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Abstract

A successful chemotherapy-immunotherapy solid-tumor protocol should accomplish the following
goals: debulk large tumors, release tumor antigen for cross-presentation and cross-priming, release
cancer-suppressive cytokines and enhance anti-tumor immune cell populations. Thermally-
activated drug delivery particles have the potential to synergize with immunotherapeutics to
accomplish these goals; activation can release chemotherapy within bulky solid tumors and can
enhance response when combined with immunotherapy. We set out to determine whether a single
protocol, combining locally-activated chemotherapy and agonist immunotherapy, could
accomplish these goals and yield a potentially translational therapy. For effective delivery of free
doxorubicin to tumors with minimal toxicity, we stabilized doxorubicin with copper in
temperature-sensitive liposomes that rapidly release free drug in the vasculature of cancer lesions
upon exposure to ultrasound-mediated hyperthermia. We found that /n vitro exposure of tumor
cells to hyperthermia and doxorubicin resulted in immunogenic cell death and the local release of
type | interferons across murine cancer cell lines. Following intravenous injection, local activation
of the liposomes within a single tumor released doxorubicin and enhanced cross-presentation of a
model antigen at distant tumor sites. While a variety of protocols achieved a complete response in
more than 50% of treated mice, the complete response rate was greatest (90%) when 1 week of
immunotherapy priming preceded a single activatable chemotherapeutic administration. While
repeated chemotherapeutic delivery reduced local viable tumor, the complete response rate and a
subset of tumor immune cells were also reduced. Taken together, the results suggest that
activatable chemotherapy can enhance adjuvant immunotherapy; however, in a murine model the
systemic adaptive immune response was greatest with a single administration of chemotherapy.
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1. Introduction

Immunotherapy has emerged as a robust and durable treatment option for a subset of
patients; however, therapeutic efficacy has been limited to tumors with high mutational
burdens and T-cell infiltration [1-5]. While immune checkpoints and co-stimulatory
molecules have been effective for overcoming the inhibitory mechanisms largely dictated by
the PD-1/PD-L1 axis, IDO, and regulatory T-cells in the T-cell-inflamed tumor micro-
environment (TME), it has become apparent that new strategies may be required to treat
non-T-cell-inflamed tumors [5]. For example, local adjuvant therapy can create an innate
immune response that enhances efficacy [6—8]. The addition of chemotherapy to the protocol
can further facilitate reaching the following goals: debulk large tumors, release tumor
antigen for cross-presentation and cross-priming, release cancer-suppressive cytokines and
retain circulating immune cell populations. Thermally-activated drug delivery particles have
the potential to accomplish these goals as ultrasound or other treatment modalities can
release the chemotherapy within bulky solid tumors to maximize the local response and
minimize off-target effects. We set out to determine whether a single protocol could
accomplish these goals and yield a potentially translational therapy.

Chemotherapeutics have long been the clinical standard for the treatment of solid tumors,
yet the overwhelming majority of patients with metastatic disease do not have durable
responses [9,10]. Chemotherapy is generally considered immune suppressive as it is
cytotoxic to dividing cells in lymphoid tissue, however, recent work has demonstrated that a
fraction of these drugs can induce cancer cells to undergo immunogenic cell death (ICD)
[11]. ICD mediates tumor immunity through the spatiotemporal release of soluble factors
that recruit leukocytes, support antigen processing and presentation, and stimulate tumor
specific cytotoxic lymphocytes (CTL) [12,13]. The cumulative effect of ICD in response to
anti-neoplastic agents has been reported to dramatically alter the composition of the tumor
immune infiltrate towards an effector T-cell phenotype, which has a positive prognostic
value [14-17]. Specifically, anthracyclines are a class of cytotoxic chemotherapeutics that
are known to induce a potent ICD response [18], and as a result are of particular interest for
the treatment of non-T-cell-inflamed-tumors. However, the dosing and duration of
anthracyclines for treating metastatic cancer is limited due to the acute and cumulative
cardiotoxicity incurred to the patient throughout treatment, and can be insufficient for
overcoming tumor-mediated immune suppression [19].

Doxorubicin-loaded liposomes have been employed to deliver a localized dose of drug and
circumvent the cardiotoxicity observed with anthracycline administration [20-23].
Previously, we formulated novel temperature-sensitive liposomes (TSL) loaded with a pH-
sensitive complex between doxorubicin (Dox) and copper (CuDox) and demonstrated the
efficient delivery of drug to a tumor in a murine model of multi-focal murine cancer [24,25].
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This CuDox complex confers a highly-stable particle at physiological pH, thus minimizing
the concentration of circulating free Dox [24-26]. The local release of Dox is triggered by
insonifying a tumor to mild-hyperthermic temperatures (~42°C) via ultrasound (US). The
incorporation of a toll-like receptor (TLR) 9 agonist, CpG, into a treatment protocol with
CuDox-TSL and US (activatable drug delivery, ADD) enhanced the local response, where
all directly-treated tumors were eliminated after 3 treatments over a one-week treatment
protocol [26]. However, this treatment protocol was insufficient for overcoming tumor-
mediated immune suppression in distant solid tumors. Similarly, we have previously shown
that local administration of CpG combined with anti-PD-1 (aPD-1) could achieve a
complete response in ~70 % of mice with multisite disease; however, such a protocol is less
effective when a greater tumor burden is present and therefore clinical management will
require the incorporation of chemotherapy, surgery, or focal therapy [27].

In this study, we combine activatable chemotherapy with a TLR9 agonist (CpG) and PD-1
blockade. We employed enzyme-linked immunosorbent assays (ELISASs), flow cytometry,
immunohistochemistry (IHC), and tumor growth analysis to assess the efficacy of treatment
protocols where immunotherapy begins before and after ADD administration and for single
and multiple dosing of ADD to a single tumor. These combined protocols were evaluated in
three murine models of primary and distant site cancer: the B16-F10/B16-Ovalbumin (OVA)
model of melanoma with known antigen [28], the syngeneic neu exon deletion line (NDL)
of HER2* mammary adenocarcinoma [29], and the MMTV-PyMT transgenic model of
breast cancer [30]. Given the importance of combination therapy for improving the treatment
of non-T-cell-inflamed tumors, these studies may inform future human trials of activatable
chemotherapy.

2. Materials and Methods

2.1. Materials

Copper (I1) gluconate, triethanolamine (TEA), and doxorubicin hydrochloride (USP grade)
were purchased from Sigma (St. Louis, MO). All lipids including 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(MPPC), and 1,2-distearayl-sn-glycero-3-phosphoethanolamine-N-
methoxypolyethyleneglycol-2000 (DSPE-PEG2K) were from Avanti Polar Lipids Inc.
(Alabaster, AL). CpG-ODN 1826 (5’-tccatgacgttcctgacgtt-3’; total backbone
phosphorothioated) was obtained from InvivoGen (San Diego, CA). The checkpoint
inhibitor, rat anti-mouse PD-1 antibody (clone RMP1-14) was from Bio X Cell (West
Lebanon, NH). The monoclonal antibody PE-anti-H-2KP-SIINFEKL (25-D1.16) was
purchased from eBioscience (San Diego, CA). The neu deletion (NDL) metastatic mammary
carcinoma cell line was obtained from the Alexander Borowsky Laboratory (UC Davis)
[31,32]. B16-F10 and 4T1 cells were purchased from American Type Culture Collection
(ATCC, #CRL-6475 and #CRL-2539, respectively). B16-OVA cells, genetically modified to
express chicken ovalbumin (OVA), were a generous gift from the William Murphy
Laboratory (UC Davis, Davis, CA). The mT4 syngeneic mouse KPC pancreatic cancer cell
line was isolated from KPC tumors derived from KPC-B6 background mice (Kras
*/LSL-G12D, h53 +/LSL-R172H. ppX-Cre) and was a generous gift from Dr. David Tuveson
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(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY). All above cell lines were
cultured in high-glucose DMEM (Gibco, #11995) supplemented with 10% FBS and 1%
penicillin-streptomycin in a 37°C humidified CO incubator. Syngeneic murine MC-38
colon cancer cells (kindly provided by Dr. David Colcher, Small Animal Imaging Core, City
of Hope) were cultured in MEM Earle’s medium with 2mM L-glutamine (#11095, Gibco)
supplemented with 10% fetal bovine serum, 1% penicillin—streptomycin, 1 mM sodium
pyruvate, and 0.1 mM non-essential amino acids (# 13-114E, Lonza). For implantation of
B16 and B16-OVA cells in mice, cells were collected once they reached 85-90% confluency
and resuspended in 1:1 Matrigel (Corning, #356234): PBS without calcium and magnesium
(PBS-/-).

2.2. Preparation of liposomes and Dox loading

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. 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 (1) 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 was 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 hydrodynamic size and zeta potential
values were measured using a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK).
The average size and the polydispersity index (PDI) of the purified Cu-TSL were 108 nm
and 0.078, respectively, and the zeta value was —25 £+ 10 mV. Lipid concentration was
measured using the Phospholipids C assay kit (Wako Chemicals USA, Richmond, VA)
according to manufacturer’s instructions.

Following separation of Cu-TSL using a Sephadex G-75 column, a transmembrane gradient
was created across the membrane that allows highly membrane permeable TEA to diffuse to
the external liposomal environment, leaving Cu (P < 10711 cm/s) entrapped within the core
of the liposomes. Upon incubation of Cu-TSL with Dox at a drug-to-lipid ratio of 0.2:1
(wt:wt), TEA diffuses through the lipid bilayer into the external liposomal environment and
facilitates active loading of Dox into the core of the liposomes where it forms a complex
with Cu at neutral pH and results in CuDox-TSL. A loading of 100% was achieved when
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 [25]. The resulting CuDox-TSL were then separated from non-encapsulated Dox using
Sephadex G-75 spin columns. Loading of Dox into Cu-TSL did not affect the size and
surface charge of the liposomes. The purified CuDox-TSL exhibited a rapid release of ~90%
of Dox within 2 min at 42°C as assayed by fluorescence in a reduced pH buffer [25,33].
Additional details are provided in the supporting information.
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2.3. Animals and in vivo procedures

All animal studies 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 supporting information. Female FVB/n mice, female C57BL/6
mice, C57BL/6-Tg(CAG-OVA)916Jen/J (CAG-OVA) mice, and female FVB/n-Tg(MMTV-
PyMT) transgenic mice were purchased from Jackson Laboratory (Bar Harbor, ME). To
generate the bilateral syngeneic neu-deletion (NDL) tumor model, FVB/n mice were
orthotopically transplanted with NDL tumor biopsies into the #4 and #9 inguinal mammary
fat pads as previously described [34]. A B16-F10/B16-OVA dual tumor model was used to
quantify SIINFEKL-presenting immune cells at a 48-hour time point (Day 15 post tumor
cell injection). On Day 0, mice were subcutaneously (s.c.) injected with B16-F10 (3 x 10°
cells per 50 pL Matrigel:PBS—/-) and B16-OVA cells (6 x 10° cells per 50 uL Matrigel:PBS
—/-) in the left and right flanks, respectively. SIINFEKL-negative control mice, bearing
bilateral B16-F10 control tumors, were injected s.c. with 2.5 x 105 B16-F10 cells per 50 pL
Matrigel:PBS—-/- into the left and right flanks. C57BL/6-Tg(CAG-OVA)916Jen/J (CAG-
OVA) mice (6 weeks old, 15-25 g), which constitutively express the OVA protein, were used
as SIINFEKL-positive controls. FVB/n-Tg(MMTV-PyMT) transgenic mice were used to
evaluate the systemic response to the chemo-immunotherapy in a mouse model of breast
cancer metastasis.

A total of 139 bilateral NDL-tumor bearing mice, 12 MMTV-PyMT mice, and 13 bilateral
B16 melanoma tumor mice were randomly distributed among several groups including:
CuDox+US+CpG+aPD-1-prime (IT-ADD, n = 17), CuDox+US+CpG+aPD-1 (ADD-IT, n
= 21), CuDox+US+CpG (ADD-CpG, n = 8), US+CpG+aPD-1 (US-IT, n = 2), CpG
+aPD-1-prime (IT, n = 16), CpG+aPD-1(IT, n = 4), CuDox+US (ADD, n = 15), US+CpG
(US-CpG, n=7), CpG (n = 12), aPD-1 (n = 4), CuDox-TSL (n = 4), and no-treatment
control (n = 54). Tumor diameters were measured with ultrasound and treatment started
when tumors reached ~3 to 5 mm (~ 20 — 60 mm3) in longitudinal diameter. In the treatment
cohorts involving ADD, mice were injected via the tail vein with CuDox-TSL (~6 mg
Dox/kg body weight and ~30 mg lipid/kg body weight). Non-drug treated control mice
received a saline injection; 150 pL 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, a dose of 100 pg in 50 pL of
endotoxin-free water was administered intratumorally in a single injection (CpG only and
IT) or to the treated tumor immediately following US hyperthermia (ADD-IT and ADD-
CpG, US+CpG). aPD-1 (200 pg) was delivered intraperitoneal (7p.) in 50 pl volume of PBS
(=/-). For all insonified mice, one tumor per mouse 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. Hyperthermia was performed
using a programmable US system combining imaging and therapy (Vantage 256, Verasonics,
Kirkland, WA). A custom 128-element 1.5 MHz therapeutic array was used to heat the
tumor [35]. Heating was performed with bursts of 2.5 MPa peak negative pressure, with a
pulse repetition frequency of 100 Hz and burst duration ranging from 0 to 7 ms as controlled

J Control Release. Author manuscript; available in PMC 2020 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kheirolomoom et al. Page 6

by a proportional integral derivative (PID) controller (duty cycle ranging from 0 to 0.7) set
to maintain the tumor temperature at 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-Cy5-anti-MHCII (M5/114.15.2), PE-anti-H-2KP-
SIINFEKL (25-D1.16). Isotype-matched mouse, rat and hamster IgG mAbs were used as
negative staining controls. To block Fcyl11/11 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 on days 28 and 35, a week after one or two
complete treatments of ADD-IT, for immune cell profiling via flow cytometry. Tumors and
the tumor-draining inguinal lymph nodes were collected separately and processed for these
analyses. Single-cell suspensions were obtained by mechanical disruption of the tissue
followed by enzymatic digestion with Img/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 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*, MHCIIM (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). To identify immune cells
interacting with tumor antigens, we used H-2KP-SIINFEKL antibody that reacts with the
OVA peptide, SIINFEKL, bound to H-2KP of the MHC class | on antigen-presenting cells.
Antibody panel combinations were CD45* (leukocytes) plus the following: SIINFEKL*
(SIINFEKL* leukocytes); SIINFEKL*, CD11b*, F4/80*, Gr-1~ (SIINFEKL* macrophages);
and SIINFEKL*, CD11c*, MHCII*, F4/80~ (SIINFEKL* dendritic cells).

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 LSRII flow cytometer (BD, San Jose, CA) and all datasets were analyzed
using FlowJo software vX (TreeStar).
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IFN-vy 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 1 cytometer.

2.6. In vitro release of HMGB1

NDL tumor cells were plated at 3.5 x 10° cells/well in 12-well tissue culture treated plates
24 hours prior to experiments. Cell plates were placed in a water bath at 42°C for 1 minute
and allowed to cool to room temperature for 5 minutes. Doxorubicin (5 pg/mL final
concentration) or media alone was then added directly to the cell wells to bring the total
volume to 500 pL. Cells were incubated continuously with treatments for 24 hours in a 37°C
humidified CO, incubator. After 24 hours, cell culture media was collected and centrifuged
at 300 x g for 5 minutes. Debris-free culture supernatant was transferred to a fresh tube, and
HMGB1 content in undiluted samples was measured via ELISA (MBS722248,
MyBioSource) according to the manufacturer’s instructions. HMGB1 concentration was
normalized to total cell number (live + dead cells, counted via hemocytometer) for each
sample. All treatments were analyzed in triplicate.

2.7. Invitro IFN-alpha and IFN-beta ELISA studies

Tumor cells were plated in 12-well tissue-culture treated plates at a concentration of 3.5 x
10° cells/well. Cells were cultured overnight in 1 mL complete media in a 37°C humidified
chamber containing 5% CO». The next day, the cell media was removed and replaced with
500 pL of pre-warmed media per well. The biological groups were the following: 37°C
(n=3), 42°C (n=3), 42°C+Free Dox (n=6). The latter two samples were placed in a 42°C
water bath for 5 min, immediately followed by addition of either media or a solution of free
Dox in media (5 pg/mL) which were preincubated separately at 42°C, to the appropriate
wells and incubation for another 5 min at 42°C. All cells were then incubated continuously
for 24 hours in a 37°C humidified chamber containing 5% CO,. After 24 hours, the cell
culture medium was collected, centrifuged (300 x g, 10 min, 4°C), and the supernatant was
collected for IFN-a and IFN-B ELISA quantification (#42115 and 42410, respectively, PBL
Assay Science, Piscataway, NJ). IFN-a and IFN-B supernatant concentrations were
normalized to total cell number for each sample.

2.8. Statistical analyses

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 Tukey’s post-hoc test as stated.
Analysis of differences between two normally-distributed test groups was performed using
an unpaired ftest assuming unequal variance. For ftests comparing only two groups within a
larger data set, the mean of each treatment group was compared only to the mean of the
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control group and the Welch 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. Results

3.1. Dox mediates type | interferon (IFN) release, HMGBL1 release, and cross-presentation
of tumor antigen

Type | IFN induces a viral-like immune response, including the elevation of interferon-
stimulated genes (1SGs) involved in polynucleotide sensing and the binding of non-self RNA
[36]. We first quantified the /n vitro release of type | IFNs from murine mammary carcinoma
cells (4T1 and NDL), murine Kras-driven pancreatic cancer cells (mT4), murine colon
adenocarcinoma cells (MC-38) and murine melanoma cells (B16). Cells were heated to
42°C for 1 minute and then incubated with Dox for 24 hours at 37°C to mimic the local
release of Dox /n vivo from temperature-sensitive particles via ultrasound-mediated
hyperthermia. Release of IFN-a and IFN-p was enhanced in cells exposed to Dox and
hyperthermia (42°C) as compared to the no treatment (37°C) and hyperthermia only (42°C)
controls in all cell lines tested except MC-38, which did not provide a significant release of
IFN-B (Fig. 1 A-B).

Dox is known to achieve ICD in many cancers [37-39] and we confirmed HMGBL1 release
in our tumor model. Dox only and Dox plus pre-treatment with hyperthermia (42°C)
elevated the release of the ICD factor, high-mobility group box protein-1 (HMGB1),
suggesting Dox alone is sufficient to promote ICD of tumor cells (Fig. 1C).

We next set out to assess tumor antigen release and cross-presentation after ultrasonic
delivery of Dox from TSL /n vivo. To do this, we used a model of primary and distant
melanoma, where B16 tumor cells expressing chicken ovalbumin (B16-OVA) were injected
into one site, and B16-F10 cells, not expressing the cognate antigen, were injected into a
distant site in the same wildtype immune-competent C57BL/6 mouse. A single treatment of
CuDox-TSL was administered intravenously and B16-OVA tumors were heated with
ultrasound (US) to 42°C to promote the local release of Dox approximately 12 days after
tumor cell transplantation (Fig. 2A). Tumor antigen release and cross-presentation was
assessed with flow cytometry, where the fraction of antigen presenting cells (APCs)
displaying the OVA peptide fragment, SIINFEKL, bound to the MHC-1 molecule was
quantified in tumors, lymph nodes, spleen and blood 48 hours after treatment. ADD
increased the total fraction of leukocytes (Fig. 2B), dendritic cells (Fig. 2C), and
macrophages (Fig. 2D) displaying the MHC-1-SIINFEKL complex (SIINFEKL™) in the
distant, or untreated, tumors, whereas this effect was attenuated in the directly-treated tumor
and only an upward trend was observed. Further, a single treatment of ADD was sufficient to
significantly enhance circulating SIINFEKL* leukocytes in the blood of treated mice (Fig.
2E), whose antigen presenting cell populations (CD11c*, MHCII* cells and CD11b*, F4/80*
cells) were largely SIINFEKL* (SI Fig. SLA-B). Taken together, we find synergies between
Dox and hyperthermia, with enhanced type | IFN, markers of ICD and systemic antigen
cross-presentation by APCs 48 hours after treatment.
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3.2. Single dosing with activatable drug delivery and immunotherapy or immunotherapy
alone enhanced tumor infiltrating CD8* T-cells and myeloid recruitment in treated and
distant lesions

In order to elucidate a protocol for coupling chemotherapy with immunotherapy (CpG
+aPD-1, abbreviated here as IT), we first surveyed the immune environment one week after
a single administration of ADD, CpG, and aPD-1 (ADD-IT) in a murine model of primary
and distant site mammary adenocarcinoma. NDL tumors were orthotopically transplanted
into the fourth and ninth mammary fat pads of FVB mice, where a single tumor was treated
21 days after transplantation. Dox was delivered to the tumor via ultrasound-mediated
release from CuDox-TSL and CpG was injected intratumorally; aPD-1 was then
administered intraperitoneally 3 days after treatment of a single tumor (Fig. 3A). One week
after the start of treatment, ADD-IT significantly reduced the total fraction of live cells in
the treated tumor (pooled tumor and draining lymph node) compared to the no-treatment
(NT) control (Fig. 3B). While IT and ADD-IT enhanced the fraction of leukocytes (CD45*
cells) in the treated tumor (Fig. 3C), ADD-IT increased the frequency of CD8" T-cells in
both the treated and distant tumor compared to the NT control (Fig. 3D). Despite the
presence of tumor infiltrating CD8* T-cells observed with ADD-IT treatment, the fraction of
activated CD8* T-cells secreting IFN-y showed only an insignificant upward trend but was
significantly enhanced in tumors directly treated with IT compared to NT control tumors
(Fig. 3E). Although the frequency of antigen-presenting dendritic cells (DCs) was
significantly increased by aPD-1 alone and not with other treatments (Fig. 3F), the number
of infiltrating macrophages increased in the treated and distant tumors of the ADD-IT cohort
on flow cytometry (Fig. 3G). IHC verified the infiltration of CD8* T-cells in mice treated
with the ADD-IT protocol (Fig. 3H). This was accompanied by a massive recruitment of
myeloid cells (F4/80* cells) into the tumor periphery and pockets of infiltration into non-
viable tumor tissue. Foxp3 expression as a marker of regulatory T-cells was not increased by
the ADD-IT treatment.

We previously reported that leukopenia was not observed in mice treated with eight repeated
administrations of ADD over a 4-week treatment course [25]. However, to thoroughly
evaluate the effect of multiple administrations and activation of CuDox-TSL (ADD) on
peripheral blood, we treated NDL tumor-bearing mice with 4 doses of ADD or CuDox-TSL
(no US-activation) on days 21, 24, 28 and 31 post NDL transplants (SI Fig. S2A). Three
days following the last treatment, frequencies of circulating live cells, leukocytes, total T-
cells, and CD4* and CD8* T-cell subsets were not significantly altered for mice treated with
ADD compared to those receiving CuDox-TSL without activation or saline-treated control
groups (SI Fig. S2B-E). Circulating CD11c*, MHCII* cells were significantly elevated in
mice treated with CuDox-TSL and showed an insignificant trend to enhancement in those
treated with ADD (Sl Fig. S2F). Both CuDox-TSL and ADD treatments significantly
elevated circulating macrophages (CD11b*, F4/80* cells) (Sl Fig. S2G). Circulating natural
killer (NK) cells were significantly elevated only with the ADD treatment protocol (S Fig.
S2H)). These results clearly demonstrate that multiple administrations of ADD do not
adversely affect the circulating immune cell counts and expansion of circulating
macrophages and NK cells.
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3.3. Repeated dosing of ADD-IT reduces local tumor burden and locally enhances T-cell

activation

We next sought to characterize the impact of repeating the ADD-IT and IT protocols, as
presented in Fig. 4A. Immunocytes from treated and distant tumors were harvested two
weeks after the start of treatment (day 35) and analyzed with flow cytometry and IHC. Cell
viability further decreased in the treated tumor and draining lymph node after 2 complete
treatments as compared to a single dose of ADD-IT (Fig. 4B compared to Fig. 3B). Further,
repeated ADD-IT dosing increased the fraction of leukocytes in both locally-treated and
distant tumors (Fig. 4C). Immune cells from pooled tumor and draining lymph node at the
day 35 time-point demonstrated that two doses of ADD-IT significantly increased both the
frequency of CD8" T-cells and the fraction of activated, or IFN-y secreting CD8* T-cells in
directly-treated tumors (Fig. 4D-E). However, the IFN-y secreting CD8* T-cell fraction was
on average reduced after two ADD-IT treatments (Fig. 4E) as compared with one treatment
(Fig. 3E) The frequencies of DCs for both IT and ADD-IT treatments decreased to NT
control group levels (Fig. 4F). Macrophages (as a fraction of leukocytes), however, trended
toward increasing in both local and distant tumors of ADD-IT treated mice and in tumors
directly treated with IT compared to the NT control group (Fig. 4G). In ADD-IT treated and
distant tumors, the fraction of macrophages displaying an M1-phenotype dominated that of
an M2-phenotype (SI Fig. S3A). Moreover, repeated ADD-IT treatment also decreased the
fraction of intratumoral myeloid-derived suppressor cells (MDSCSs) in both the treated and
distant tumors (SI Fig. S3B). Hematoxylin and Eosin (H&E) staining confirmed the
enhanced tumor cell death resulting from two cycles of ADD-IT treatments (Fig. 4H). IHC
staining additionally demonstrated the sustained infiltration of CD8* T-cells into the tumor
following two treatments (Fig. 4H). This repeated dosing also elicited an increased
recruitment of myeloid cells in the periphery of both the treated and distant tumors
compared to the NT control (Fig. 4H).

To assess the effects of ADD-IT dosing in a transgenic model, we applied the protocol
shown in Fig. 4A in the MMTV-PyMT (PyMT) transgenic model of breast cancer (Sl Fig.
S4A). Since this model provides a larger and more rapidly progressing tumor burden than
the NDL model, we administered two doses of ADD combined with IT to the left axillary
tumor (SI Fig. S4A, #3) followed by two doses to the right axillary tumor (SI Fig. S4A, #8).
We monitored the untreated left and right inguinal tumors (SI Fig. S4A, #4 and #9,
respectively) as the distant tumors. The ADD-IT protocol was then compared to the IT
protocol in which the right cervical tumor was directly treated with a combination of CpG
and aPD-1 as depicted in SI Fig. S4A, #6) and the untreated cervical tumor (#1) was
considered as the distant tumor. Histological sections of tumors isolated following ADD-IT
and IT treatment protocols showed extensive areas of necrosis and discohesive cells with
pyknotic nuclei and ghost cells that were more pronounced throughout directly-treated
tumors compared to distant tumors (Sl Fig. S4B). IHC staining of CD8* T-cells confirmed
strong CD8* T-cell and myeloid cell infiltration in mice treated with ADD-IT, indicating
enhanced CD8* T-cell and macrophage recruitment with the ADD-IT, as compared to the IT,
treatment protocol.
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3.4. Combining priming with a single dose of ADD expedited the anti-tumor response and
enhanced survival

Motivated by the enhanced IFN-y CD8* T-cell fraction resulting from immunotherapy alone
(Fig. 3E), we assessed the implementation of immunotherapy priming prior to ADD dosing
(IT-ADD) in the NDL tumor model (Fig. 5A). A robust antitumor response was observed in
nine of ten mice in the IT-ADD group and seven of nine mice in the IT group (Fig. 5B).
Significantly greater regression occurred in both directly-treated and distant tumors at day
38 for mice treated with IT-ADD as compared to the IT protocol (Fig. 5C). Tumor
regression was faster in the responding IT-ADD distant tumors, compared to those in the IT
group (Fig. 5B), achieving a complete response 15 days earlier than the distant tumors in the
IT protocol (44 + 3 days vs 59 * 9 days, respectively) (Fig. 5D, p = 0.002). Tumor regrowth
and recurrence were not observed over the course of 101 days (Fig. 5B). While both IT and
IT-ADD treatments significantly improved the survival, higher survival rates were achieved
for mice treated with IT-ADD compared to IT, 90% versus 78%, respectively; both
significantly improved survival compared to no-treatment control mice (p < 0.0001, Fig.
5E). NDL tumors in the no-treatment control group (NT Control) grew rapidly and
approached the humane end point 36-38 days post NDL biopsy transplant (Fig. 5B-C). A
single dose administration of ADD slowed the tumor growth in both treated and distant sites
and slightly extended survival to 39-46 days post transplantation, with no noticeable
difference in tumor growth between the treated and distant tumors (Fig. 5B,E).

3.5. IT-ADD treatment protocol revealed histological clearance of cancer cells in both
directly treated and distant tumors

Further, IHC analysis from H&E staining on day 38 confirmed that a single dose of ADD
combined with immunotherapy priming (IT-ADD) more effectively reduced viability and
enhanced infiltration of CD8* T-cells in both directly treated and distant tumors by day 38
(Fig. 6A). Upon termination of the study on day 101, the surviving mice were euthanized,
and inguinal fat pads were evaluated by histology. H&E histological sections revealed a
tumor cell-free fat pad embedding the lymph node in both treated and distant sites of mice
treated with either IT-ADD or IT (Fig. 6B). Therefore, a single dose of ADD enhances the
treatment efficacy when combined with immunotherapy.

3.6. Repeating ADD reduced survival

We finally assessed whether repeated ADD cycles with and without one-week immune
priming would enhance further survival in the NDL tumor model (SI Fig. S5A, S6A). With
three repeated ADD treatments incorporated into an immunotherapy protocol, only 50% of
treated NDL mice achieved a complete response 100 days after transplantation. For this
repeated chemotherapy administration, survival was similar for protocols where
immunotherapy or ADD were administered first (SI Fig. S5B,D and S6B). Taken together,
we found that the rate of survival in this mouse model was greatest with a protocol where
immunotherapy was administered for 1 week before ADD and ADD was administered only
once.
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4. Discussion

Combining locally-activated drug delivery with immunotherapy has the potential to enhance
efficacy in bulky solid tumors. We demonstrated that a combined chemotherapy-
immunotherapy protocol can rapidly reduce viable tumor, release tumor antigen for cross-
presentation, release cancer-suppressive cytokines and result in increases in cytotoxic T-
cells. /n vitro experiments verified that type I IFN production by tumor cells was dependent
on the cancer lineage, where murine breast cancer cells (NDL and 4T1) generated the
highest levels. Type | IFN viral-like signaling pathways are known to recruit myeloid cells
through downstream chemokines and cytokines, which provides the innate immune system
with an opportunity to improve tumor antigen processing. This may provide insight into the
efficacy of doxorubicin (Dox) for the treatment of various cancers and should be
investigated further. We next confirmed that Dox induces NDL cells to secrete the
immunogenic cell death (ICD) factor, HMGB1. This soluble factor is a well-known TLR4
agonist involved in DC maturation for efficient antigen engulfment and processing. Taken
together, these data suggest that debulking a tumor with Dox should mediate cross-
presentation of tumor antigen.

We verified with flow cytometry that the delivery of Dox from activatable liposomes to a
single tumor mediates tumor antigen release, uptake, and cross-presentation by dendritic
cells and macrophages. Interestingly, cross-presentation of tumor antigen was only observed
in distant tumors 48-hours after treatment compared to the no-treatment controls. Moreover,
the fraction of SIINFEKL™ leukocytes was significantly elevated in the blood at this
timepoint. Our findings demonstrate that Dox induces the release of immunocompetent
tumor antigen and this antigen is presented systemically. In the absence of immunotherapy
priming, the reduced cross-presentation at the treated tumor site may be due to the large
volume of locally-released drug and the resulting chemotherapy-mediated death of APCs or
the rapid death of tumor cells that would otherwise shed antigen.

We found that the timing of the protocol for chemo-immunotherapy greatly impacts efficacy.
Applying one week of the CpG adjuvant and aPD-1 prior to chemotherapy enhanced CD8*
T-cells and IFN-y CD8* T-cells. Similarly, a single dose of ADD enhanced CD8" T-cells
and reduced viable tumors. Combining these treatments with a priming dose of
immunotherapy followed by one dose of ADD and additional immunotherapy resulted in a
complete response in 90% of mice studied. The response was more rapid and consistent than
that obtained with immunotherapy alone. In fact, the tumor volume rapidly decreased after
drug release when release followed immunotherapy.

Alternatively, we found that the rate of complete response was lower for protocols that
incorporated multiple doses of chemotherapy, regardless of whether the immunotherapy or
chemotherapy began the treatment regimen. We further demonstrated that the activatable
drug delivery methodology did not reduce the circulating immune cell numbers or fraction
of circulating T cells. Therefore, the reduction in immunotherapy efficacy with repeated
chemotherapy does not appear to result from a direct effect of chemotherapy on circulating
immune cells. Instead, the data suggest that the rapid tumor cell death that results from the
release of a large volume of drug within mouse tumors may blunt the impact of the local
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antigen and cytokine release [40]. This could in part result from the treatment of relatively
small tumors (<1 cm) in mice. In human therapy, the treatment of larger tumor volumes will
likely result in continued antigen and cytokine release over a longer time frame and
therefore repeated administration could continue to enhance the immune response.

4.1. Activatable drug delivery with ultrasound

Debulking solid tumors with Dox offers the potential to generate ICD; however, delivering a
therapeutic dose is challenging due to the rapid clearance of free drug and its associated
cardiotoxicity. While the lipid-shelled drug carriers, Doxil® and Thermodox®, seek to
circumvent these barriers to efficacious delivery, the low bioavailability and leakiness of
these nanoparticles, respectively, have limited their clinical implementation [21,41-43].
Previously, we demonstrated the use of a novel activatable liposomal particle, where Dox
was stabilized with copper [24,25]. CuDox liposomes have temperature-sensitive shells that
provide localized delivery of CuDox through the application of transdermal ultrasonic
energy. More importantly, these CuDox complexes improve drug bioavailability and
minimize toxicity, as Dox remains chelated at physiological pH, preventing free Dox from
disseminating into the blood and untargeted tissues [33,44]. Although treatments with ADD
alone (8 treatments over 4 weeks) or combined with CpG to expedite the treatment response
(3 treatments over one week), successfully cured local cancer, they were unfortunately
insufficient for eliminating tumor at distant locations [25,26] . The faster response of the
adjuvant-containing protocol suggests that combined therapy is beneficial. Thus, to better
understand how to combine adjuvant therapy with chemotherapy, we investigated the impact
of Dox on the anti-tumor immune response.

Ultrasound provides noninvasive image-guided and highly focused means of applying heat
with growing application in clinical cancer treatment [45-47]. In addition, as an adjuvant,
mild hyperthermia provides positive benefits to cancer therapy. Raising tumor temperature to
a few degrees above the body temperature improves drug availability and efficacy, and
induces immune responses. In addition, we reported previously that application of US
hyperthermia 5 minutes prior to administration of CuDox-TSL sensitizes both vascular
endothelium and tumors cells to drug by inducing hemorrhage that triggers infiltration of
immune cells and augments the treatment outcome [24,25,48]. Intravascular release of Dox
from circulating liposomal drug is triggered by ultrasound-mediated mild hyperthermia (US)
applied locally on the entire tumor.

4.2. Challenges in the development of protocols for human translation

While a single dose of chemotherapy was optimal to achieve a complete response in mouse
models with tumor diameters on the order of 5 mm, larger tumor volumes in patients may
require additional cycles of treatment. Such activatable delivery systems result in rapid
immunogenic cell death and antigen presentation. Therefore, enhancing the proportion of
leukocytes, and creating a systemic immune response prior to locally-activated
chemotherapy is a rational choice. The development of non-invasive methods to assess and
track macrophage and T-cell population and activation in patients spatiotemporally over the
course of treatment could provide important information for the timing of ADD [49-51]. A
major challenge for this field is to translate the use of temperature-sensitive liposomes to the
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treatment of large animals and humans. The cost of such translational studies required for
commercialization has limited the translation and availability of the these activatable
nanotherapies.

5. Conclusions

We demonstrated that administration of a single dose of activatable chemotherapy
effectively reduces tumor viability and induces release of tumor antigens that are effectively
presented by macrophages and DCs. In addition, focal delivery of Dox, which mediates local
release of ICD and production of type | IFN, amplifies the signaling pathways to release
curative chemokines and cytokines. The resulting local and systemic immune stimulation
was combined with an immune priming protocol to elicit potent antitumor T-cell responses,
thereby exerting robust antitumor efficacy in a murine model of breast cancer. Tumor
eradication was observed in both treated and distant tumors of mice treated with the chemo-
immunotherapy protocol and 90% of treated mice were tumor-free for 101 days.
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Figure 1. Doxorubicin increased type| interferon production in murine cancer cell linesand
immunogenic cell death in NDL cells.

In vitrorelease of IFN-a. (A), IFN-B (B) in NDL and 4T1 murine mammary carcinoma,
mT4 murine pancreatic cancer, MC-38 murine colon cancer cells, B16 murine melanoma,
and HMGB 1 in NDL cell culture 24 h post treatment, respectively. Cells were preincubated
for 5 min (type I IFN) or 1 min (HMGB 1) at 42°C prior to addition of media only (42°C) or
a solution of 5 ug/mL Dox in media (Free Dox+42°C) at 42°C for another 5 min. * p < 0.05,
** p< 0.01, *** p< 0.001, **** p< 0.0001.
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Figure 2. Tumor-specific antigen presentation increased in tumor and blood after treatment.
A) Schematic diagram illustrating the treatment protocol of CuDox+US (ADD) in C57BL/6

mice (n = 13) bearing one B16-OVA tumor (locally treated tumor) and one control B16-F10
tumor on the opposite side (distant tumor). B-D) Frequency of SIINFEKL-labeled immune
cells, and specifically DCs, and macrophages as a percentage of leukocytes in tumors
directly treated with ADD or in the distant tumor of the treated mice (n = 5) compared to
B16-OVA and B16-F10 tumors of untreated control mice (n = 5), respectively. E) Frequency
of SIINFEKL-labeled blood immune cells as a percentage of leukocytes in blood of mice

J Control Release. Author manuscript; available in PMC 2020 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kheirolomoom et al.

Page 20

treated with ADD compared to no-treatment (NT) control mice (n = 3). * p < 0.05, ** p<
0.01.
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Figure 3. Combining ADD with CpG and a.PD-1 increased cytotoxic T lymphocytesin local and
distant NDL tumors.

A) Representative treatment protocol and timeline for treatment of NDL tumor-bearing
mice. One tumor of bilateral tumors of NDL orthotopically transplanted into FVVB/n mice
was treated with one complete administration of each component of CuDox+US+CpG
(ADD-CpG) followed by aPD-1 post three days. B-G) On day 28 after one complete
treatment of ADD-IT (n =4) or IT (n = 4) or a single administration of aPD-1 (n = 4),
tumors/inguinal lymph nodes of treated mice were stained with the antibody cocktail as
listed below and analyzed via flow cytometry and compared with untreated control tumors.
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Fraction of live cells given as a percentage of total isolated cells (B), frequency of
leukocytes (CD45* cells) as a percentage of live cells (C) and frequency of cytotoxic T
lymphocytes (CD3*CD8™ cells) as a percentage of total leukocytes (D), populations of IFN-
v producing CD8* (CD3*CD8*IFN-y* cells) T-cells as a percentage of total leukocytes (E),
fraction of DCs (CD11c*MHCII* F4/80 cells) as a percentage of leukocytes (F), fraction of
macrophages (CD11b*F4/80*Gr-1" cells) as a percentage of leukocytes (G) across various
treatments. H) Histological sections of the no-treatment control, the tumor locally treated
with CuDox+US+CpG+aPD-1 (ADD-IT) and the distant tumor on day 28 were stained with
H&E (the left first column), CD8 (second column), Foxp3 (third column), F4/80 (fourth
column) and the magnified images (fifth column), respectively. CD8, F4/80, and Foxp3
staining (brown) identify CD8* T-cells, macrophages, and T regs, respectively. Red
arrowheads denote the inguinal lymph nodes. Scale bars are 3 mm for whole tumor image
and 100 um for the magnified image. * p < 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.
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Figure 4. Two treatments of ADD-IT increased | FN-y-producing T-cellsin the treated NDL

tumor.

A) Representative treatment protocol and timeline for two treatments of ADD-IT

administered to NDL tumor-bearing mice. B-G) After two sequential treatments of CuDox
+US+CpG+ aPD-1 (ADD-IT, n = 4), the entire inguinal fat pads containing tumor and
lymph node were harvested from treated mice and stained for CD45, CD3, CD4, CD8,
F4/80, CD11b, CD11c, MHCII, Gr-1, and IFN-y on day 35 and compared to untreated
control mice (n = 4) via flow cytometry analysis. Number of live cells given as a percentage
of total isolated cells (B), frequency of leukocytes (CD45* cells) as a percentage of live cells
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(C), frequency of cytotoxic T lymphocytes (CD3* CD8* cells) as a percentage of total
leukocytes (D), fraction of IFN-y producing CD8+ (CD3*CD8*IFN-y*) T-cells given as a
percentage of total leukocytes (E), fraction of DCs (CD11c* MHCII* F4/80~ cells) as a
percentage of leukocytes (F), and fraction of macrophages (CD11b* F4/80* Gr-1~ cells) as a
percentage of leukocytes (G). H) Histological sections of no-treatment control, local and
distant tumors of mice treated with two administrations of ADD-IT on day 35 and stained
for H&E (the left first column, whole tumor view) and (second column, magnified view),
CD8 (third column), F4/80 (fourth column, whole tumor) and the magnified panels (fifth
column), respectively. CD8 and F4/80 staining (brown) identify CD8" T-cells and
macrophages, respectively. Black arrows and red arrowheads denote the necrotic cells and
inguinal lymph nodes, respectively. Scale bars are 3 mm for whole tumor image and 100 pm
for the magnified image. * p < 0.05, *** p< 0.001, **** p< 0.0001
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Figure 5. Administration of CpG and aPD-1 prior to a combined ADD and immunother apy
protocol reduced tumor viability in both local and distant tumors of NDL-tumor bearing mice.

A) Treatment protocols of an immunopriming sequence with and without chemotherapy and
chemotherapy alone. One tumor was treated directly with either CpG intratumorally in CpG
+aPD-1 Prime (IT) or with CuDox+US (ADD) in CuDox+US+CpG+aPD-1 Prime (IT-
ADD) and in CuDox+US (ADD) treatment groups. B) Growth of directly treated and distant
tumors in bilateral NDL-tumor bearing mice treated with IT-ADD (n = 10), IT (n =9), and
ADD (n = 6) (B) compared to no-treatment control tumors (n = 10). C) Average growth of
NDL tumors treated with either IT-ADD (n = 3) or IT (n = 5) treatment protocols compared
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to no-treatment control group over 38 days. The inset shows a representative magnified area.
D) Temporal response of distant tumors to IT-ADD and IT treatments. E) The overall
survival over the course of 101 days. In D, the survival curves for both primed & non-primed
ADD-IT (p<0.0001) and ADD (p<0.01) were found statistically significant compared to NT
Control group as evaluated by Log-rank (Martel-Cox) test. * p< 0.05, ** p< 0.01, ****
p<0.0001).
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Figure 6. Histological assessment of local and distant tumors confirmed antitumor efficacy of the
ADD-IT treatment protocol.

A) On day 38, a subset of mice was euthanized and tumors were isolated for histology and
IHC. Histological sections stained for H&E (upper row, whole tumor view) and (middle row,
magnified view), CD8 (lower row, magnified view). Whole tumor sections and the
magnified views enclosed by black boxes are shown. B) H&E stained histological sections
of mice treated with either IT-ADD or IT and survived 101 days. Red arrowheads denote the
inguinal lymph nodes. Scale bars correspond to 3 mm (whole tumor panels) and 100 pm
(magnified panels).
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