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Signaling between the C-C chemokine receptor 2 (CCR2) with its ligand, monocyte
chemoattractant protein-1 (MCP-1) promotes cancer progression by directly stimulating tumor
cell proliferation and downregulating the expression of apoptotic proteins. Additionally, the
MCP-1/CCR2 signaling axis drives the migration of circulating monocytes into the tumor
microenvironment, where they mature into tumor-associated macrophages (TAMs) that promote
disease progression through induction of angiogenesis, tissue remodeling, and suppression of
the cytotoxic T lymphocyte (CTL) response. In order to simultaneously disrupt MCP-1/CCR2
signaling and target CCR2-expressing cancer cells for drug delivery, KLAK-MCP-1 micelles
consisting of a CCR2-targeting peptide sequence (MCP-1 peptide) and the apoptotic KLAKLAK
peptide were synthesized. /n vitro, KLAK-MCP-1 micelles were observed to bind and induce
cytotoxicity to cancer cells through interaction with CCR2. /n vivo, KLAK-MCP-1 micelles
inhibited tumor growth (34 = 11%) in a subcutaneous B16F10 murine melanoma model despite
minimal tumor accumulation upon intravenous injection. Tumors treated with KLAK-MCP1
demonstrated reduced intratumor CCR2 expression and altered infiltration of TAMs and CTLs
as evidenced by immunohistochemical and flow cytometric analysis. These studies highlight the
potential application of CCR2-targeted nanotherapeutic micelles in cancer treatment.
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Introduction

Signaling between the C-C chemokine receptor 2 (CCR2) with its ligand, monocyte
chemoattractant protein-1 (MCP-1) has been correlated with disease progression and
metastasis in a variety of cancers including prostate cancer and melanoma [1-5]. Clinically,
elevated serum levels of MCP-1 and intratumor CCR2 expression are associated with an
unfavorable disease prognosis [6]. Tumor cells exploit MCP-1-CCR2 signaling to stimulate
tumor cell proliferation and survival via downregulation of apoptotic pathways [7-12]. In
addition to sustaining pro-survival signaling cascades in tumor cells, intratumor MCP-1
secretion also drives the recruitment of circulating CCR2" monocytes that differentiate

into tumor-associated macrophages (TAMSs) [13, 14]. Clinical studies have linked high
TAM infiltration to poor prognosis and cancer progression, as TAMs produce angiogenic
cytokines, release enzymes that facilitate tissue remodeling and tumor cell migration, and
establish an immunosuppressive tumor microenvironment through the production of anti-
inflammatory cytokines and inhibition of cytotoxic T lymphocyte (CTL) activity [15-20].

Given the multiple roles of MCP-1/CCR2 signaling in cancer, disruption of this signaling
axis has been proposed as an anti-cancer therapy. However, clinical trials utilizing
monoclonal antibodies against MCP-1 have not been successful [21-23]. For example, in

a phase Il clinical trial using the anti-MCP-1 monoclonal antibody Carlumab in metastatic,
castration-resistant prostate cancer patients, none of the 46 enrolled patients had an objective
response to treatment. Although Carlumab was able to reduce free serum MCP-1 levels

2 hours post-administration, this reduction was only transient. Free serum MCP-1 levels
quickly increased to 3- to 5-fold of baseline levels 48 hours post-administration and the
absence of a durable effect of Carlumab on MCP-1 levels has been suggested to explain the
lack of clinical effectiveness.

In addition to MCP-1 blockade, another approach to disrupt the MCP-1/CCR2 axis

is to target MCP-1’s binding partner, CCR2. Noel ef a/. administered the CCR2

antagonist PF-04136309 in conjunction with nab-paclitaxel/gemcitabine to pancreatic ductal
adenocarcinoma patients [24]. In 21 treated patients, 23.8% responded to treatment with a
reduction in tumor size compared to the baseline. These clinical studies indicate that CCR2-
blockade may be an alternative strategy for disrupting MCP-1/CCR2 signaling. Notably,
CCR2-targeting therapy also offers the ability to directly target multiple aberrant cells
including tumor cells and monocytes, which can be further leveraged to deliver cytotoxic
drugs for therapeutic effect in addition to mitigating MCP-1/CCR2 signaling.

In an effort to target CCR2 for potential applications in cancer therapy, our group has
previously developed a micelle comprised of a 23-residue peptide sequence derived from
the binding motif (residues 13-35) of the MCP-1 chemokine (MCP-1 micelle) and reported
its ability to bind to monocytes and induce toxicity against prostate cancer cells /n vitro
[25-27]. Incorporation of the CCR2-binding peptide (MCP-1 peptide) into a micelle
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can improve its secondary structure and /n vivo stability by providing protection from
serum peptidases [25, 26]. To test CCR2-targeting and evaluate its anticancer properties
and potential to modulate the tumor microenvironment /in vivo, herein, we incorporate
the apoptotic peptide, KLAKLAK (KLAK peptide) into the MCP-1 micelle to augment
its anticancer efficacy (KLAK-MCP-1 micelle). Specifically, we demonstrate that the
addition of KLAKLAK improves micelle toxicity to cancer cells both /in vitroand in
vivo. Additionally, KLAK-MCP-1 micelles bind and are cytotoxic to multiple cancer cell
lines, as well as monocytes, in a CCR2-dependent manner /n7 vitro and were observed to
inhibit tumor growth in subcutaneous B16F10 melanoma models by decreasing TAM and
increasing CTL infiltration into the tumor.

Materials and Methods

2.1 Materials

MCP-1 [CYNFTNRKISVQRLASYRRITSSK] and scrambled MCP-1
[CYNSLVFRIRNSTQRKYRASIST] peptides were purchased from Ontores
Biotechnologies (Zhejiang, China). 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-
[maleimide-(polyethylene glycol)-2000] (DSPE-PEG2000-maleimide) and 1,2-distearoyl-
sr-glycero-3phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000-
amine) were purchased from Avanti Lipids (Alabaster, AL, USA). Cy7 mono- /-
hydroxysuccinimide (NHS) ester was purchased from Lumiprobe (Hunt Valley, MD, USA).
Culture media and reagents, including DMEM, Ham’s F-12K, RPMI-1640, Keratinocyte-
SFM, fetal bovine serum (FBS), penicillin-streptomycin, and phosphate buffered saline
(PBS) were purchased from Gibco, Waltham, MA, USA.

2.2 Amphiphile synthesis

KLAKLAK peptides were synthesized on an automated peptide synthesizer (PS3, Protein
Technologies, Tucson, AZ, USA) with Fmoc-mediated solid phase peptide synthesis

on a Wang-Lys resin and cleaved using a 94:2.5:2.5:1 vol% trifluoroacetic acid:1,2-
ethanedithiol:water:triisopropylsilane solution. All peptides were synthesized with an N-
terminal cysteine residue to facilitate covalent conjugation to maleimide-terminated lipid
tails. Following cleavage, peptides were precipitated and washed twice with ice-cold diethyl
ether and dissolved in water and lyophilized. Crude peptides were resuspended in water and
purified using reverse-phase, high-pressure liquid chromatography (RP-HPLC, Prominence,
Shimadzu, Columbia, MD, USA) on a Luna C18 column (Phenomenex, Torrance, CA,
USA) at 55°C with 0.1% formic acid in water/acetonitrile mobile phases. The purity of the
eluted peptides was characterized using matrix-assisted laser desorption/ionization time-of-
flight mass spectroscopy (MALDI-TOF-MS, Bruker, MA, USA). The expected mass peak
for the KLAKLAK peptide is 874 g/mol, while the expected mass peaks for the MCP-1 and
scr-MCP-1 peptides are 2892 g/mol (Fig. S1).

Pure KLAKLAK, MCP-1, and scr-MCP-1 peptides were conjugated to a 10% molar excess
of DSPE-PEG2000-maleimide through thioether linkage in water as previously described
[25-31]. The reaction was performed under a pH of 7.2 at room temperature for 72 hours
with constant agitation. Afterwards, peptide amphiphiles were purified and characterized

J Control Release. Author manuscript; available in PMC 2022 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trac et al.

Page 5

through RP-HPLC and MALDI-TOF-MS. The expected mass peak for the KLAKLAK
peptide amphiphile is 3716 g/mol, and the expected mass peaks for the MCP-1 and scr-
MCP-1 peptide amphiphiles are 5834 g/mol (Fig. S2). Cy7 amphiphiles were synthesized
by reacting DSPE-PEG2000-amine with a 3-fold molar excess of cy7 NHS ester in a
0.1M sodium bicarbonate buffer (pH 8.2) overnight. Cy7 amphiphiles were purified and
characterized through RP-HPLC and MALDI-TOF-MS, with an expected mass peak of
3409 g/mol (Fig. S3).

2.3 Self-assembly of micelles

Micelles were self-assembled through thin-film hydration. Amphiphiles were dissolved and
sonicated in methanol, before evaporation of the solution under a gentle nitrogen stream into
a lipid film. The film was dried overnight under vacuum before hydration with water or
PBS. The suspension was then sonicated, heated to 80°C for 30 minutes, and cooled to room
temperature. KLAK-MCP-1 micelles were synthesized with KLAK and MCP-1 peptides at
a 1:1 mole ratio. Fluorescent KLAK-MCP-1 micelles were synthesized by mixing KLAK,
MCP-1, and cy7 amphiphiles at a 45:45:10 ratio [25].

2.4 Transmission electron microscopy (TEM)

7 yL of 50 pM KLAK-MCP-1 micelles suspended in MilliQ (MQ) water was placed on 400
mesh lacey carbon grids (Ted Pella, Redding, CA, USA) for 5 minutes, before excess liquid
was wicked, and the samples were washed with MQ water. The sample was then stained
with 2% uranyl acetate, washed once more with MQ water, and dried before imaging on a
JEOL JEM 2100-F TEM (JEOL, Tokyo, Japan).

2.5 Dynamic light scattering (DLS) and zeta potential measurements

Micelle size and polydispersity was evaluated through DLS (Wyatt Technology Mobius
system, Santa Barbara, CA, USA). 50 uM micelles in water or PBS (pH 7.4) was adjusted
to pH 5, 5.5, 6.0, 6.5, or 7.0 through the addition of 1N hydrochloric acid (n = 3). Zeta
potential measurements were made in MQ water using the same Mobius system with a
platinum dip probe (n = 3).

2.6 Cell culture

All cell lines (B16F10, PC3, 22Rv1, WEHI-274.1, NCI-H460, and RWPE-1) were
purchased from ATCC (Old Town Manassas, VA, USA) and screened for mycoplasma.
B16F10 cells were cultured in DMEM supplemented with 10% v/v FBS and 1% penicillin-
streptomycin. PC3 cells were cultured in Ham’s F-12K supplemented with 10% v/v

FBS and 1% v/v penicillin-streptomycin. 22Rv1 and NCI-H460 cells were cultured

in RPMI-1640 supplemented with 10% v/v FBS and 1% v/v penicillin-streptomycin.
WEHI-274.1 cells were cultured in DMEM supplemented with 10% v/v FBS, 1%
penicillin-streptomycin, and 0.05 mM 1,2-mercaptoethanol. RWPE-1 cells were cultured in
keratinocyte-SFM basal media supplemented with 50 pg/mL bovine pituitary extract and 5
ng/mL human recombinant epidermal growth factor. All cells were cultured in a humidified
chamber maintained at 37°C under 5% CO», and media were renewed every 2-3 days.
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2.7 Invitro micelle binding

To evaluate micelle binding to cancer cells and monocytes, 11.25 uM of cy7-labeled
KLAK-MCP-1 or KLAK-scr-MCP-1 micelles were incubated for 4 hours with B16F10,
PC3, 22Rv1, NCI-H460, or WEHI-274.1 cells that had been seeded onto glass cover slips
(400,000 cells per slip), with or without a 1-hour pre-incubation with 250 uM MCP-1
peptide. After three PBS washes, cells were fixed with 4% PFA and blocked with 1% BSA,
22.52 mg/mL glycine, and 0.1% Tween-20 for 1 hour before incubation with anti-CCR2
primary antibodies for 1 hour (Abcam, Cambridge, UK, 1:100). Following three PBS
washes, cells were incubated for 1 hour in the dark with a secondary antibody labelled
with Alexa Fluor® 594 (Thermo Fisher Scientific, Waltham, MA, USA, 1:200) before
counter-staining with DAPI (1 pg/mL). Cover slips were mounted onto microscope slides
using the VectaMount aqueous mounting medium (Vector Laboratories, Burlingame, CA,
USA) and imaged with a Leica DMi8 fluorescence microscope (Leica, Wetzlar, Germany).

2.8 MCP-1 and CCR2 mRNA expression

B16F10 cells were seeded into 12-well plates at a density of 100,000 cells/well. Cells

were incubated with PBS, KLAK-MCP-1 micelles, MCP-1 micelles, KLAK-scr-MCP-1
micelles, KLAK micelles, or scr-MCP-1 micelles at a concentration of 5 uM for 4 hours
before mMRNA extraction using the RNeasy kit (Qiagen, Hilden, Germany) according to

kit instructions. cDNA was generated using the RT2 First Strand kit from Qiagen. mRNA
was generated using the RT2 SYBR Green gPCR Mastermix (Qiagen) before analysis
using a CFX384 PCR detection system (Bio-Rad, Hercules, CA, USA). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene to normalize gene
expression data, and the 2AACq method was used to quantify mRNA expression.

2.9 Invitro CCR2 protein expression of cell lines

CCR2 protein expression in the B16F10, PC3, 22Rv1, NCI-H460, and RWPE-1 cell lines
was evaluated through an ELISA (Biomatik, Wilmington, DE, USA). Cells were plated at a
density of 80,000 cells/well (n = 4) in a 24-well plate and allowed to adhere overnight. Cells
were lysed using RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with the HALT protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA).
Lysed cells were centrifuged at 12,0009 for 10 minutes at 4°C and the supernatants were
processed according to the manufacturer’s protocol. CCR2 protein expression was quantified
by measuring the sample absorbance at 450 nm using a Varioskan Lux microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA) and converting absorbance measurements
to protein expression (pg/mL) using a CCR2 standard curve provided by the ELISA kit.

2.10 In vitro cytotoxicity of micelles

The in vitro cytotoxicity of micelles was evaluated with the (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay
(Biovision, Milpitas, CA, USA). B16F10, PC3, 22Rv1, NCI-H460, WEHI-274.1, and
RWPE-1 cells were plated at a density of 2000 cells/well in 96-well plates. 0.5-50 uM of
KLAK-MCP-1, KLAK-scr-MCP-1, KLAK, MCP-1, scr-MCP-1, and empty micelles were
incubated with cells for 72 hours before addition of the MTS reagent and evaluation using a
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Varioskan Lux microplate reader at an absorbance wavelength of 490 nm. After subtracting
the background absorbance of culture media + MTS reagent alone, cell viability data was
normalized to PBS-treated cells, and I1Csq values were calculated using GraphPad Prism 7
(GraphPad, San Diego, CA, USA). For each assay, n = 6 was used for each concentration.

In vivo efficacy

The in vivo efficacy of KLAK-MCP-1, KLAK-scr-MCP-1, and MCP-1 micelles was
evaluated in a subcutaneous B16F10 murine melanoma model in 5-week-old, male
C57BL/6J mice (n = 11 to 18, Jackson Laboratory, Bar Harbor, ME). On day 1, mice

were inoculated with 1 x 10° B16F10 cells suspended in 100 pL of a 1:1 solution of

culture medium:Matrigel (Corning, Corning, NY, USA) into the left flank. On days 2, 5,

8, and 11, mice were injected via the tail-vein with 100 uL of PBS or 500 pM MCP-1,
KLAK-MCP-1, or KLAK-scr-MCP-1 micelles. On day 15, mice were sacrificed, and tumors
and organs were harvested. Tumor volume was measured using digital calipers, according
to: 0.5*(tumor length)*(tumor width)?2.

Immunohistochemistry of excised tumors

Excised tumors were fixed in 10% formalin overnight at 4°C, embedded in paraffin,

and sectioned (5 pm) for immunohistochemical (IHC) analyses. Sectioned tissues were
incubated with primary antibodies for CCR2 (Abcam, Cambridge, UK, 1:100), cleaved
caspase-3 (Cell Signaling Technology, Danvers, MA, USA, 1:500), F4/80 (Thermo Fisher
Scientific, Waltham, MA, USA, 1:100), PDL1 (Cell Signaling Technology, Danvers, MA,
USA, 1:100), or CD31 (Cell Signaling Technology, Danvers, MA, USA, 1:100) before the
use of a horseradish peroxidase (HRP) staining kit (Cell Signaling Technology, Danvers,
MA, USA). Sections were counterstained with hematoxylin and imaged using an EVOS
M7000 fluorescent microscope (Invitrogen, Carlsbad, CA, USA).

2.13 Flow cytometric analysis of excised tumors

2.14

Excised tumors were passed through a cell strainer to obtain single cell suspensions. After
incubation in a red blood cell lysis buffer, suspensions were counted, stained with CD4
(CST, Danvers, MA, USA, 1:160), CD8 (CST, Danvers, MA, USA, 1:160), and CD45
(Thermo Fisher Scientific, Waltham, MA, USA, 1:160), fixed, and immunophenotyped
using a MACSQuant flow cytometer (n = 8, Miltenyi Biotec, Bergisch Gladbach, Germany).
Intratumor cytotoxic T lymphocyte (CTL) populations were immunophenotyped as CD4~/
CD8*/CD45".

In vivo biodistribution of micelles

Subcutaneous B16F10 melanoma mouse models were established as described in Section
2.11. To evaluate biodistribution of micelles, 14 days after tumor inoculation, mice were
intravenously injected with 100 pL of 500 uM of cy7-labelled MCP-1, KLAK-MCP-1, or
KLAK-scr-MCP-1 micelles via tail-vein and sacrificed after 3 hours. Tissues (tumors, lymph
nodes, brain, lungs, heart, intestines, spleen, liver, kidneys) were harvested and imaged ex
vivo using an AMI HTX imaging system and analyzed using the Aura imaging software
package (Spectral Instruments, Tucson, AZ, USA).
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Histology
Harvested tissues were snap-frozen in blocks of optimum cutting temperature (OCT)
compound (Sakura Finetek, Torrance, CA, USA), sectioned (CM3050 S Cryostat, Leica,
Wetzlar, Germany), and 8 um sections were stained using hematoxylin and eosin (H&E),
and imaged using a Leica DMi8 fluorescence microscope (Leica, Wetzlar, Germany).
Serum analysis of liver and kidney function

Liver function was evaluated by using commercially available Kits to assess the serum
activity of alanine transaminase (ALT) and aspartate transaminase (AST, Sigma-Aldrich, St.
Louis, MO, USA). Kidney function was evaluated by using commercially available kits to
analyze serum samples for blood urea nitrogen (BUN, Bioo Scientific, Austin, TX, USA)
and creatinine (Crystal Chem, Elk Grove Village, IL, USA).

Statistical analysis

Data are expressed as mean + SD. Statistical analysis between two groups was performed
using a Student’s t-test. Comparisons of three or means were performed with using analysis
of variance (ANOVA) followed by post-hoc Tukey’s tests for multiple comparisons. A
p-value < 0.05 was considered to be statistically significant.

3. Results and Discussion

3.1 Synthesis and characterization of KLAK-MCP-1 micelles

KLAK-MCP-1 micelles were constructed using KLAK and MCP-1 peptide amphiphiles at a
50:50 ratio using methods previously reported by our group (Fig. S1, S2) [25-27]. Through
TEM and DLS, KLAK-MCP-1 micelles were found to be spherical with a hydrodynamic
diameter of 11.9 £ 2.3 nm (Fig. 1A, Table 1), which is within the reported range of

8-200 nm for favorable /in vivo half-life [32—34]. To ensure KLAK-MCP-1 micelles are
stable under acidic conditions that have been reported in tumor microenvironments, DLS
measurements were taken in PBS buffers titrated from pH 5 to 7.4 [35-37]. As shown in
Fig. 1B, KLAK-MCP-1 micelles maintained a size of 12-14 nm at 24 hours in various pH
environments.

As shown in Table 1, KLAK-MCP-1 micelles were near neutral and had a zeta potential

of 7.2 + 1.1 mV. Non-targeting KLAK-scr-MCP-1 micelles consisting of KLAK and
scr-MCP-1 peptides, KLAK micelles, MCP-1 micelles, scr-MCP-1 micelles, and empty
DSPE-PEG2000-methoxy micelles were also synthesized and characterized in Table 1.
All synthesized nanoparticles were similar in size, ranging from 8 to 12 nm with low
polydispersity (< 0.2). While empty micelles had a slightly negative zeta potential of —9.6
+ 3.5 mV due to the negatively charged phosphate on the DSPE-PEG2000 tail, all other
micelles had neutral to positive zeta potentials ranging from 0.9 mV to 16.2 mV, due to the
basic lysine and arginine residues within the KLAK and MCP-1 peptides [38, 39].

3.2 KLAK-MCP-1 micelle binding to cancer cells in vitro

To evaluate micelle binding to cancer cells /n vitro, cy7-labelled KLAK-MCP-1 or KLAK-
scr-MCP-1 micelles were incubated with B16F10, PC3, 22Rv1, or NCI-H460 cancer cells
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at a non-cytotoxic concentration of 11.25 pM for 4 hours and examined via fluorescence
microscopy. Immunostaining confirmed CCR2 expression in B16F10, PC3, and 22Rv1
cancer cells as shown in Fig. 2. As such, KLAK-MCP-1 micelles bound to B16F10, PC3,
and 22Rv1 cells to a greater extent than KLAK-scr-MCP-1 micelles (2.35-, 8.20-, and
42.42-fold binding, respectively), indicating the MCP-1 peptide facilitated enhanced binding
to CCR2-expressing cancer cells. To evaluate the specificity of KLAK-MCP-1 micelle
binding to CCR2, a competitive binding assay was performed by incubating cells with
KLAK-MCP-1 micelles following a 1 hour pre-treatment with 250 uM MCP-1 peptide. As
shown in Fig. 2, preincubation of cells with MCP-1 peptide reduced KLAK-MCP-1 micelle
binding to B16F10, PC3, and 22Rv1 cancer cells compared to cells incubated with only
KLAK-MCP-1 micelles, demonstrating the specificity of KLAK-MCP-1 micelle binding to
CCR2. Conversely, KLAK-MCP-1 micelles were unable to bind to NCI-H460 cancer cells,
which do not express CCR2, further confirming the dependence of CCR2 expression for
KLAK-MCP-1 micelle binding (Fig. 2D) [40].

3.3 KLAK-MCP-1 micelles modulate CCR2 and MCP-1 mRNA expression

3.4 Invitro
expression

To assess the effects of micelle treatment on CCR2 and MCP-1 mRNA expression, qRT-
PCR was performed using B16F10 cells treated with non-toxic concentrations of KLAK-
MCP-1, KLAK-scr-MCP-1, KLAK, MCP-1, or scr-MCP-1 micelles. As shown in Fig.
S6A, both KLAK-MCP-1 micelle and MCP-1 micelle treatment reduced CCR2 mRNA
expression by 58 + 19% and 41 + 20% of the PBS control, respectively (p < 0.005 and

p < 0.05), demonstrating that micelle treatment can downregulate CCR2 expression in
addition to antagonizing its function. Additionally, KLAK-scr-MCP-1 micelle and KLAK
micelle treatment also reduced CCR2 mRNA expression by 47 + 19% (p < 0.01) and

42 + 22% (NS), respectively, indicating that the KLAK peptide may also alter CCR2
expression. The downregulation of CCR2 expression resulting from micelle treatment at
non-toxic concentrations demonstrates that KLAK-MCP-1 micelles may be capable of
inducing therapeutic efficacy without directly exerting toxicity to cancer cells. Additional
gRT-PCR analysis of MCP-1 mRNA expression was performed, although treatment with any
micelles yielded no significant change compared to the PBS control (Fig. 6B).

cytotoxicity of KLAK-MCP-1 micelles to cancer cells is dependent on CCR2

An ELISA was used to quantify CCR2 expression in B16F10, PC3, and 22Rv1 cells and
correlate their reported metastatic potential and CCR2 levels (Table S1) [1-5]. B16F10 and
PC3 are highly aggressive cell lines that readily metastasize /in vivo, while 22Rv1 has been
characterized as non-metastatic [41-43]. As shown in Table S1, B16F10 had the highest
CCR2 expression (408.6 pg/mL), followed by PC3 (266.4 pg/mL), while 22Rv1 had the
lowest (190.7 pg/mL), agreeing with clinical reports of a correlation between high CCR2
expression and disease progression [1-6]. The negative control, NCI-H460, which is a lung
cancer cell line that is CCR2, showed no detectable levels of CCR2 through ELISA (Table
S1).

To determine if KLAK-MCP-1 micelle efficacy against cancer cells is dependent on the
level of CCR2 expression, micelles were incubated with B16F10, PC3, 22Rv1, and NCI-
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H460 cells, and cytotoxicity was evaluated using an MTS cell proliferation assay. As shown
in Fig. 3 and Table 2, KLAK-MCP-1 micelle treatment was most effective against B16F10
(IC50=1.4 £ 0.3 pM, p < 0.005 compared to PC3 or 22Rv1), which had the highest CCR2
expression, demonstrating that KLAK-MCP-1 efficacy increases with CCR2 expression.
Additionally, PC3, which had higher CCR2 expression than 22Rv1 (266.4 + 21.7 pg/mL
vs. 190.7 £ 15.7 pg/mL, p<0.01), was observed to be more responsive to KLAK-MCP-1
micelle treatment, as shown in Table 2 (IC5¢ = 18.0 £ 1.4 uM vs. 31.3 = 11.0 uM, p < 0.05).
Since PC3 is often used as a model for late-stage, metastatic, androgen-independent prostate
cancer, a type of cancer associated with a 5-year survival rate of just 29%, our results
suggest that CCR2-targeted therapies may be an effective option for treating late-stage
prostate cancers [42, 44, 45].

Additionally, KLAK-MCP-1 micelles were observed to be more cytotoxic than KLAK-scr-
MCP-1 micelle, KLAK micelle, MCP-1 micelle, scr-MCP-1 micelle, and empty micelle
controls. For example, in B16F10, KLAK-MCP-1 micelles had significantly lower ICsg
values compared to KLAK-scr-MCP-1 micelles (1.4 £ 0.3 uM vs. 17.8 £ 2.2 UM, p <
0.0001) and MCP-1 micelles (1.4 + 0.3 uM vs. 31.9 + 7.0 uM, p < 0.0001). The observed
synergy between KLAK and MCP-1 may be explained through enhanced delivery of the
KLAK peptide through interaction of the MCP-1 peptide with CCR2 present on the cancer
cells, as the /in vitro binding studies showed KLAK-MCP-1 micelles as having 2.35x more
binding compared to KLAK-scr-MCP-1 micelles (Fig. 2).

CCR2 expression and micelle toxicity was also evaluated in the CCR2™ NCI-H460 lung
cancer cell line, as well as the RWPE-1 human prostate epithelial cell line. As shown in
Table S1, neither NCI-H460 nor RWPE-1 cell lines had detectable levels of CCR2. No
micelles showed any efficacy (IC5q > 50 uM) against either cell line at the maximum
tested concentration (50 uM, Fig. 3D, Fig. S4). The lack of toxicity against these cell lines
indicates CCR2 expression is necessary to achieve therapeutic efficacy.

In vivo efficacy of KLAK-MCP-1 micelles in a subcutaneous B16F10 melanoma model

After testing the in vitro efficacy of KLAK-MCP-1 micelles, we then evaluated their ability
to inhibit tumor growth in a subcutaneous B16F10 murine melanoma model in C57BL/6J
mice. The B16F10 model was chosen as it is a well-studied, metastatic melanoma model
that expresses CCR2 to facilitate KLAK-MCP-1 efficacy (Tables 2, Fig. S1). After 24 hours
following tumor inoculation, mice were treated with PBS or MCP-1, KLAK-MCP-1, or
KLAK-scr-MCP-1 micelles via tail-vein injection. Mice were euthanized two weeks after
tumor inoculation and tumors were excised. As shown in Fig. 4A, mice treated with KLAK-
MCP-1 micelles were observed to have smaller tumor volumes compared to PBS-treated
control mice (353 + 181 mm3 vs. 538 + 272 mm3, p < 0.05). Additionally, mice treated with
MCP-1 micelles showed a modest decrease (17%) in tumor volume (447 + 214 mm3 vs.
538 + 272 mm3, NS) compared to the PBS control. Similar to the Jn vitro toxicity studies,
the combination of KLAK and MCP-1 proved to be more efficacious than MCP-1 treatment
alone.
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Immunohistochemical (IHC) analysis of tumor tissue sections

In order to elucidate the mechanisms behind the observed tumor inhibition, we performed
IHC analysis of tumor tissue sections (Fig. 4B). As our /n vitro mMRNA expression studies
showed that KLAK-MCP-1 micelle treatment was able to reduce CCR2 in B16F10 cells
(Fig. S4A), we performed IHC staining of tumors for CCR2 to evaluate if KLAK-MCP-1
micelle treatment also decreased intratumor CCR2 expression in a similar manner. As shown
in Fig. 4B(i), KLAK-MCP-1 and MCP-1 micelle groups had less CCR2 expression than
PBS control tumors, demonstrating the ability of KLAK-MCP-1 and MCP-1 micelles to
reduce intratumor CCR2 expression. Furthermore, we observed that smaller tumors (KLAK-
MCP-1 and MCP-1 micelle groups) had less CCR2 expression, in agreement with clinical
studies reporting the correlation between CCR2 expression and disease progression [1-6].
As intratumor CCR2 expression and signaling has been reported to downregulate apoptotic
signaling, we performed IHC staining for cleaved caspase-3 to assess intratumor apoptosis
[7-12]. In agreement with these reports, tumors from KLAK-MCP-1 and MCP-1 micelle
groups, which had reduced CCR2 expression relative to the PBS control, were observed

to have increased cleaved caspase-3 expression, indicating higher levels of tumor apoptosis

(Fig. 4B(ii)).

Since our /n vitro mMRNA expression studies also indicated that KLAK-MCP-1 micelle
treatment may reduce cancer cell production of MCP-1, we performed IHC staining for

the pan-macrophage marker F4/80 to evaluate the effect of micelle treatment on MCP-1
driven TAM infiltration into the tumor. As shown in Fig. 4B(iii), we observed reduced
staining in KLAK-MCP-1 and MCP-1 micelle groups compared to the PBS control.

As TAM infiltration is known to mediate cancer progression through mechanisms such

as immunosuppression and angiogenesis, we also evaluated expression of programmed
death ligand 1 (PDL1), a major immune checkpoint molecule expressed by TAMs that
contributes to an immunosuppressive microenvironment [20, 46], as well as for CD31,

a protein expressed on the surface of endothelial cells that is indicative of angiogenesis

[15, 47]. As shown in Fig. 4B(iv), tumors from the KLAK-MCP-1 and MCP-1 micelle
groups were observed to have less PDL1 staining than the PBS control, indicating a less
immunosuppressive tumor microenvironment, which correlates with the reduction in F4/80
staining in these tumors. The decreased PDL1 expression may lead to a stronger anti-tumor
cytotoxic T lymphocyte (CTL) response and hence reduced tumor growth. As shown in Fig.
4B(v), IHC staining for CD31 showed a similar trend to PDL1, in which KLAK-MCP-1 and
MCP-1 micelle groups exhibited reduced staining compared to the PBS control, indicating
the presence of fewer blood vessels in these treatment groups to fuel tumor growth. IHC
analysis of PDL1 and CD3L1 reveal an attenuation in tumor-promoting immunosuppression
and angiogenesis in tumors treated with KLAK-MCP-1 or MCP-1 micelles.

3.7 Flow cytometric analysis of micelle-treated tumors

Since reduced IHC staining of PDL1 in KLAK-MCP-1 and MCP-1 micelle groups
suggested an amelioration in immunosuppression, we hypothesized that micelle treatment
may also induce a concomitant recovery in CTL activity, as numerous studies have reported
greater CTL infiltration upon PDL1-depletion [48-50]. We analyzed tumor infiltration of
CD47/CD8*/CD45* CTLs through flow cytometry. As shown in Fig. 4C, KLAK-MCP-1
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micelle treatment was observed to increase CTL infiltration by approximately two-fold
relative to the PBS control (6.5 + 2.6% vs. 3.0 + 0.9%, p < 0.05). Additionally, CTL
infiltration in the KLAK-MCP-1 group was greater than that of the KLAK-scr-MCP-1 group
(6.5 +2.6% vs. 3.6 + 1.6%, p < 0.05), demonstrating the importance of the MCP-1 peptide
in modulating the immune response. As CTLs are a major component of the anti-cancer
immune response, the increased CTL activity observed in KLAK-MCP-1-treated tumors
may have contributed to the tumor inhibition seen in this group.

In vivo biodistribution of micelles

To assess the biodistribution of micelles, cy7-labeled MCP-1, KLAK-MCP-1, and KLAK-
scr-MCP-1 micelles were intravenously injected in the subcutaneous B16F10 melanoma
model two weeks after tumor inoculation and evaluated 3 hours post-injection (Fig.

5). Although we hypothesized that interaction with the CCR2-expressing tumors would
facilitate tumor accumulation of KLAK-MCP-1 micelles, ex vivo imaging showed minimal
tumor retention (2.5 + 0.1%). As shown in Fig. 5, KLAK-MCP-1 micelles mostly
accumulated in the liver (35.0 £ 1.0%) and kidneys (24.1 + 0.7%), which is in agreement
with previous micelle studies [27-29]. MCP-1, KLAK-MCP-1, and KLAK-scr-MCP-1
micelles had similar biodistribution profiles, with the exception of lymph node accumulation
(Fig. 5A). MCP-1 micelles were found to have higher lymph node accumulation compared
to the KLAK-scr-MCP-1 micelles (21.2 + 4.6% vs. 10.6 + 5.8, p < 0.05). KLAK-MCP-1
micelles also showed enhanced lymph node accumulation compared to KLAK-scr-MCP-1
(13.4 £ 2.3% vs. 10.6 = 5.8%, NS). Increased lymph node accumulation and therapeutic
efficacy despite low tumor retention may indicate that KLAK-MCP-1 micelles induced a
therapeutic response by modulating the anticancer immune response, rather than directly
exerting toxicity to the tumor, a phenomenon that has been observed in other cancer studies
[51-53]. For example, Korangath et a/. demonstrated nanoferrite particles inhibited breast
cancer growth in immunocompetent mice with low tumor retention. Furthermore, their
studies showed an increase in CTL infiltration into the tumor, demonstrating the ability of
nanoparticles to induce therapeutic efficacy by eliciting a systemic immune response.

Similarly, our flow cytometry and IHC studies demonstrated an ability of KLAK-MCP-1
micelles to induce tumor CTL infiltration (Fig.4C) and reduce tumor macrophage
infiltration, supporting KLAK-MCP-1 micelles induce an immunomodulatory effect that
can lead to therapeutic outcomes (Fig. 4B(iii)). In addition, KLAK-MCP-1 micelles may
bind and induce cytotoxicity to CCR2™ circulating monocytes, inhibiting their recruitment to
the tumor immune microenvironment. /n7 vitro, KLAK-MCP-1 micelles were found to bind
and exert cytotoxicity against murine monocytes (WEHI-274.1) and had an ICsq value of
5.5 + 0.3 pM, which suggests monocytes are vulnerable to KLAK-MCP-1 micelle treatment
(Fig. S4). These preliminary results show that KLAK-MCP-1 micelle treatment is capable
of affecting monocyte populations /n vitro, although additional studies will need to be
performed in the future to probe its effects on circulating monocytes in vivo.

3.9 Biocompatibility of micelles in vivo

To assess any off-target toxicity upon KLAK-MCP-1 micelle treatment, biocompatibility
was evaluated through histological analysis, as well as evaluation of serum chemistry
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markers pertinent to liver and kidney health. Upon H&E staining of the liver, kidneys,
spleen, lungs, heart, intestines, and brain, no signs of morphological damage or differences
in tissue morphology compared to the PBS control group were observed (Fig. 6).

As micelle accumulation was highest in the liver and kidneys, liver function was

evaluated by assessing serum activity of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) [54, 55] and kidney health assessed via serum levels of blood urea
nitrogen (BUN) and creatinine [56, 57]. As shown in Table S2, no statistical differences
were observed between treatment groups in any of the biomarkers, indicating no adverse
effects upon micelle treatment.

Conclusion

In this study, we designed and synthesized KLAK-MCP-1 micelles to evaluate the potential
of CCR2-targeted nanotherapies for the treatment of CCR2* cancers which are clinically
associated with unfavorable outcomes. Upon incubation with cancer cells /n vitro, the
KLAK-MCP-1 micelle was found to bind and induce cytotoxicity to multiple cancer cell
lines in a CCR2-dependent manner. Administration of KLAK-MCP-1 micelles led to
reduced tumor growth in a B16F10 melanoma model, and immunohistochemical (IHC)
staining showed reduced TAM infiltration into the tumor, as well as reduced expression

of markers of immunosuppression and angiogenesis within the tumor. Additionally, flow
cytometry analysis of tumors showed KLAK-MCP-1 micelle treatment was able to increase
the number of tumor-infiltrating cytotoxic T lymphocytes. Interestingly, biodistribution
analyses showed micelle accumulation in the lymph nodes and low tumor retention. This
study also corroborated recent reports of achieving therapeutic efficacy through systemic
immune responses without the observation of significant nanoparticle accumulation within
the tumor. Given the ability of KLAK-MCP-1 micelles to induce a systemic anticancer
response, future studies will evaluate their therapeutic application in metastatic models

of cancer. Additionally, the ability of the micelles to accumulate in the lymph nodes is

an interesting result that merits further study. It is possible that the micelles and their
peptide components are being processed by antigen presenting cells and used to generate an
adaptive immune response. In summary, our studies demonstrate the application of CCR2-
targeted micelles in inhibiting tumor growth by modulating tumor infiltration of immune cell
populations.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. KLAK-MCP-1 micelles combine apoptosis-inducing peptides (KLAK) with

CCR2-targeting ligands (MCP-1) for targeted drug delivery to CCR2* cancer
cells.

. KLAK-MCP-1 micelles exhibited CCR2-dependent binding and toxicity to
cancer cells and monocytes, and had little effect on CCR2™ cells /n vitro.

. KLAK-MCP-1 micelles inhibited tumor growth and modulated the immune
response by altering tumor-infiltrating macrophage and cytotoxic T
lymphocyte populations.
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Figure 1:
KLAK-MCP-1 micelle characterization. TEM of KLAK-MCP-1 micelles (A). DLS

measurements demonstrate KLAK-MCP-1 micelle stability after 24 hours in various pH
found in tumor tissue (n = 3) (B). Scale bar = 50 nm.
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Figure 2:

In vitro binding of micelles (red) to cancer cells. Fluorescence microscopy images show
binding of B16F10 (A), PC3 (B), 22Rv1 (C), and NCI-H460 (D) cells after 4 hour treatment
with KLAK-MCP-1 micelles (top), KLAK-scr-MCP-1 micelles (middle) or KLAK-MCP-1
micelles (11.25 uM) after pre-incubation with 250 uM MCP-1 peptides for 1 hour (bottom).
Scale bar = 50 um.
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Figure 3:
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In vitro cytotoxicity of micelles (0.5 — 50 pM) against B16F10 (A), PC3 (B), 22Rv1 (C), and
NCI-H460 (D) cells upon incubation for 72 hours (n = 6).

@p < 0.005 compared to KLAK-MCP-1 ICs in PC3 and 22Rv1

b p < 0.0001 compared to KLAK-scr-MCP-1 and MCP-1 in B16F10
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Figure 4:
In vivo efficacy of micelles (n = 11 to 18). Tumor volume measurements of mice treated

with PBS, MCP-1, KLAK-MCP-1, or KLAK-scr-MCP-1 micelles (A). IHC staining of
tumors treated with PBS, MCP-1, KLAK-MCP-1, or KLAK-scr-MCP-1 for (i) CCR2, (ii)
cleaved caspase-3, (iii) F4/80 (iv) PDL1, or (v) CD31 (B). Quantification of infiltrating
cytotoxic T lymphocytes (CTLs) (C). *p < 0.05, **p < 0.01. Scale bar = 100 pm.
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Figure 5:
In vivo biodistribution of 500 pM cy7-labeled micelles 3 hours after intravenous injection. (n

=3, *p < 0.05).
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Figure 6:

Evaluation of micelle biocompatibility through H&E staining of organs from mice treated
with (i) PBS, (ii) MCP-1 micelles, (iii) KLAK-MCP-1 micelles, or (iv) KLAK-scr-MCP-1
micelles. Scale bar = 100 pm.
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Characterization of micelles.

Table 1

Micelle (n =3) Diameter [nm] PDI Zeta Potential [mV]
KLAK-MCP-1 119+23 0.14+0.09 7.2=x11
KLAK-scr-MCP-1  11.7+15 0.14+0.05 95%22

KLAK 11.3+0.7 0.19+0.01 09+04

MCP-1 93+21 0.10+0.01 16.2%0.8
Scr-MCP-1 9.2+05 0.18+0.04 135%20

Empty 86+1.2 0.07+0.04 -9.6+35
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Table 2
ICgq values of micelles (n = 6).
1C5p [UM]
Micelle BI6F 10 P1C3 22RvI NCI-H460 RWPE-1
KLAK-MCP-1 |, o .ab 18014 313110 >50 >50
KLAK-sc-MCP1  17.8+2.2  >50 >50 >50 >50
KLAK 70£27  >50 >50 >50 >50
MCP-1 319+7.0 475+124 >80 >50 >50
Ser-MCP-1 >50 >50 >50 >50 >50
Empty >50 >50 >50 >50 >50

ap < 0.005 compared to KLAK-MCP-1 IC5( in PC3 and 22Rvl.

bp< 0.0001 compared to KLAK-scr-MCP-1 and MCP-1 in BI6FIO.
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