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Abstract

Circulating Tumor Cells (CTCs) are commonly detected in the systemic blood of cancer patients
with metastatic tumors. However, the mechanisms controlling the viability of cancer cells in blood
and length of time spent in circulation, as well as their potential for generating additional tumors
are still undefined. Here, it is demonstrated that CX3CR1, a chemokine receptor, drives reseeding
of breast CTCs to multiple organs. Antagonizing this receptor dramatically impairs the
progression of breast cancer cells in a relevant model of human metastatic disease, by affecting
both tumor growth and numerical expansion. Notably, therapeutic targeting of CX3CR1 prolongs
CTC permanence in the blood, both promoting their spontaneous demise by apoptosis and
counteracting metastatic reseeding. These effects lead to containment of metastatic progression
and extended survival. Finally, targeting CX3CR1 improves blood exposure of CTCs to
doxorubicin and in combination with docetaxel shows synergistic effects in containing overall
tumor burden.

INTRODUCTION

The seeding of CTCs departing from primary tumors, such as breast adenocarcinoma, in
distant organs is a necessary event for the emergence of metastatic disease. Secondary
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tumors are by far the major cause of death for patients, but motivation and efforts to avert
their occurrence have been historically thwarted. This is likely due to the long-held belief
that distant dissemination predominantly occurs prior the detection of the primary tumor.
Indeed, early spreading from primary site, prolonged dormancy and return to a proliferative
state characterize a commonly accepted paradigm for cancer cells. However, an additional
scenario in which cancer cells depart from established metastases to seed either new lesions
(reseeding) or existing lesions (cross-seeding) (1) (2) (3) has been recently confirmed (4)
(5). Despite the fact that metastatic expansion by reseeding likely hastens clinical
progression towards a lethal outcome (1) measures to prevent or contains this occurrence are
only minimally pursued in the clinic (6) (7). In part, this is due to the paucity of information
concerning (1) the longevity of cancer cells in the blood, (2) the mechanistic basis and
chronological dynamics of their reseeding and (3) uncertainty about the true potential of
CTCs to initiate new metastatic lesions after being shed from secondary tumors (8).

This pre-clinical study was pursued to gain a better understanding of the cellular dynamics
and molecular underpinning of metastatic reseeding. Combining this new knowledge with
effective therapeutics for counteracting tumor spreading from existing metastases, will
improve management of cancer patients by increasing the likelihood of either stabilizing
early metastatic disease or delaying further widespread dissemination of multiple secondary
lesions.

We have previously shown that CX3CRL1, the receptor for the chemokine Fractalkine, plays
an instrumental role in guiding breast CTCs to the skeleton (9). Recently, we generated
JMS-17-2, a potent small-molecule antagonist for this receptor, which impaired the homing
of breast CTCs to the skeleton and reduced tumor burden in pre-clinical models of
metastatic disease (10). Here we employed FX-68, an improved CX3CR1 antagonist, to
examine the timing and kinetics of breast CTCs re-entry and disappearance from circulation
as well as to ascertain how counteracting reseeding affects CTCs viability, regulates the
emergence of new lesions and impacts overall survival. Finally, we asked whether
combining CX3CR1 antagonists with doxorubicin would affect metastatic progression and
exposure of CTCs to chemotherapeutic drugs in the blood.

MATERIALS AND METHODS

Cell lines and cell cultures

MDA-MB-231 (MDA-231) human and 4T-1 murine breast cancer cell lines were purchased
from ATCC and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) or
RPMI-1640, respectively, supplemented with 10% fetal bovine serum (Hyclone) and 0.1%
gentamicin (Invitrogen). All cell lines were cultured at 37° C and 5% CO,. Starting from the
original vials from ATCC, each cell line was expanded and frozen in different aliquots that
were used for not more than 10 passages and not longer than 2 months following
resuscitation. Control for Mycoplasma contamination and cell authentication by Single
Tandem Repeat were performed by IDEXX Radil. Each cell line was genetically engineered
to stably express Green Fluorescent Protein (GFP) by transduction with a pLenti CMV Blast
vector (Addgene) in DMEM for 24 hours.
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SDS-PAGE and Western Blotting

Cell lysates were collected with RIPA lysis and extraction buffer (#89900 Thermo Fisher)
containing a phosphatase inhibitor cocktail (Calbiochem), protease inhibitor cocktail
(Calbiochem), 10% glycerol and 0.5 M EDTA (Thermo Fisher). A BCA protein assay
(Pierce) was used to determine protein concentrations and 50 g of proteins were loaded
onto 10% polyacrylamide gels and then transferred onto Immobilon PVDF membranes
(Millipore Corporation). Membranes were blocked for one hour at room temperature with
0.1% Tween-20/TBS with 5% (w/v) powdered milk. CX3CR1 was detected using a primary
antibody (AB8021, Abcam) used at 0.5ug/ml, diluted in 0.1% Tween-20, 5% dry milk in
TBS and incubated overnight at 4°C. A secondary, HRP-conjugated antibody (Pierce) was
used at 10ng/ml. Blotted membranes were processed with SuperSignal Femto
chemiluminescence substrates (Pierce) and visualized using a FluorChem imaging system
(ProteinSimple).

For quantitative Western blotting, membranes were blocked for one hour at room
temperature with Odyssey Blocking Buffer (P/N 927-50000 LI-COR Biosciences; Lincoln,
NE). The activation of the ERK signaling pathway was detected with rabbit phospho-ERK
and mouse total-ERK antibodies (Cell Signaling Technology) used at 10ng/ml. Both primary
antibodies were combined in the Odyssey Blocking Buffer with 0.2% Tween-20 and
incubated overnight at 4°C. Two-color detection was achieved by multiplexing the IRDye
800CW Goat anti-Rabbit 1gG (1:15000 P/N 925-32211 LI-COR Biosciences) and IRDye
680RD Goat anti-Mouse 1gG (1:15000 P/N 925-68070 LI-COR Biosciences; Lincoln, NE)
secondary antibodies in the Odyssey Blocking Buffer with 0.2% Tween-20 and 0.01% SDS.
Blotted membranes were visualized using the Odyssey Fc Imaging System (LI-COR
Biosciences) and densitometry analysis was performed using the Image Studio software (v.
5.2)

Pharmacokinetic studies for FX-68

The FX-68 small-molecule compound is a newly synthesized antagonist of CX3CR1, (US
Provisional Patent Application No. 62/500,134) that showed high selectivity towards 33
plasma membrane receptors (CEREP 44 screen, outsourced to Eurofins Pharma
(www.eurofins.com) and with 55.3% inhibition of adrenergic a1 and 56.1% inhibition of
dopaminergic Doy, receptors only at concentrations equal or higher than 1uM. FX-68 also
tested negative for inhibition of 364 different kinases in an assay outsourced to Reaction
Biology (www.reactionbiology.com). The functional I1Cs for FX-68 was established by
evaluating the inhibition of MAPK activation in cancer cells stimulated with 50nM
Fractalkine, as assessed by quantitative Western Blotting (see methods section). We tested
eight different concentrations of FX-68, ranging from 0.05nM to 100nM, in three different
experiments; the percentages of inhibition for each dose were plotted using Prism v5.0
(GraphPad Software) and the 1C50 was calculated as 4.4 nM (Suppl. Fig. 1).

For pharmacokinetic studies, mice were administered v/a intraperitoneal (i.p.) route with
10mg/kg of FX-68 in 10% dimethylacetamide (DMAC), 10% tetraethylene glycol and 10%
Solutol HS15 in sterile ddH,O. Animals were then anesthetized as described above and
300ul of blood samples were collected by cardiac puncture at the designated time points and
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transferred in KoEDTA tubes. Blood samples were placed on ice and tested after dilution.
The measurement of FX-68 concentrations in blood was outsourced to Alliance Pharma
(www.alliancepharmaco.com). The results showed that this compound reached a plasma
concentration of ~200ng/ml one hour after administration, which declined to 60ng/ml at six
hours, corresponding to 460nM and 140nM, respectively (FX-68 m.w.= 434.90). These
concentrations are several folds higher than the 1Csq measured /n vitro for this compound
but far below the 1uM concentration at which FX-68 showed still very high selectivity
towards 33 plasma membrane receptors and lack of inhibitory activity on 364 different
kinases (see above).

Animal models of metastasis

Female SCID mice (Taconic CB17-SCRF, ~ 20g body weight) were housed in a germ-free
barrier. At 6 weeks of age, mice were anesthetized with a mixture of ketamine (80mg/kg)
and xylazine (10mg/kg). Tumor cells (2.5x10* MDA-231 or 5x103 4T-1) were delivered as a
100 pl suspension of serum-free culture medium by carefully accessing the left ventricle of
the heart through the chest with an insulin syringe mounting a 30-gauge needle. After
intracardiac injection, the experimenter distributed each animal in unlabeled cages. Each
cage was randomly assigned to different treatment groups by a second experimenter.

Maodel of tumor seeding.—Animals were treated i.p. with FX-68 dissolved in 4%
DMSO, 4% Cremophor EL (Kolliphor EL, Sigma-Aldrich, MO) in sterile PBS or vehicle
one-hour prior and three hours after being injected with cancer cells. The dosing regimen
was selected based on results from pharmacokinetic analyses. Mice were sacrificed 24 hours
post-injection. Validation of the intracardiac delivery of cancer cells was performed as
previously described (10). For the detection and enumeration of single cancer cells, the
experimenter was not blinded but was assisted by the Nuance FX multiplex imaging
software (see below). A fluorescence image was acquired for each tissue section analyzed,
approximately 36 serial sections spanning the entire width of each knee-joint. The
identification and enumeration of single cells was obtained by three different experimenters,
including the Principal Investigator, and occasional discrepancies reconciled prior to
compiling the final data. All cells detected in both knew-joints for each animal on the study
were averaged and expressed as D7Cs in the respective figure legends.

Model of metastatic disease.—One week after intracardiac injection, animals were
randomly assigned to control and treated group and then imaged for tumors in the skeleton
and soft-tissue organs. Vehicle or FX-68 (10mg/kg) were administered i.p. twice/day, for the
entire duration of the study and animals were imaged weekly. Doxorubicin was purchased
from LEK Laboratories (D5794), dissolved in PBS at 1mg/ml and stored at =20 °C before
use.

All experiments were performed in agreement with NIH guidelines for the humane use of
animals. The use of animals for this study was approved by the Institutional Animal Care
and Use Committee (IACUC) at Drexel University College of Medicine Committee and by
the Animal Care and Use Review Office (ACURO) at the U.S. Army Medical Research and
Materiel Command.
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Labeling of cancer cells with CM-Dil

The CellTracker™ CM-Dil (ThermoFisher Scientific) was diluted as 50ug in 50 plI of
DMSO to prepare a stock solution. Immediately before use, the stock solution was diluted
with D-PBS to a 1uM working solution. Cells were exposed to the working solution at 37° C
for 5 minutes and then at 4° C for 15 minutes and then washed with PBS followed by F-12
cell culture medium.

In vivo bioluminescence Imaging

MDA-231 cells were stably transduced with the pLeGo-1G2-Luc?2 vector. Prior to imaging,
mice were injected i.p. with 150 mg/kg of D-luciferin (ViVoGlo, Promega) and anesthetized
using 3% isoflurane. Animals were then transferred to the chamber of an IVIS Lumina XR
(PerkinElmer) where they received 2% isoflurane throughout the image acquisition. Fifteen
minutes after injection of the substrate, five-minute exposures of both dorsal and ventral
views were obtained and quantification and analysis of bioluminescence was performed
using the Living Image software.

Processing of animal tissues.

Bones and soft-tissue organs were collected and fixed in 4% paraformaldehyde solution
(Electron Microscopy Sciences) for 24 hours and then transferred into fresh formaldehyde
for additional 24 hours. Soft-tissue organs were then placed either in 30% sucrose for
cryoprotection or 1% paraformaldehyde for long-term storage. Bones were decalcified in
0.5M EDTA (Fisher Scientific) for 7 days followed by incubation in 30% sucrose. Tissues
were maintained at 4°C for all aforementioned steps and frozen in O.C.T. medium (Sakura
Finetek) by placement over dry-ice chilled 2-methyl butane. Soft-tissue organs as well as
knee joints (femora and tibiae) were processed to obtain serial frozen sections, 80%.m in
thickness, using a Microm HM550 cryostat (11). All sections spanning the entire bone width
of femur and tibia were inspected to obtain either accurate enumeration of DTCs or
visualization and measurement of tumor foci in the inoculated animals.

Fluorescence microscopy and morphometric analysis of metastases

Fluorescent images of tumor cells and skeletal metastases were acquired using an Axio
Scope.Al microscope (Zeiss) connected to a Nuance Multispectral Imaging System
(PerkinElmer). Digital images were analyzed and processed using the Nuance Software (v.
2.4). Microscope and software calibration for size measurement is regularly performed using
a TS-M2 stage micrometer (Oplenic Optronics) (12)

Enumeration and collection of CTCs from mouse blood

We use blood withdrawn by cardiac puncture, as this route has been previously shown to be
the most effective and reliable among all alternatives (13). AMD-3100 was purchased from
Selleckchem (S8030) dissolved in PBS at 1mg/ml and at —20 °C before use. Tumor-bearing
animals were anesthetized as described above and 200-250ul of systemic blood was
collected at the designated time points and transferred in K,EDTA tubes. Blood samples
were placed on ice, diluted using a saline buffer (0.5% BSA, 2% EDTA in PBS) ata 1:8
ratio and then filtered through a 70um cell strainer immediately prior to achieve a label-free,
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microfluidic isolation of CTCs. For enumeration, we used the Captor® system (Clearbridge
Biomedics, Singapore), which allows visualization of individual CTCs trapped into crescent-
shape microwells (14). Following complete flowing of the diluted blood, the CTChip® was
transferred to the stage of an inverted fluorescent microscope and all trapped CTCs were
counted. For the recovery of fully viable CTCs we used the ClearCell® FX system
(Clearbridge Biomedics, Singapore), which employs the CTChip® FRL1 to isolate cancer
cells from blood cells based on size, deformability and inertia through a Dean Flow
Fractionation process (15).

Collection of CTCs from human blood and immunofluorescence staining.

Breast cancer patients were enrolled in a prospective biomarker study. All subjects gave
informed consent; the study was approved by the Institutional Review Board at Feinberg
School of Medicine. The clinical trial enrolled patients with stage 111 and IV disease
irrespective of subtype, about to start next systemic therapy. Blood form a breast cancer
patient diagnosed with ER+/PR+/HER2- Intraductal Carcinoma (IDC), staging TAN1M1,
was first processed for enrichment using the Parsortix™ system (Angle plc, Surrey, UK) and
then CTCs were collected using the Captor® system (Clearbridge Biomedics, Singapore).
Detection of CX3CR1 was achieved by on-chip immunofluorescence staining using a
primary antibody (ab8021, 1ng/ml) from Abcam (Cambridge, MA) followed by Tyramide
Signal Amplification with AlexaFluor™ 594 (B40944, ThermoFisher Scientific, Waltham,
MA). For fluorescence microscopy and imaging we used an EVOS FL system
(ThermoFisher Scientific, Waltham, MA).

gRT-PCR for viability assessment of CTCs

CTCs were lysed on the same microfluidic chip used for capture using buffer RLT and total
RNA was isolated using an RNeasy Mini Kit (Qiagen). CTCs were collected from one
mouse - for each time point and treatment - for RNA isolation and gRT-PCR (two mice were
pooled together if necessary to recover enough RNA). TagMan RNA-to-Ct 1-step kit (cat.
4392653) was used with an Applied Biosystem 7900HT Fast Real-Time PCR system.
TagMan Gene Expression Assays were purchased from ThermoFisher Scientific for BAX
(Assay ID Hs00180269_m1) and Bcl2 (Assay ID Hs00608023_m1).

Statistical analysis

RESULTS

One-way Anova with either Dunnett’s or Newman-Keuls post-tests was used to compare
multiple experimental groups. Student’s #test with Welch’s correction (GraphPad Prism 5.0)
was used to compare two experimental groups assuming no equal variance. Log-rank
(Mantel-Cox) test was used for comparison of survival curves.

Targeting CX3CR1 reduces tumor seeding and progression, and extends survival.

We initially sought to validate our novel compound FX-68 for its ability to interfere with the
seeding of circulating breast cancer cells by antagonizing CX3CRL1. To this end, human
(MDA-MB-231) or murine (4T-1) breast cancer cells — both expressing CX3CR1 when
compared to THP-1 human monocytic cell line as control (Fig. 1A, top and (10)) were
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grafted v/athe left cardiac ventricle into immuno-compromised (SCID) or immuno-
competent (BALB-c) mice, respectively, to allow unbiased tumor spreading to different
organs (16). Animals were administered with FX-68 (10mg/kg) or vehicle via intraperitoneal
route (i.p.) one hour before and 3 hours after the inoculation of cancer cells, based on
previously conducted pharmacokinetic studies and as described before (10). The effects of
FX-68 confirmed the results previously shown by the closely related compound JMS-17-2
(10). Treatment with FX-68 severely impaired both MDA-231 and 4T-1 cell types from
seeding the skeleton in treated animals, as shown by the dramatic reduction in the total
number of Disseminated Tumor Cells (DTCs) detected in distal femur and proximal tibia of
both knee-joints examined for each animal in the study (Fig. 1A,B). Interestingly, when the
same experiment was conducted by administering animals with AMD-3100, a well
characterized and widely used small-molecule inhibitor of the chemokine receptor CXCR4
(17), the seeding of breast cancer cells was unaffected (Fig.1B). In animals grafted with
MDA-231 cells as described above, small tumors were detected by bioluminescence
imaging in the skeleton and soft-tissues at one-week post-inoculation, providing a valuable
pre-clinical model of early metastatic disease (Fig.1C). Following randomization of
inoculated animals into control and treated groups, we found that targeting CX3CR1 both
limited the progressive expansion in tumor numbers typically observed in untreated animals
(Fig. 1D) and contained the overall tumor burden below 50% of the levels assessed in the
control group (Fig.1E), an effect that we have previously reported as likely due to the
inhibition of a set of CX3CR1-regulated tumor-associated genes and signaling pathways
(10). Notably, these effects translated into a dramatic extension of overall survival induced
by the CX3CR1 antagonist as compared to control animals treated with vehicle (Fig.1F). It
is important to emphasize that the effects observed with FX-68 are matching - for temporal
kinetic as well as extent and type tumor inhibition — previous results we obtained either
administering JMS-17-2 to tumor-bearing animals or inhibiting CX3CR1 expression by
CRISPRI (10). Taken together, these observations further corroborated the implication of the
chemokine receptor CX3CRL1 in the metastatic behavior of breast cancer cells, and most
importantly indicate that the numerical expansion of early tumors into additional metastatic
sites could be effectively counteracted by targeting this chemokine receptor with
pharmacological means.

Number of CTCs in blood and their viability are affected by CX3CR1 antagonist.

Our next aim was to determine whether targeting CX3CR1 contained the emergence of
additional tumors by directly preventing CTCs from reseeding skeleton and soft-tissues. It is
widely recognized that tracking the movements and fate of CTCs is inherently challenging.
Cancer cells in the blood are a dynamic pool that constantly fluctuates as cells enter the
circulation upon being dislodged from tumors, reseed additional sites or perish to anoikis if
they fail to do so (18). Indeed, determining the time spent by cancer cells in the blood has
been characteristically problematic, both in humans (19,20) and animals (21) . The potential
for CTCs dislodged from existing metastatic lesions to spread to other organ sites was first
inferred by mathematical models (22) and then recently revealed by genetic studies in
humans (4) (5); however, hard evidence from cell-tracking experiments has been lacking.
Understandably, a major hurdle for these types of studies is the limited ability to monitor the
timing of CTCs’ entry into and egress from the blood during steady-state conditions. To
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circumvent these issues, we proceeded by acutely mobilizing cancer cells from tumors in the
skeleton and soft-tissues in mice — above steady-state counts — and then thereafter sampling
the blood at specific intervals, reasoning that a time-dependent decline of the number of
CTCs in the blood would result from a combination of cancer cells seeding back to tissues
and dying in circulation. Mice were grafted viathe left cardiac ventricle with MDA-231
cells to generate unbiased tumor spreading and reproduce the clinical scenario of metastatic
disease; after three weeks animals developed large tumors in skeleton and soft-tissues (refer
to Fig.1) and were treated with a single dose (5mg/kg) of AMD3100 (23), an antagonist of
the CXCR4 receptor (24). This compound mobilizes hematopoietic stem cells (25) and
multiple myeloma cells (26) from the bone marrow of humans and mice (23) and has been
also used to dislodge DTCs from the skeleton of mice (27). Following AMD-3100, we
isolated CTCs from the blood of tumor-bearing mice and found that administration of the
CXCR4 antagonist induced a rapid increase in the number of CTCs. The number of CTCs
post-treatment peaked at 3 hours and subsequently declined, and after 48 hrs returned to the
steady-state counts routinely observed in untreated animals (Fig. 2A,C). In contrast to
AMD-3100, FX-68 does not mobilize cancer cells back in the blood (Fig.2B). We surmised
that by targeting CX3CR1 this compound would hold CTCs longer in circulation by
preventing reseeding to the skeleton and possibly soft-tissues. Indeed, when FX-68 was co-
administered with AMD-3100, and then alone twice/day thereafter (Fig.2D), animals
showed a rapid increase in CTCs counts that occurred at the same time-point as with
AMD-3100 alone, but of a magnitude more than two-fold higher than without the CX3CR1
antagonist. Furthermore, return of CTC counts to steady-state levels was clearly prolonged
when FX-68 was combined with AMD-3100 (AUC=731) as compared to AMD-3100 alone
(AUC=345) (Fig.2C), suggesting that targeting CX3CR1 delays the egress of CTCs from the
blood circulation.

When spreading v/a the systemic circulation cancer cells become susceptible to anoikis
(28,29) and extending the time spent in the blood should increase their odds of incurring into
this form of apoptotic cell death. Thus, we speculated that counteracting reseeding by
targeting CX3CR1 would also affect the viability of cancer cells. To test this hypothesis,
CTCs were recovered from mice harboring 3-week tumors at 6 and 12 hours following a
dose of AMD-3100 alone or in combination with FX-68, which was successively
administered alone after 3 and 9 hours, respectively, prior to CTC collection. The fraction of
apoptotic CTCs in the two treated groups was assessed and compared by measuring the
relative expression of Bax and Bcl-2 (30) (31). As shown in Fig.2D, targeting CX3CR1
increased the percentage of apoptotic CTCs collected at 6 hours as compared to cells
mobilized by AMD-3100 in the absence of FX-68. Interestingly, 12 hours following
mobilization, the percentage of apoptotic cancer cells in the blood was found to be
equivalent in the presence or absence of CX3CR1 targeting, suggesting that blocking a
relatively fast re-seeding of CTCs has the highest impact on their viability. Finally, to
corroborate the translational significance of our study, we analyzed CX3CR1 expression in a
blood sample collected from a patient with metastatic breast cancer (ER+, PR+, HER2-)
and identified CTCs with a strong expression of this chemokine receptor as shown by
immunofluorescence staining (Fig. 2E). While this initial evidence is indeed compelling, we
are fully aware that additional and extended studies will be necessary to fully characterize
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CX3CR1 expression in CTCs from human breast cancer patients and eventually correlate the
intensity and frequency of CX3CRL1 expression with molecular subtypes, occurrence and
progression of metastatic disease, and overall survival as clinical endpoints, among others.

Higher numbers of CTCs in blood corresponds to a reduced number of reseeded cancer

cells.

CTCs retain

Next, we sought to confirm that the protracted permanence of CTCs in the blood and
consequent impairment of their viability observed upon targeting CX3CR1 were truly the
result of a direct inhibition of CTCs reseeding. To this end, we labeled green-fluorescent
MDA-231 cells with the cell-tracker CM-Dil, a widely validated red-fluorescent dye that,
while being stably retained by non-dividing cells, is transferred to daughter cells upon
mitosis and eventually becomes too diluted and undetectable in rapidly dividing cell
populations (32,33). Based on these features, we predicted that GFP/CM-Dil double-labeled
cancer cells, when reseeding from established tumors would emit green fluorescence but
lack red fluorescence, as the results of high proliferation during tumor growth and
consequential dilution of the CM-Dil dye. On the other hand, cancer cells that became
dormant upon seeding different tissues following intracardiac injection would retain the CM-
Dil dye, thereby emitting signals in both green and red fluorescent spectra (Fig.3A). For
these experiments, mice were grafted with double-labeled cancer cells in the left cardiac
ventricle and allowed to develop tumors for two weeks. At this time, animals were then
treated with AMD-3100 with or without FX-68 (10mg/Kg, i.p., 1 hr prior and 3 hrs after
AMD-3100) and killed 12 or 24 hours later. Lung and knee-joints were harvested and
inspected for fluorescent cancer cells using a Multispectral Imaging System. Fig. 3B shows
that cancer cells with features of reseeded cells were identified at both time points and their
numbers were dramatically reduced by the systemic administration of the CX3CR1
antagonist as compared to untreated animals.

metastatic potential

The results reported above indicate that cancer cells can effectively seed different tissues
upon departing from existing disseminated tumors and this process can be countered by the
pharmacological targeting of CX3CR1. Thus, it was reasonable to hypothesize that
obstructing tumor reseeding by interfering with this chemokine receptor would curb the
emergence of additional lesions originated by existing metastases. Indeed, this paradigm
would support our /n vivo imaging and survival data from mice with early metastatic disease
that were treated with FX-68 (Fig.1d-f).

To test this hypothesis, we first asked whether CTCs — in addition to reseeding — retained
full metastatic behavior as defined by the ability to colonize and grow into detectable tumor
foci. Indeed, this issue is still debated (8) and it is only starting to be investigated in animal
models (21). Thus, we used a label-free microfluidic system to isolate CTCs at steady state
from tumor-bearing mice grafted three weeks earlier via intracardiac route with 4T-1 cells,
which generated multiple tumors in skeleton and soft-tissues. For re-inoculation
experiments, CTCs from four mice were collected, counted, pooled into one cell suspension
and re-inoculated into a single mouse at ~300 CTCs/animal. Despite the very low number of
inoculated cancer cells, three mice inoculated as described above showed multiple lesions by
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bioluminescence /n vivoimaging at 2 weeks post-grafting and larger tumors at the fourth
week (Fig.4A). This is the first available pre-clinical evidence of full metastatic potential
retained by CTCs departed from multiple tumors reproducing metastatic disease in humans.
Experiments with GFP-labeled 4T-1 cells also stained with the DM-Cil dye demonstrated
that CTCs isolated from three-week tumor-bearing animals were mostly cells shed in
circulation by high-proliferating tumors, since >70% had lost the red dye, as expected and in
contrast to >90% of red fluorescent CTCs isolated from the blood of mice inoculated only
three days earlier (Fig.4B).

We then conducted complementary studies in mice harboring experimental metastases, as
detected at one-week post-grafting, and left either untreated or treated at the second and
third week with AMD-3100, alone or in combination with FX-68 (Fig.4C). All lesions
identified at the fifth week that had not been previously detected at the second week of the
experiment were counted and compared among treatment groups. We found that mice
receiving AMD-3100 showed a doubled number of additional lesions as compared to
untreated animals, an effect that was ablated by co-administration of the CX3CR1 antagonist
(Fig.4D, E). These results provide compelling evidence that cancer cells departing from
secondary tumors in bone and soft-tissues retain the potential to colonize different tissues
and generate additional metastases, incidentally explaining why prolonged treatment with
AMD-3100 did not extend overall survival of mice with experimental lung metastases (34).

Preventing CTCs from reseeding prolongs their exposure to doxorubicin

Next, we sought to determine whether reducing the number of reseeded tumor cells by
targeting CX3CR1 would compare to chemotherapeutic drugs in containing the overall
expansion of tumor load. We assumed that impairing reseeding would extend the time that
CTCs are exposed to cytotoxic drugs in the blood. This paradigm was tested by treating
mice harboring 3-week disseminated tumors with the anthracycline antibiotic Doxorubicin
(5mg/Kg, i.p.), alone or in combination with FX-68 (10mg/Kg, i.p.). Our goal was to
determine whether retaining cancer cells in the blood circulation by targeting CX3CR1
could extend their exposure to chemotherapeutics, thus inferring a potential impact of
applying this approach to the clinic. We took advantage of the fluorescent properties of
Doxorubicin (35) and examined the red-spectrum emitted fluorescence of CTCs collected at
steady state from mice harboring disseminated tumors and treated with this drug alone, one
hour after or three hours prior administration of FX-68. CTCs were collected -
independently of the type of treatment - four hours after Doxorubicin administration, based
on published pharmacokinetic studies for this drug (36). The uptake of anthracycline was
assessed by fluorescence microscopy (Fig.5A) and the analysis showed that a prior
administration of the CX3CR1 antagonist caused a significant increase in the number of
CTCs positive for intracellular Doxorubicin as compared to mice exposed to the drug either
alone or followed by FX-68 (Fig.5B). These results strongly imply that impairing reseeding
also increases the exposure of CTCs to drugs, which could thereby improve the efficacy of
cytotoxic and targeted therapeutics by increasing their cellular bioavailability. This concept
was further investigated by treating animals harboring 1-week disseminated tumors with
FX-68 (10mg/Kg, i.p., b.i.d.) in combination with the cytotoxic drug Docetaxel (2mg/Kg,
i.p.,b.i.w.), which is standard of care for metastatic breast cancer (37). Animals were
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monitored by /7 vivo imaging and both compounds showed dramatic reduction in overall
tumor burden, starting from the 5 week of treatment (Fig.5C), indicating that interfering
with CX3CR1 functioning compares with the effects exerted by a widely used
chemotherapeutic drug. Furthermore, at the 111" week of treatment, the combination of
FX-68 with Docetaxel showed an evident synergistic anti-tumor effect, further supporting
the potential use of CX3CR1 antagonists in the clinic not only as standalone approach but
also in combinatorial strategies.

DISCUSSION

We have discovered a new functional role for CX3CR1 in metastasis, employing a novel
small molecule antagonist of this chemokine receptor and utilizing unique experimental
approaches to prove the reseeding and metastatic potential of CTCs.

Furthermore, this study radically improves our knowledge of the spatial and temporal
dynamics involved in cancer cells drifting in and out of the blood circulation following their
mobilization from metastatic tumors. Indeed, here we show that metastatic disease relies on
reseeding for expansion to additional organ sites, providing experimental support to this idea
as previously inferred by genomic analyses of metastatic tumors in patients (4) (5).

The re-inoculation of CTC harvested from experimental metastatic tumors and the long-term
studies investigating the emergence of additional lesions following mobilization of cancer
cells back into circulation make a strong argument in favor of tumor-initiating potential as a
feature of at least sub-populations of CTCs. Our finding are in line with similar work
previously conducted by others in which CTCs isolated from patients with metastatic breast
cancer generated lesions in bone and soft-tissues when grafted in mice (38) (39). These
studies should provide impetus to molecular and genetic analyses, in both pre-clinical and
clinical spaces, aiming to define highly metastatic CTC phenotypes with the intent of
developing predictive biomarkers for patients with the highest risk of tumor spreading from
existing metastases.

Our study also demonstrates that preventing CTCs from leaving circulation compromises
their viability, in line with the concept of anoikis - the result of a loss of contact with either
the extracellular matrix or neighboring cells (40). Cancer cells are expected to acquire
anoikis resistance in order to develop a metastatic behavior (28); interestingly, we show that
a significant percentage of the human breast cancer cells tested in our model perished when
forcefully retained in the blood despite their proven metastatic features. Indeed, this could be
due to the fact that in these experiments a relevant fraction of CTCs were not spontaneously
mobilized but rather dislodged by a pharmacologic agent. Therefore, some of these CTCs
may have not yet acquired anoikis resistance. Nevertheless, the evidence that provoking a
surge of CTCs upon conditions preventing their subsequent reseeding exerts a cytotoxic
effect makes a captivating case for pursuing similar approaches for therapeutic purposes.

The concept of mobilizing breast cancer cells from micrometastases has been recently
proposed also with the intent of excising dormant cancer cells from potential sites of late
tumor recurrence (41). Here we provide experimental support to this paradigm by testing
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whether mobilizing — and also retaining — CTCs in blood could boost exposure to
Doxorubicin, which is commonly used for metastatic breast cancer (42), and found that
more than ~80% of CTCs had been exposed to the drug as compared to ~50% observed at
steady state (i.e. not mobilized by AMD-3100).

Finally, we found that targeting CXCR4 did not prevent breast CTCs from seeding the
skeleton, in line with similar findings from others (41), and despite the widely reported
association of this receptor with the homing of breast cancer cells to bone (43-45) (46).
Indeed, these latter studies drew their conclusions from the detection of small tumor foci or
macroscopic tumors as indicators of tumor seeding, instead of imaging and enumerating
individual disseminated cancer cells. Thus, homing abilities could not be directly assessed as
they were in our study. It is highly plausible that CXCR4 — rather than promoting CTC
seeding — supports cancer cells after their homing to bone, for instance during initial
colonization and/or progression. Indeed, this scenario is supported by a number of reports
(47) (41,48).

On the other hand, the pre-clinical efficacy of the small-molecule antagonist FX-68 in our
model of metastatic disease reaffirms the idea that interfering with CX3CR1 dramatically
limits the seeding of skeleton and soft-tissues by breast CTCs. Notably, interfering with the
functioning of CX3CR1 directly on cancer cells could be combined with a blockade of the
same receptor on immune cells such as monocytes (49,50), which have been implicated in
the metastatic behavior of different tumor types. Finally, the pharmacological antagonism of
CX3CR1 by FX-68 compares to Docetaxel in controlling tumor burden and shows
synergistic anti-tumor effects when used in combination with it. Thus, inhibitory targeting of
CX3CR1, as a standalone or in combinatorial approaches, should be developed with the
ultimate goal of establishing treatment strategies to contain further propagation of metastatic
lesions and improve exposure of cancer cells to a range of therapeutics.
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Refer to Web version on PubMed Central for supplementary material.
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The current findings shed light on CTCs reseeding dynamics and support the
development of CX3CR1 antagonism as a viable strategy to counteract metastatic

progression.

Implications:
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Figure 1. Impaired metastatic seeding and progression by phar macological antagonism of
CX3CR1.

(A) Murine 4T-1 and (B) human MDA-231 breast cancer cells, both expressing CX3CRL1 (a,
inset) were significantly impaired in seeding the skeleton of mice treated with FX-68. In
contrast, the CXCR4 antagonists AMD-3100 had no effect on tumor seeding in similar
experiments (** £=0.0058; *** P=0.0009, unpaired Student’s #test). (C) Mice were
inoculated with MDA-231 cells, monitored weekly by bioluminescence imaging and
allowed to develop small tumors for one week, prior to administration of either vehicle or
FX-68 for the entire duration of the experiment. (D) The number of tumors and (E) total
tumor burden in FX-68 treated animals were both strongly reduced by the CX3CR1
antagonist as compared to controls (7 mice /group; Tumor numbers: *P=0.014, ** £=0.009,
***Pp=(0.002, paired £test; tumor burden: ***P=0.0002, One-way Anova with Dunnett’s
post-test. (F) Kaplan-Meier curve showing increase in overall survival with FX-68 treatment
(11 mice/group, Log-rank test: x2 = 19.95, £<0.0001).
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Figure 2. CX3CRL1 antagonism retains CTCsin the blood and promotes apoptosis.

(A) Fluorescent CTCs collected on a microfluidic chip of the Captor Instrument from the

blood of mice bearing disseminated tumors. AMD-3100 forcefully mobilized additional
CTCs above the steady-state levels in the absence of treatment. (B) The CX3CR1 antagonist
FX-68 does not mobilize cancer cells back into circulation, as shown by comparable

numbers of CTCs detected at steady-state and 3 hours after administration of FX-68 (C)

CTCs enumerated at different time points following administration of AMD-3100 alone or
combined with FX-68. The area under the curve was measured as 485 for AMD-3100 alone
and 852 for AMD3100+FX-68, which equates to a 75% increase induced by the CX3CR1
antagonist (shaded area). The red-dotted box indicates the numerical range of CTCs detected
at steady-state, /.ein the absence of any treatment (3 mice/group; *P=0.04 paired Student’s
t-test; **P=0.02 One-way Anova with Dunnett’ post-test. (D) CTCs collected upon
treatment with AMD3100 alone or AMD3100+FX-68 were collected at 6 hours and 12
hours (refer also to c) and levels of Bax and Bcl2 were measured as indication of the extent
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of apoptotic cells for each time-point and treatment. Bax expression was found to be
dramatically increased at 6 hours when the re-seeding of CTCs was impaired by FX-68; at
12 hours the apoptotic fractions were comparable between CTCs mobilized by AMD-3100
in the presence or absence of FX-68. All results were normalized to Bax and Bcl2
expression measured in CTCs collected at steady state (red dotted line) **P=0.01 One-way
Anova with Dunnett’ post-test. () Human CTCs collected from a patient with metastatic
breast cancer, showing blue nuclear staining (DAPI) and red fluorescent staining for
CX3CRL1.
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Figure 3. Compromised reseeding of CTCsto bone and lungs.
(A) MDA-231 cells, stably expressing GFP, were labeled with the red dye CM-Dil to

distinguish re-seeded cells from dormant cells in mice harboring skeletal and soft-tissue
tumors. Highly proliferating cancer cells in tumors and re-seeded cancer cells lacked red
fluorescence, which was detected in non-proliferating, dormant cancer cells. (B) Re-seeded
cells detected in bone and lungs of animals treated with AMD-3100 in combination with
FX-68 were significantly fewer as compared to AMD-3100 alone (2 mice/data point).
*P=0.03, Student’s t-test).
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Figure 4. CTCsfrom metastases have tumor-for ming ability and can reseed to generate
additional lesions.

(A) CTCs collected from three mice harboring multiple tumors in skeleton and soft-tissues
were collected and re-inoculated. Tumors were detected in three out of five recipient mice
within 2 weeks. (B) Mice were grafted via intracardiac route with GFP-expressing 4T-1 cells
also labeled with the CM-Dil red-fluorescent dye. Three days or three weeks following
grafting, CTCs were collected and the percentage of cells detected as positive to GFP-only
(shed from proliferating tumors) or GFP/DM-Dil (quiescent) was assessed for each time
point. Cells showing only moderate red fluorescence [+/—] were still considered positive to
DM-Dil. The vast majority of CTCs collected from animals three weeks post-grafting were
GFP-only, indicating their shedding into the blood circulation from highly proliferating
tumors. 3 mice/time point, ***P=0.0001, unpaired #test. (C) Schematic of the experiment
aimed to assess the metastatic potential of CTCs and the protective effect of CX3CR1
antagonism (D) Mice harboring disseminated tumors reproducing early metastatic disease
and treated as shown in (b) were monitored by in v/vo bioluminescence imaging at two
weeks for initial lesions and three weeks later for additional lesions. (E) AMD-3100 doubled
the number of additional lesions as compared to control animals, an effect that was fully
blunted by co-treatment with FX-68. (Control 11 mice, Treated 7 mice/group; ***P=0.0002,
One-way Anova with Dunnett’ post-test).
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Figure 5. Obstructing the reseeding of CTCsimproves drug exposurein blood and combination
of CX3CR1 antagonist with Docetaxel shows synergistic anti-tumor effects

(A, B) Retaining CTCs in the blood by administering FX-68 increased the exposure to
Doxorubicin, as measured by the percentage of cells showing red fluorescence emitted by
the drug. Yellow arrows show two cancer cells that did not incorporate Doxorubicin (3 mice/
group; *P=0.03, One-way Anova with Dunnett’s post-test. (C). Both FX-68 and Docetaxel
were highly effective in controlling tumor burden when used separately and in combination,
as compared to control animals receiving vehicle. At 11 weeks of treatment, when all control
animals had died (see arrow), combination of FX-68 with Docetaxel significantly improved

the control of tumor burden as compared to the effects shown by each of these two

compounds when used alone. (Control and FX-68 alone 4 mice, Docetaxel alone and
Docetaxel/FX-68 in combination, 7 mice; ***£=0.0001, One-way Anova with Newman-

Keuls post-test.

Mol Cancer Res. Author manuscript; available in PMC 2019 December 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell lines and cell cultures
	SDS-PAGE and Western Blotting
	Pharmacokinetic studies for FX-68
	Animal models of metastasis
	Model of tumor seeding.
	Model of metastatic disease.

	Labeling of cancer cells with CM-Dil
	In vivo bioluminescence Imaging
	Processing of animal tissues.
	Fluorescence microscopy and morphometric analysis of metastases
	Enumeration and collection of CTCs from mouse blood
	Collection of CTCs from human blood and immunofluorescence staining.
	qRT-PCR for viability assessment of CTCs
	Statistical analysis

	RESULTS
	Targeting CX3CR1 reduces tumor seeding and progression, and extends survival.
	Number of CTCs in blood and their viability are affected by CX3CR1 antagonist.
	Higher numbers of CTCs in blood corresponds to a reduced number of reseeded cancer cells.
	CTCs retain metastatic potential
	Preventing CTCs from reseeding prolongs their exposure to doxorubicin

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

