localized delivery and resultant low-systemic toxicity.
Thus, a tailored protocol could be applied to multiple sites and repeated as needed to
enhance systemic efficacy.

The combined treatment was well tolerated. We observed significant leukopenia in all CpG-
treated animals, reduced body weight and increased hepatomegaly immediately after the
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treatment protocol. However, these changes disappeared within several weeks of treatment
termination.

Changes in immune cell numbers and phenotype

CpG is known to be an effective stimulator of Toll-like receptor 9 (TLR-9), which can
trigger proliferation and activation of T lymphocyte inflammatory antitumor responses in
murine models both directly [33] and indirectly through antigen-presenting cells (APCs)
[34]. Here, we found that macrophage frequencies were significantly increased in the
directly-treated tumor site of CuDox+US+CpG-treated animals, suggesting triggering of an
innate immune response by combinatorial drug-CpG administration. It is important to note
that the CuDox+US+CpG treatment did not enhance the frequency of M2-polarized
macrophages, which are thought to be involved in promoting tumor protection and immune
evasion [35-37]. We also observed a significant increase in the frequencies of leukocytes in
CuDox+US+CpG-treated and contralateral tumors, of which, CD4+ and CD8+ T cells were
significantly amplified.

These data suggest that the heightened efficacy of the CpG-augmented therapy may be
mediated, at least in part, via enriched activation of the innate immune system, in terms of
APCs such as macrophages, and possibly even the adaptive-immune system through T
lymphocyte activity. Data have suggested that a rapid infiltration of T cells in primary tumor
lesions is a positive prognostic factor in melanoma [38], ovarian cancer [39], renal cell
carcinoma [40], bladder cancer [41], and several other solid cancers [42]. CD4+ T cells are
known to orchestrate a broad range of immune responses and are equipped to differentiate
into multiple sub-lineages that can induce and maintain destructive immune responses to
self-antigens, including tumor antigens. Working in conjunction with CD4+ T cells, CD8+ T
cells can directly target and exert potent tumor-Kkilling activity [40, 41].

The response to CpG-only and US+CpG treatments was not consistent within the treatment
groups. However, when CpG is administered following CuDox+US, all locally-treated
tumors displayed highly effective tumor suppression within a much shorter time period than
expected or observed for treatment with doxorubicin alone or with CuDox+US. The
consistent, sustained responses achieved with the CuDox+US+CpG treatment may indicate
that there is an antigen-specific response occurring, as opposed to what might be a more
non-specific inflammatory immune response generated by CpG with and without US in the
absence of drug. This will require additional studies to tease apart these issues.

Reduction in the immunosuppressive environment

A major obstacle to successful cancer immunotherapy is the suppression of effector cells
that is induced by the tumor microenvironment. The accumulation of myeloid-derived
suppressor cells (MDSCs) has been recognized as a major mechanism in the promotion of
tumor-induced immune suppression [43-45]. In mice, these cells are broadly defined by
their unique coexpression of macrophage (CD11b) and granulocyte (Gr-1) markers [43], and
they possess the ability to suppress T cell antitumor responses in antigen-specific or
nonspecific manners depending on the condition of T cell activation [46, 47]. Here we found
that the CuDox+US+CpG combinatorial therapy significantly reduced the percentage and
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absolute number of MDSCs in both the locally-treated tumor site and the contralateral tumor
site. Further, significant increases in the frequencies of T lymphocytes actively secreting
IFN-y were observed in the CuDox+US+CpG-treated (IFN-y producing CD4+ and CD8+ T
cells) and contralateral tumor sites (IFN-y producing CD8+ T cells), but not in the tumor
sites of any other treatments tested, compared to controls. IFN-v is produced by certain
CDA4+ T cell subsets and CD8+ T cells once antigen-specific immunity has developed and is
associated with prominent antitumor activity [48, 49]. IFN-vy secretion promotes the priming
and expansion of cytotoxic CD8+ T and natural killer (NK) cells and enhances the
immunogenicity of tumor cells themselves. These results therefore suggest that the CpG-
augmented treatment may enhance activation of T lymphocyte effectors, possibly through a
reduction in inhibitory MDSCs.

Regulatory T cells (Tregs) are also vital down-regulators of inflammatory immune
responses, and studies with tumor mouse models have indicated a central negative role for
Tregs in hindering efficient tumor eradication [50]. In this study, Tregs were distributed at
the tumor periphery in untreated control tumors but were effectively eliminated in CuDox
+US+CpG directly-treated tumors. The presence of Treg cells surrounding the contralateral
tumor in animals treated with CuDox+US+CpG was correlated with the presence of viable
tumor cells. Therefore, future work will incorporate strategies to further reduce the systemic
Treg population.

5. Conclusion

In conclusion, we find that the combination of an activatable nanotherapy protocol with an
immune adjuvant enhanced local nanotherapy efficacy while reducing systemic tumor
growth and enhancing the anti-tumor immune response. Optimization of such treatments is
complex but shows the potential to provide new treatment options for systemic cancers.
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Fig. 1.
CpG reduces tumor growth in directly-treated and contralateral tumors. A: schematic of the

treatment protocol. B-D: tumor growth shown as a function of days over the 10-day, 3-dose
treatment cycle and presented as percent tumor growth. Initial tumor diameter was 2—4 mm.
The sample size for each group was: Control (n = 15), US (n = 3), CuDox (n = 8), CuDox
+US (n=9), CpG 60ug (n = 3), CpG 100ug (n = 3), US+CpG (n = 4), and CuDox+US+CpG
(n =9). E-I: Plots of individual tumor growth rates in response to each treatment over the
10-day, 3-dose treatment period. These data combine those tumors obtained from both the
10-day tumor growth study and the open-ended survival study. Each mouse was injected
intravenously with either saline or CuDox-TSL (~6 mg Dox/kg body weight) and, for
animals receiving US, one tumor per animal was insonified to release the drug. Animals
receiving CuDox+US+CpG or US+CpG treatment received an intratumoral injection of 100
ug of CpG immediately after tumor insonation. Animals receiving CpG-only received an
intratumoral injection of either 60 or 100 pug CpG. Red arrows indicate treatment days. Data
are shown as mean £ SEM, * p < 0.05, ** p < 0.01, *** p < 0.001, One-way ANOVA with
Tukey’s post-hoc correction (B and C, indicated significance is compared to control) or
unpaired t test assuming unequal variance (D).
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Fig. 2.
Histology of tumors treated with CuDox+US+CpG after the 10-day, 3-dose treatment

period. H&E of representative NDL tumors from the #4 inguinal mammary fat pads of mice
treated with CuDox+US+CpG, CuDox+US, CpG only or CuDox only compared to control
tumors. Whole tumor sections (right panels in each column) and the magnified views
enclosed by black boxes (left panels in each column) are shown. Areas enclosed by the
dotted lines indicate viable tumor. Scale bars correspond to 200 um (magnified panels) and 2
mm (whole tumor panels).
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Fig. 3.

Tumor immune cell profiles at the termination of the 2-dose treatment period. Entire
inguinal fat pads containing tumor and lymph node were harvested from treated mice and
stained for CD45, CD3, CD4, CD8, F4/80, CD11b and Gr-1 on day 7 after the start of
treatment and compared to untreated control mice via flow cytometry analysis. A: The
percentage and total number of live cells positive for CD45 (leukocytes), given as mean +
SD. B: Frequencies of CD4+ T cells (CD3*CD4%), CD8+ T cells (CD3*CD8*) and
macrophages (CD11b*F4/80*Gr-17), given as percentages of total leukocytes. Data shown
are mean + SEM. C: Flow cytometry plots displaying frequencies of CD45*CD3" pre-gated
cells staining positive for CD4 or CD8 in each treatment group. Numbers in quadrants
represent the percentages of cells positive for the indicated markers. After CuDox-TSL were
injected in the tail vein, one tumor site per mouse was directly treated by US and/or CpG
injection (“primary”); the contralateral site was not directly treated. The sample size was:
control (n = 6), CpG (n =4), US+CpG (n = 4), CuDox+US (n = 4), CuDox+US+CpG (n =
4). * p <0.05, *** p < 0.001, two-tailed unpaired t test assuming unequal variance and
Sidak-Bonferroni correction for multiple comparisons. Each treatment is compared only to
the control.
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Fig. 4.

MDSCs and Tregs at the termination of treatment. A—C: Tumors/inguinal lymph nodes of
treated mice were stained for CD45, CD11b and Ly6C/Ly6G (Gr-1) on day 7 after the start
of treatment and analyzed via flow cytometry. A: Gated CD45" cells are shown in the flow
cytometry dot plots and display frequencies of MDSCs positive for CD11b and Ly6C/Ly6G
(Gr-1) in each treatment group. Numbers in quadrants represent the percentages of cells
positive for the indicated markers. After CuDox-TSL were injected in the tail vein, one
tumor site per mouse was directly treated by US and/or CpG injection (“primary”); the
contralateral site was not directly treated. B: Frequencies of MDSCs (CD11b*Gr-1*) given
as a percentage of total leukocytes and C: as total numbers. D: Treg staining in histological
sections of fat pads containing tumor and inguinal lymph node on day 10 after 3 treatments.
Sections were stained with Foxp3 (brown). E: Treg number/mm? in the periphery of tumors
as quantified from histological sections. Data are shown as mean + SEM, * p < 0.05, two-
tailed unpaired t test assuming unequal variance and Sidak-Bonferroni correction for
multiple comparisons. Each treatment is compared only to the control. The sample size was:
control (n = 6), CpG (n =4), US+CpG (n = 4), CuDox+US (n = 4), CuDox+US+CpG (n =
4).
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Fig. 5.

T—%ffector cell IFN-vy secretion in CuDox+US+CpG-treated tumor sites. Tumors/inguinal
lymph nodes of treated mice were stained for CD45, CD3, CD4, CD8 and IFN-y on day 7
after the start of treatment and compared to untreated control mice via flow cytometry. The
sample size was: control (n = 6), CpG (n = 4), US+CpG (n = 4), CuDox+US (n = 4), CuDox
+US+CpG (n = 4). A: Gated CD45*CD3™ cells are shown in the flow cytometry dot plots
and display frequencies of cells double-positive for either CD4 and IFN-y or CD8 and IFN-
v. Numbers in quadrants represent the percentages of cells positive for the mentioned
markers. B: Frequencies of IFN-y secreting CD4+ (CD3*CD4*IFN-y*) and CD8+
(CD3*CDS8*IFN-v*) T cells given as a percentage of total leukocytes. Data are shown as
mean + SEM, ** p < 0.01, *** p < 0.001, two-tailed unpaired t-test assuming unequal
variance and Sidak-Bonferroni correction for multiple comparisons. Each treatment is
compared only to the control.
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Fig. 6.
In vivo treatment efficiency of the immune adjuvant, CpG, with and without CuDox+US or

US application. Mice received 3 treatments over the course of 10 days and were then
monitored for up to 62 days. The sample size for this study was: control (n = 4), CpG (n =
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7), US+CpG (n = 4), CuDox+US+CpG (n = 4). A: Tumor growth is quantified as a function
of days after the start of treatment over the open-ended survival study period. Initial tumor
diameter was ~4 mm. Directly-treated CuDox+US+CpG tumors maintain regression after
treatment completion for the entire 48-day tumor-growth study duration. B: Kaplan-Meier
survival plot. Survival of mice receiving CuDox+US+CpG was extended over the study
period compared to control mice (p = 0.024). C: Tumor/fat pad histology at the termination
of the open-ended survival study. H&E of whole NDL tumor sections from mice receiving
CuDox+US+CpG (100 g directly-treated tumors (i—iv), and representative contralateral
tumor (v)) or 100 pug CpG (directly-treated tumor (vi) and contralateral tumor (vii))
compared to representative control tumor (viii). Viable tumor cells were not detected in the
directly-treated CuDox+US+CpG tumors but were observed in all other treatment groups.
Scale bar corresponds to 3 mm. Yellow arrows indicate lymph nodes. Data are shown as
mean + SEM, * p < 0.05, One-way ANOVA with Tukey’s post-hoc correction (A, day 20),
*** n < 0.001, two-tailed unpaired t test (A, day 48). * p < 0.05, Log-rank statistics (B).
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