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1. INTRODUCTION:

The lung is one of the most common and deadly sites of breast cancer metastasis,
particularly in patients with aggressive triple-negative (TN) disease. Therapy for metastasis is
often given systemically, causing significant toxicity. However, the lung (unlike other metastatic
sites) holds potential for direct targeting via inhaled drugs; an approach that has shown
promise in treating respiratory diseases but remains underexplored in oncology. We have
previously developed inhalable drug-loaded nanoparticles for cancer, and in the current project
we aim to apply this innovation in combination with novel biological targets to address the
problem of breast cancer metastasis to lung. We have previously reported that the lung
microenvironment promotes metastasis of breast cancer cells, particularly those with high
expression of the cell-surface receptor CD44. In order to identify therapeutic targets in the
lung, we have used novel ex vivo models and observed that the lung secretes several CD44-
interacting proteins involved with metastasis, including osteopontin (OPN), E-,L-, P-selectins,
and basic fibroblast growth factor (FGF2). The purpose of this project is to test the hypothesis
that CD44-interacting proteins produced in the lung promote breast cancer metastasis and can
be targeted directly using inhalable drug delivery. Specific Aim 1 involves elucidation of the
mechanisms by which lung-derived OPN, E-,L-,P-selectins and FGF2 promote breast cancer
metastasis to the lung. To assess this, we are using a 2D ex vivo model system involving
conditioned media (CM) from murine lung, as well as a 3D ex vivo pulmonary metastasis
assay (PuMA). These assays are being used in combination with human TN breast cancer cell
lines and primary cells from patient-derived xenografts. Lung-derived proteins are being
depleted from lung-CM using functional antibodies or by using lungs from specific knockout
mice. Specific Aim 2 involves assessing the therapeutic potential of directly targeting CD44-
interacting proteins in the lung. Antibodies or chemical inhibitors targeting OPN, FGF2, and/or
selectins are being loaded into polybutyl cyanoacrylate nanoparticles and incorporated into
inhalable effervescent carrier particles. Pre-clinical in vivo metastasis models will be combined
with inhalable drug delivery to target the lung directly rather than systemically. Mice will be
subjected to single or combination treatments with inhibitors targeting the most promising lung-
derived proteins from Specific Aim 1. Both preventative (before metastasis occurs) and
therapeutic (after metastases are established) regimens will be tested for their ability to reduce
metastatic burden.

2. KEYWORDS:
Breast cancer, metastasis, lung microenvironment, CD44, osteopontin (OPN), basic fibroblast
growth factor (FGF2), E-selectin, L-selectin, P-selectin, nanoparticles, inhalable drug delivery,
pre-clinical models

3. ACCOMPLISHMENTS:

» What were the major goals of the project?

Table 1 lists the major goals of the project as stated in the approved SOW for the project,
including the milestones/target dates and actual completion dates or (if not completed) the
percentage of completion to date. Major Goals in blue font represent those for which the
target dates fell between the start of the grant and the end of the current reporting period.



Table 1: Major goals of the project as stated in the approved SOW for the project

Major Task/Goal Milestones Target Date Actual Completion
for Milestone Date or
Completion % Completion
Major Task 1: In vitro HRPO/ACURO August 2018 100% completed

assessment of distinct
metastatic behaviors &
mechanisms

determination/approval
Characterization of the in
vitro functional and
mechanistic influence of
lung-derived CD44-
interacting proteins on
breast cancer metastatic
behavior

Major Task 2: 3D ex
vivo assessment of
essential lung-derived
factors

Establishment of breeding
colonies of knockout mice
Characterization of the
essentiality of each lung-
derived factor for breast
cancer metastasis.
Generation of a priority list
of lung-derived factors for
Major Task 4 & 5.

August 2019

75% completed

Major Task 3:
Formulation and
production of inhalable
inhibitors

Successful formulation,
production and QC/QA of
an inhalable drug ready
for use in first in vivo
studies

February 2019

80% completed

Major Task 4: In vivo
assessment of anti-
metastatic efficacy of
inhalable drug using a
preventative approach

In vivo testing of inhalable
inhibitor in the
preventative setting.

December
2019

0% completed

Major Task 5: In vivo
assessment of anti-
metastatic efficacy of
inhalable drug using a
preventative approach

In vivo testing of inhalable
inhibitor in the therapeutic
setting.

Identification of lead
candidate for future
translation.

August 2020

0% completed

Major Task 6:
Integrated data sharing
plan between sites

Ongoing

Ongoing




» What was accomplished under these goals?

Major Task 1: In vitro assessment of distinct metastatic behaviors & mechanisms.

The proposed work for Major Task is complete and is described below. This work
supported Specific Aim 1, which was to determine the mechanisms by which lung-derived
OPN, selectins and FGF2 support and promote breast cancer metastasis to the lung.

TASK 1.1: Local IRB/IACUC Approval; and TASK 1.2: HRPO/ACURO Approval.

This task has been completed as proposed. Local IACUC approval for all animal
experiments in this study was achieved on February 08, 2017. USAMRMC Animal Care and
Use Review Office (ACURQO) approval was granted on March 02, 2017, and has been
successful with continuing annual renewal of approval since then. Local IRB determination and
exemption was completed on April 07, 2017 and sent to the HRPO for review. On June 21,
2017 the HRPO confirmed that the research activities within the project do not involve human
subjects, and that the research may proceed with no further requirement for review by the
HRPO.

TASK 1.3: Generate lung-conditioned media (CM) for rescue and signaling experiments.

This task has been completed as proposed. Lung-CM has either been used for Task 1.4
(described below), or has been banked at -80°C for use in future project-related research
activities.

TASK 1.4: Characterize the functional and mechanistic influence of lung-derived CD44-
interacting proteins on breast cancer metastatic behavior.

This task has been essentially completed as proposed, with an overview of the
methodology shown in Figure 1. Briefly, lung-CM from Task 1.3 was collected from ex vivo lung
culture, and blocking/neutralizing antibodies against osteopontin (OPN), E-,L-, and P-selectins
or FGF2 were used to immunodeplete each protein from lung-CM. Companion ELISA kits were
used to quantify the presence of each protein in lung-CM and the extent of immunodepletion.
Native and immunodepleted lung-CM was then used to assess (a) the functional effects of
specific lung-derived CD44-interacting proteins on in vitro breast cancer metastatic behavior
and (b) the influence on intracellular signaling.

Figures 2-6 (“A” panels) demonstrate that all 5 proteins are present in lung-CM and
can be effectively immunodepleted. The functional effects of these lung-derived CD44-
interacting proteins on in vitro breast cancer metastatic behavior were then examined using a
selection of different human triple-negative (TN) breast cancer cell lines and specialized cell
culture assays. As demonstrated in Figures 2-6, each lung-derived CD44-interacting protein
examined appears to have a distinct but complementary role in supporting and promoting breast
cancer metastatic behavior in the lung microenvironment. For example, OPN is involved in both
migration and growth (Figure 2); FGF2 is only involved in growth (Figure 3); and E-, L-, and P-
selectins are only involved in migration (Figures 4-6). Importantly, the specificity of each lung-
derived protein at influencing specific cell behaviors was confirmed by rescue experiments that
involved adding recombinant OPN, FGF2, or selectins back to depleted lung-CM at
concentrations equivalent to the original depletion. These results were also highly reproducible
in different TN human breast cancer cell models including MDA-MB-231 and SUM-149
immortalized cell lines, and the LRCP-BR17 cells (derived from a TN patient-derived xenograft
model).

To assess the differential activation of downstream signaling in breast cancer cells in
response to lung-CM, we used a combination of protein phospho-array analysis (for broad
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Figure 2: Depletion of osteopontin (OPN) from lung conditioned media (CM) reduces breast
cancer cell migration and proliferation. (A) Lung-CM was generated from healthy female mouse
lungs and OPN immunodepleted. Resulting OPN protein levels were determined by ELISA.
Data are presented as mean [OPN] + SEM (n = 3). (B,C) MDA-MB-231 and LRCP-BR17 cell
migration following exposure to basal media, native lung-CM, lung-CM depleted of OPN
(AOPN), or AOPN rescued by re-addition of recombinant OPN. (D,E) LRCP-BR17 cell
proliferation following exposure to basal media, native lung-CM, lung-CM depleted of OPN
(AOPN), or AOPN rescued by re-addition of recombinant OPN. Data are presented as mean
fold-change in migration or BrdU incorporation relative to basal media + SEM (n = 3). * =
significantly different than basal media; 8 = significantly different than native lung-CM (p < 0.05).
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Figure 3: Depletion of basic fibroblast growth factor (FGF2) from lung conditioned media (CM)
reduces breast cancer cell proliferation but not migration. (A) Lung-CM was generated from
healthy female mouse lungs and FGF2 immunodepleted. Resulting FGF2 protein levels were
determined by ELISA. Data are presented as mean [FGF2] =+ SEM (n = 3). (B,C) SUM149 and
MDA-MB-231 cell migration following exposure to basal media, native lung-CM, or lung-CM
depleted of FGF2 (AFGF2). (D,E) SUM149 and MDA-MB-231 cell proliferation following
exposure to basal media, native lung-CM, lung-CM depleted of FGF2 (AFGF2), or AFGF2
rescued by re-addition of recombinant FGF2. Data are presented as mean fold-change in
migration or BrdU incorporation relative to basal media + SEM (n = 3). * = significantly different
than basal media; 6 = significantly different than native lung-CM (p < 0.05).
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mouse lungs and SELE immunodepleted. Resulting SELE protein levels were determined by
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SUM149 cell proliferation following exposure to basal media, native lung-CM, or lung-CM
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Figure 5: Depletion of L-selectin (SELL) from lung conditioned media (CM) reduces breast
cancer cell migration but not proliferation. (A) Lung-CM was generated from healthy female
mouse lungs and SELL immunodepleted. Resulting SELL protein levels were determined by
ELISA. Data are presented as mean [SELL] £+ SEM (n = 3). (B,C) MDA-MB-231 and SUM149
cell migration following exposure to basal media, native lung-CM, lung-CM depleted of SELL
(ASELL), or ASELL rescued by re-addition of recombinant SELL. (D,E) MDA-MB-231 and
SUM149 cell proliferation following exposure to basal media, native lung-CM, or lung-CM
depleted of SELL (ASELL). Data are presented as mean fold-change in migration or BrdU
incorporation relative to basal media + SEM (n = 3). * = significantly different than basal media;
& = significantly different than native lung-CM (p < 0.05).
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Figure 6: Depletion of P-selectin (SELP) from lung conditioned media (CM) reduces breast
cancer cell migration but not proliferation. (A) Lung-CM was generated from healthy female
mouse lungs and SELP immunodepleted. Resulting SELP protein levels were determined by
ELISA. Data are presented as mean [SELP] + SEM (n = 3). (B,C) MDA-MB-231 and SUM149
cell migration following exposure to basal media, native lung-CM, lung-CM depleted of SELP
(ASELP), or ASELP rescued by re-addition of recombinant SELP. (D,E) MDA-MB-231 and
SUM149 cell proliferation following exposure to basal media, native lung-CM, or lung-CM
depleted of SELP (ASELP). Data are presented as mean fold-change in migration or BrdU
incorporation relative to basal media + SEM (n = 3). * = significantly different than basal media;
& = significantly different than native lung-CM (p < 0.05).
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investigation of multiple pathways) and specific investigation of the ERM (ezrin, radixin, moesin)
pathway that, when phosphorylated, have been shown to serve as a linker between CD44 and
the cytoskeleton to facilitate migration. Our results demonstrate that ERM is phosphorylated in
breast cancer cells following exposure to the lung microenvironment (Figure 7A).Furthermore,
phospho-array analysis demonstrates that exposure of human breast cancer cells to the lung
microenvironment results in phosphorylation of several other important downstream proteins
including ERK1/2, MSK1/2, CREB, Lyn, and Src (Figure 7B). These array results have been
validated by immunoblotting (representative data for CREB shown in Figure 7C).

In conclusion, the major findings for this Task are that the CD44-interacting proteins
OPN, FGF2, and selectins have complementary and important roles in mediating breast cancer
metastatic behavior in response to the lung microenvironment, supporting the concept that that
these lung-derived proteins are suitable therapeutic targets for further development.

Major Task 2: 3D ex vivo assessment of essential lung-derived factors.
The proposed work for Major Task 2 is approximately 75% complete and is described
below. This work also supports Specific Aim 1.

TASK 2.1: Establish breeding colonies of knockout mice

This task is approximately 80% complete. OPN-/- and triple-selectin-/- breeding colonies
have been successfully established and used for experiments (Task 2.3, described below). The
final colony (FGF2-/-) is in the process of being established in order to have sufficient animals to
proceed with the planned experiments. Although we had originally proposed to also look at
single selectin knockouts (SELE-/-, SELP-/- , and SELL-/-), our in vitro data suggests that the 3
selectins may be compensatory for each other and therefore our focus has been on the pan-
selectin knockout mice for the ex vivo studies. This approach is also well-aligned with the use of
a pan-selectin inhibitor for the therapeutic studies.

TASK 2.2: Transduce cell lines to stably express RFP.
This task has been completed for all breast cancer models (see example in Figure 8E).

TASK 2.3: Assess the essentiality of each lung-derived factor for metastatic colonization/growth
within the intact lung microenvironment in the 3D ex vivo PUMA.

This task is approximately 70% complete. Breast cancer cells have been subjected to
the ex vivo PUMA using wildtype versus OPN-/- or triple-selectin-/- mice. The full set of these
experiments has just been completed in MDA-MB-231, SUM159, LRCP-BR17 and LRCP-BR21
breast cancer models, and the most significant results are presented in Figure 8. Using breast
cancer cells that are strongly metastatic to lung in vivo (MDA-MB-231, SUM159, LRCP-BR17),
we observed that loss of OPN or E/L/P selectins significantly reduces (but doesn’t completely
eliminate) breast cancer progression to metastasis in the lung by Day 21 of the assay (Figure
8A,B,C,E). Interestingly, in the breast cancer model that is non-metastatic to lung in vivo
(LRCP-BR21), there is low level of metastatic growth/colonization in the PuMA overall, with no
difference in wildtype versus knockout mice (Figure 8D). Taken together, these results suggest
that OPN and selectins are individually important, but not essential, for lung metastasis of breast
cancer. Detailed histological and image analysis of these samples is currently ongoing, as is the
assessment of metastatic progression in the final group of FGF2 knockout mice.

TASK 2.4: Prepare and publish manuscript(s) from Specific Aim 1.

This task is in progress, with anticipated submission of our first primary data manuscript in
November 2019.
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Figure 7: Effect of lung-conditioned media (CM) on protein phosphorylation in human breast
cancer cells. MDA-MB-231 cells were cultured to 90% confluence and serum-starved for 24 h.
Cells were then exposed for 15 min to basal media or native lung-CM and subjected to analysis
by immunoblot or kinase array. Densitometry analysis was performed using Image Lab software
(BioRad). Data is presented as fold-change in ratio of total:phosphorylated protein relative to
basal media condition (n=3). (A) ERM phosphorylation as assessed by imunoblotting; (B) Broad
investigation of protein phosphorylation using the Human Phospho-Kinase Array (R&D
Systems); (C) Representative validation of CREB phosphorylation using immunoblot analysis. *
= significantly different than basal media (p < 0.05). All other phosphorylation results were also
validated by immunoblotting (data not shown).
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Figure 8: Loss of OPN or E/L/P selectins in the lung reduces breast cancer metastatic
progression in the pulmonary metastasis assay (PuMA). To assess the essentiality of OPN or
selectins for metastatic progression in the ex vivo PUMA assay, red-fluorescent labeled MDA-
MB-231 (A), SUM159 (B), LRCP-BR17 (C) and LRCP-BR21 (D) breast cancer cells were
injected into wildtype (blue datasets), OPN-/- (red datasets) or triple-selectin-/- (green datasets)
mice, lungs were harvested after 15 minutes and subjected to the PuMA for 21 days (n=4
mice/dataset/cell line/timepoint). Data is presented as mean normalized fluorescent area (um?)
+ SEM. * = significantly different than wildtype (p < 0.05). (E) Representative images for
metastatic progression in the LRCP-BR17 model for each timepoint are shown.
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In conclusion, the major accomplishments/findings for Task 2 to date include establishment
of OPN-/- and triple selectin-/- breeding colonies of knockout mice, which have been used to
demonstrate that OPN and selectins are necessary but not fully essential for metastatic
colonization of the lung, particularly for more aggressive breast cancer cell lines. This data
provides a solid framework to move on to therapeutic application in Specific Aim 2.

Major Task 3: Formulation and production of an inhalable inhibitor

The work to date on this Task has been aimed at characterizing nanoparticles obtained from
different monomers and synthesis route. A platform of different conditions that can be used to
efficiently synthesize nanoparticles was developed.

Methods and Results

Assessment of different nanoparticles was made using the particle size (Z-average, nm),
Pdl (polydispersity index) and ease of synthesis as criteria. Parameters such as type and
guantity of monomer, type and quantity of surfactants, stirring time, temperature, amount of
solvent and purification method were varied for optimization.

1.1. Poly-butylcyanoacrylate nanoparticle

The poly-butylcyanoacrylate (PBCA) nanoparticles were prepared using n-
butylcyanoacrylate (Loctite, Ireland) as monomer. The nanoparticles were prepared according
to the following procedure: 100 pyL of monomer was added to 1% dextran 70 (Sigma, Canada)
solution in 10 mL of 0.01 M HCI under constant stirring at 600 rpm for 4 hours at room
temperature. The particle size distribution was measured by dynamic light scattering using a
photon correlation spectrometer (Zetasizer HAS 3000) from Malvern instruments. Both filtered
(through a 0.1um filter) and non-filtered samples were diluted 10 times in purified and degassed
water and analyzed in triplicates. Good results were obtained using this method and the
procedure was repeated at least in triplicate to guarantee reproducibility. PBCA nanoparticles
were also prepared using a combination of 1% dextran 70 and 0.2% Pluronic F68 according to
the aforementioned method. When measuring particle size, 1:10 and1:100 dilutions were used.
Good results were obtained for this method as well, which are shown in Figure 9.

1.2. Gelatin nanoparticles

Gelatin nanoparticles were prepared using a two-step desolvation process. Desolvation
is the removal of the solvent component from the particle as a method of drying the sample in
solution. In this case, the water was removed using acetone.

Gelatin from two different manufacturers were tested. Three different batches from Gelita
manufacturer were tested according to the following method: gelatin (1.25g) was dissolved in
water (25ml) under constant heating (40°C) and stirring at 550 rpm. After completely dissolved,
acetone (25ml) was added into the gelatin in solution in order to precipitate the high molecular
weight gelatin of the starting material. The supernatant was taken out and the precipitate was
then resuspended in water (25 ml) under heating and stirring. The solution pH was changed to
2.5 using 0.1M HCI. Acetone (75ml) was added dropwise for the second step of the desolvation
process under constant stirring at 550 rpm and heating at 40°C. 100 ul of 8% glutaraldehyde
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Size (d.nm): o Volume Width (d.nm):
Z-Average (d.nm): 166.2 Peak 1: 175.0 100.0 60.98
Pdl: 0.076 Peak 2: 0.000 0.0 0.000
Intercept: 0.948 Peak 3: 0.000 0.0 0.000

Result quality : cood
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Result quality : Good
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Figure 9. Particle size (diameter, nm) and Pdl of PBCA nanoparticle prepared with dextran 70
and Pluronic F68. (A) Dilution factor of 100. (B) Dilution factor of 10.
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Figure 10. Particle size (diameter, nm) and Pdl of gelatin nanoparticle using different batches

from Gelita manufacturer.
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was added into the mixture as a crosslinker and the mixture was stirred overnight. After
completion of synthesis, the solvent was removed using a rotary vapor. The particles were
resuspended in water and centrifuged at 80,000 rpm for 30 minutes. The pellet was suspended
in purified and degassed water for characterization.

As shown in Figure 10A, for the first batch, a sharp peak was obtained, nevertheless the
particles were too big. For the second batch (Figure 10B), although the particle size was big, a
good Pdl was obtained as well as a sharp peak. For the third batch, no precipitation occurred in
the first desolvation step. Gelatin nanoparticles using gelatin Type B from bovine skin (Sigma-
Aldrich) were prepared using the aforementioned method. The method showed poor quality
results and low yield. The method was then optimized varying the water/acetone ration and
amounts, different amount of starting material, temperature, concentration of cross-linker, probe
sonication of sample, ultrafitration vs. centrifugation vs. filtration and different gelatin starting
material. The best result obtained (Figure 11) was using gelatin type B from bovine skin 225
bloom (Sigma-Aldrich), using 1g of starting material, water/acetone ratio of 1:1 (20 ml); the first
precipitate was dissolved in water under vigorous stirring at 10,000 rpm and 50°C. Acetone
(20ml) was added dropwise and stirred for one hour. After acetone evaporation, samples were
centrifuged at 10,000g for 30 minutes and the pellet was resuspended in water followed by
filtration through a 0.22um syringe filter.

NANOPARTICLE PROPERTIES AFTER DRUG LOADING

PBCA nanoparticle was selected to continue with the drug loading and antibody-coating
experiments due to ease of synthesis, high yield, good quality and reproducibility. Doxorubicin
was used as the model drug to optimize the drug loading. The drug was added in the mixture
after 30 minutes of stirring. Particles were characterized after drug loading. Results showed
satisfactory particle size and Pdl, 140 nm (£10.56) and 0.159 (x0.027), respectively.

ANTIBODY COATING

PBCA nanoparticles prepared with dextran 70 and Pluronic F68 were used for the antibody
coating due to the presence of aldehyde groups on its surface that the antibody can be
adsorbed onto. MBU-monoclonal antibody was used as a model for this purpose. The
nanoparticles were incubated with 100ug/ml of the antibody in different settings: in a beaker
shaking at room temperature or at 4°C or in an Eppendorf rotating at room temperature or at
4°C (3). The samples were then centrifuged at either 12.5 rpm for 20 minutes or 24psi for 30
minutes. The supernatant was separated and used for ELISA testing. It was assumed that low
supernatant antibody concentration was due to adsorption onto the particles.

ELISA procedure

Antigen solution was prepared (myclobutanil and myclobutanil-BSA conjugate) (10
ug/mL) in coating buffer (0.01M Carbonate/bicarbonate, pH 9.4-9.6) and 100 uL was added to
each well onto the 96 well assay plate, including buffer control and negative control. The plate
was covered and incubated at 2-8 °C overnight. The solution was aspirated and adherent drops
were removed by tapping the inverted plate on a piece of paper towel. 300 ul of wash buffer
(PBS containing 0.05% Tween-20) was added to each well and aspirated, this procedure was
repeated three times. Blocking buffer (300 ul - PBS containing 1% BSA) was added to each well
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Size (d.nm): % Volume Width (d.nm):

Z-Average (d.nm): 2244 Peak 1: 266.9 100.0 99.48
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Result quality : ©ood
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Figure 11. Particle size (diameter, nm) and PdI of gelatin nanopatrticle using gelatin type B from
bovine skin.
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and the plate was kept at room temperature for 1 h. The plate was then washed three times.
The supernatant of the samples previously prepared with antibody and PBCA nanoparticles
were diluted with blocking buffer and pipetted to the required wells. The plate was incubated at
37°C for one hour. The plate was washed and secondary antibody (diluted HRP-conjugated
goat anti- mouse IgG antibody) was added to all the sample wells except substrate control wells
and the plate was incubated at 37°C for 30 minutes. After washing plate, the substrate solution
was added to each well followed by incubation at 37°C for 15/30 minutes. Absorbance was
measured at 405 nm on an automatic ELISA plate reader. Table 1 shows the absorbance

results.

15 minutes incubation for color development

1 2 3 4 5
A 0.1685 0.2108 0.1429 0.1236
B Control 0.1151 0.0912 0.0997 0.0973
C Standard 0.2039 0.2207 0.3782  0.4015
D Standard 0.1904 0.3844 0.3786  0.3448
E 0.1402 0.1231 0.1412 0.4246
F 0.1102 0.1182 0.0777 0.3944
G 0.1422 0.1097 0.111 0.1066
H 0.0901 0.1029 0.0939 0.0819
30 minutes incubation for color development
1 2 3 4 5
A 0.2514 0.2888 0.212  0.1818
B Control 0.1708 0.1341 0.1431 0.1245
C Standard 0.2964 0.4368 0.5243 0.547
D Standard 0.324 0.7246 0.5549 0.555
E 0.2306 0.1706 0.1772 0.6042
F 0.1641 0.1739 0.1278 0.58
G 0.2145 0.1615 0.1424  0.1469
H 0.127 0.148 0.1385 0.1208
Color code and legends:
1 2 3 4 5
Control CB+PBS+2AB+S X X
Control Ag+PBS+2AB+S
Standard: 1AB 10ug/ml 25ug/ml 50ug/ml 100ug/ml
concentrations 10ug/ml 25ug/ml 50ug/ml| 100ug/ml
RTs C RTs A 1001 1o+ 1AB+24B+s
Ice C Ice A 100
RTr C RTr A X
Ice'C X X
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SPECIFIC INHIBITORS FOR INHALATION

Following this optimization and the results obtained to date for Task 2, we have moved
forward with optimizing the use of the pan-selectin antagonist bimosiamose as an inhalable drug
for lung metastasis. This choice of inhibitor was supported by additional in vitro studies
demonstrating that bimosiamose (1 mM) effectively inhibits breast cancer proliferation and
migration in response to lung-conditioned media (Figure 12).

The selected pan-selectin antagonist bimosiamose is an organic compound that belongs
to the phenolic glycoside class. Its physicochemical properties are displayed in Table 2. The
high lipophilicity and low water solubility of bimosiamose make it an ideal candidate for the use
of nanocrystals as a drug delivery system. The reduction of the particle size into the nanometer
scale is a promising approach for hydrophobic drugs in order to increase surface area which, in
turn, increases the dissolution rate and solubility of poorly water-soluble compounds like
bimosiamose. This is specially desired for the inhalable route of administration, since the drug
has to dissolve in the low volume of pulmonary fluids.

The nanocrystal production was done using the wet bead milling process. During the
stirring (high shear forces), the drug particles collide with the zirconia beads in the milling
chamber, and with other drug particles, causing the drug crystals to be fractured into nanosized
particles. Shear forces in the liquid phase are stronger compared to dry milling. In order to verify
the best conditions and the system’s suitability to reduce the particle size of bimosiamose, a
compound with similar physicochemical properties was used as model (Table 2). Hence, this
study was aimed to characterize nanocrystals obtained by wet milling process under a range of
conditions with the goal to further optimize the process using the model drug erythromycin
ethylsuccinate.

Methods and Results

At an early research stage, as well as at an early stage in drug development, only small
guantities of the active compound are available. Hence, using a particle size reduction method
which requires only low amounts is essential. The miniaturized wet bead milling method is a
valuable approach in this setting. The system is composed of an aqueous dispersion media (in
which the drug has low solubility) containing stabilizers (surfactants, polymers, or both), milling
pearls (zirconia beads), two magnetic stirring bars and the drug. The system is agitated by a
magnetic stirring plate at a very high speed, which is the reason why stabilizers are necessary.

1. Preparation of nanosuspension by miniaturized wet bead milling method.

Erythromycin ethylsuccinate (EE) nanosuspension was prepared by wet bead milling at
a reduced scale. The system contained 3% (w/w) EE, 10 to 20% of zirconia beads (0.1 mm and
density 3.7 g/cm3) and a 3% (w/w) Povacoat® (a novel PVA copolymer) aqueous solution of pH
5.7 for a total weight of 1g. The milling chamber consisted of a 2 mL glass vial containing two
magnetic stir bars, polygon-shaped (8x2mm). The system was stirred at 800 rpm for up to 8
days at room temperature. Samples of 10uL were collected each day.

2. Particle size distribution
The particle size distribution (PSD) as well as the polydispersity index (Pdl) were
measured by dynamic light scattering using a photon correlation spectrometer (Zetasizer HAS
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Figure 12: The pan-selectin antagonist bimosiamose reduces breast cancer cell proliferation
and migration in the presence of lung-conditioned media. MDA-MB-231 cell proliferation (top
panel) and migration (bottom panel) following exposure to basal media or native lung-CM and
treatment with DMSO vehicle or bimosiamose (1 mM). Data are presented as mean fold-change
in transwell migration or BrdU incorporation relative to basal media £+ SEM (n = 3). * =
significantly different than basal media; o = significantly different than lung-CM (p < 0.05).
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Table2. Physicochemical

ethylsuccinate

properties of bimosiamose and erythromycin

BIMOSIAMOSE

ERYTHROMYCIN
ETHYLSUCCINATE

CHEMICAL
STRUCTURE

Molecular weight
(g/mol)

Log P

Log D (@ pH 5.7)
Log S (@ pH 5.7)

862.922

3.71
0.603
-3.8

862.064

3.37

0.652
0.133
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3000) from Malvern instruments. Samples were diluted to a suitable concentration, indicated by
the best attenuation coefficient. Both purified degassed water and saturated EE solution were
used to measure the PSD to identify if the particles would partially dissolve when prepared for
the measurements with pure water, giving a false smaller particle size.

Figure 13 shows the monitoring of the PSD of a hanosuspension system with 3% EE
(wiw), 17% beads (w/w) and 3% stabilizer. Different populations can be identified during the first
day of stirring, which is also reflected on the high PdI. The stirring and the PSD monitoring
continued for 7 days. Not much difference was seen between days 2 and 3 (Figure 14). After 3
days stirring the PdI was within an acceptable range (only 1 population of nanocrystals) and the
average particle size was 740 nm. After 7 days stirring a PSD of 458nm was obtained with an
even lower Pdl (Figure 15). Using water to dilute the samples did not give accurate
measurements, as shown in Figure 16.

The final work needed to complete this Task is to optimize the wet milling method using
statistical analysis; make the necessary method adjustments for bimosiamose; test the
nanocrystals stability after lyophilization and resuspension, and incorporate the nanocrystals
into inhalable effervescent carrier particles via spray-freeze drying. This is anticipated to be
completed by December 2019.

Major Task 4: In vivo assessment of anti-metastatic efficacy of inhalable drugs.

This task has not yet been initiated but will be upon completion of Major Task 3 for
bimosiamose.
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Results

Size (d.nm): % Volume  Width (d.nm):
Z-Average (d.nm): 1364 Peak1:  837.9 80.5 134.6
Pdl: 0.868 Peak 2: 87.60 19.5 13.80
Intercept: 0.946 Peak 3: 0.000 0.0 0.000

Result quality : Refer to quality report

3% EE (w/w), 17% beads (w/w) and 3% stabilizer

0.1 1 10 100 1000 10000
Size (d.nm)

1day
5 hours
2 hours

Figure 13. Particle size distribution (diameter, nm) and Pdl of EE

nanocrystals prepared with 3% EE (w/w), 17% beads (w/w) and 3% stabilizer
at 2 hours, 5 hours and 24 hours.



Results

Size (d.nm): % Volume Width (d.nm):
Z-Average (d.nm): 7404 Peak 1: 1164 98.8 3585.7
Pdl: 0.263 Peak 2: 1724 1.2 46.34
Intercept: 0.939 Peak 3: 0.000 0.0 0.000

Result quality : Good

3% EE (w/w), 17% beads (w/w) and 3% stabilizer

Volume (%)

0.1 1 10 100 1000 10000
Size (d.nm)

1day
2 days
3days

Figure 14. Particle size distribution (diameter, nm) and Pdl of EE
nanocrystals prepared with 3% EE (w/w), 17% beads (w/w) and 3% stabilizer
after 3 days stirring.



Results

Size (d.nm): % Volume Width (d.nm):
Z-Average (d.nm): 458.8 Peak 1: 738.3 100.0 3049
Pdl: 0.195 Peak 2: 0.000 0.0 0.000
Intercept; 0.953 Peak 3: 0.000 0.0 0.000
Result quality : Good
3% EE (w/w), 17% beads (w/w) and 3% stabilizer
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Figure 15. Particle size distribution (diameter, nm) and Pdl of EE

nanocrystals prepared with 3% EE (w/w), 17% beads (w/w) and 3% stabilizer

after 7 days stirring.
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Size Distribution by Volume

Volume (%)
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2 days in saturated solution 3 days in saturated solution
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Figure 16. PSD (diameter, nm) of EE nanocrystals in water and saturated solution.
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» What opportunities for training and professional development has the project
provided?

Training Opportunities

Dr. Ying Xia, Research Associate:

As part of this project, Dr. Xia provided one-on-one mentorship to 1 research
undergraduate student, Gabriella Schoettle, 1 PhD student, Braeden Medeiros, and a new
postdoctoral fellow, Dr. Vasu Bhat, all of whom contributed to the major research activities of
the project. Dr. Xia assisted these trainees in attaining greater proficiency in experimental
techniques including cell culture and data analysis.

Dr. Vijay Somayaji, Research Manager:

As part of this project, Dr. Somayaji provided one-on-one mentorship to 1 graduate
student, Daniela Amaral-Silva, who contributed to the major research activities of the project
as described above. Dr. Somayaji assisted Daniela in attaining greater proficiency in
pharmaceutical and drug formulation techniques.

Professional Development Opportunities

Dr. Alison Allan, PD/PI:

To further her knowledge and skills in the area of breast cancer metastasis, Dr. Allan
participated in the 17th International Biennial Congress of the Metastasis Research Society,
which was held in Princeton, NJ in August 2018.

> How were the results disseminated to communities of interest?
A. Scientific Presentations

Dr. Alison Allan, PD/PI:

1. Allan, A.L. Cellular and molecular approaches to understanding breast cancer
metastasis. Multidisciplinary Breast Team Research Evening, London, ON, Canada,
September 2018.

2. Allan, A.L. Role of the lung microenvironment in mediating breast cancer metastasis: a
balance between the “seed” and the “soil”. Cancer Research Program Seminar Series,
Research Institute of the McGill University Health Centre (RI-MUHC), Montreal QC,
Canada, November 2018.

B. Scientific Publications

1. Bhat, V., Allan, A.L., and Raouf, A. Role of the microenvironment in regulating normal
and cancer stem cell activity: implications for breast cancer progression and therapy
response. Cancers, 2019 Aug 24;11(9). pii: E1240. doi: 10.3390/cancers11091240
(review manuscript appended).

2. Medeiros, B and Allan, A.L. Molecular mechanisms of breast cancer metastasis to the
lung: clinical and experimental perspectives. Int J Mol Sci, 2019, 20, 2272,
doi:10.3390/ijms20092272 (review manuscript appended).
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Community Outreach Activities

Dr. Alison Allan, PD/PI:

Dr. Allan was an invited speaker at the opening ceremonies of the Breast Cancer Society
of Canada Mother's Day Walk in London, ON, Canada in May 2018 and May 2019. The
audience mainly consisted of members of the lay community, including breast cancer
survivors and their friends and family. Dr. Allan shared a lay overview of the project as an
example of how breast cancer research is important to advancing treatment of breast cancer.
In October of 2018, Dr. Allan gave a series of interviews on the Weather Network to kick off
Breast Cancer Awareness Month.

Dr. Allan was also a featured scientist in a local media story in September 2017 called
“Seizing the Day”, and another in April 2019 called “Driving innovation in_a world where
knowledge is the new currency”, both intended to increase interest in learning and careers in
science.

What do you plan to do during the next reporting period to accomplish the
goals?

To date the research activities between Dr. Allan’s lab and Dr. Loebenberg continue to
rogress separately, as was originally proposed and expected for the first year or two of the
roject. Once the drug formulation studies are completed and we move into the final pre-
linical in vivo studies, there will be a much greater integration of the two labs for the planned

studies in the final Major Task of the project, including trainees visiting both labs to carry out
joint experiments. We expect that this will contribute greatly to accomplishing our goals as laid

(0]

4.

ut in the SOW.

IMPACT:

What was the impact on the development of the principal discipline(s) of the
project?

Nothing to Report.

What was the impact on other disciplines?
Nothing to Report.

What was the impact on technology transfer?
Nothing to Report.

What was the impact on society beyond science and technology?
Nothing to Report.
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>

>

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change
Nothing to Report.

Actual or anticipated problems or delays and actions or plans to resolve them

Major Task 1:
No delays experienced.

Major Task 2:
Establishment of all planned breeding colonies of knockout mice was been a bit slower

than expected due to problems with some breeding pairs, however we worked closely with
our animal facility veterinarian and these problems seem to now be resolved.

Major Task 3:
There was a slight delay at the start of the project in recruiting a PhD student with the

appropriate expertise to work on the drug formulation aspect of the project under Dr.
Loebenberg. Daniela Amaral-Silva was successfully recruited and has been actively working
on the project since January 2018. There was also a delay/problem in obtaining stocks of the
pan-selectin inhibitor Rivipansel from Pfizer. Pfizer is experiencing production issues and has
to prioritize drug supplies for use in an ongoing human clinical trial. They are unsure when
this is going to be resolved, so in May 2018 we decided to go ahead with an alternative pan-
selectin inhibitor, Bimosiamose (MedKoo Biosciences). This inhibitor required custom
synthesis and QA/QC, which was a 3-4 month process. We received the drug in November
2018, at which point we began the initial studies presented in this report.

Changes that had a significant impact on expenditures

The delay in recruiting Daniela Amaral-Silva had an impact on the salary expenditures in

Year 1 (only 6.5 person months worked instead of 12). The upgrades to the spray dryer
equipment were purchased and delivered to Dr. Loebenberg’s lab later than expected, with the
final installation of spray dryer occurring in the late Fall of 2018. The equipment portion of the
budget was therefore also not invoiced/recovered until installation was completed, in Year 2 of
the project.

>

>

Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

Nothing to Report.

6. PRODUCTS:

Publications, conference papers, and presentations

A. Scientific Presentations

Dr. Alison Allan, PD/PI:

1. Allan, A.L. Cellular and molecular approaches to understanding breast cancer
metastasis. Multidisciplinary Breast Team Research Evening, London, ON, Canada,
September 2018. Federal support acknowledged: Yes.
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2. Allan, A.L. Role of the lung microenvironment in mediating breast cancer metastasis: a
balance between the “seed” and the “soil”. Cancer Research Program Seminar Series,
Research Institute of the McGill University Health Centre (RI-MUHC), Montreal QC,
Canada, November 2018. Federal support acknowledged: Yes.

B. Scientific Publications

1. Bhat, V., Allan, A.L., and Raouf, A. Role of the microenvironment in regulating
normal and cancer stem cell activity: implications for breast cancer progression
and therapy response. Cancers, 2019 Aug 24;11(9). pii: E1240. doi:
10.3390/cancers11091240 (review manuscript appended). Federal support
acknowledged: Yes.

3. Medeiros, B and Allan, A.L. Molecular mechanisms of breast cancer metastasis
to the lung: clinical and experimental perspectives. Int J Mol Sci, 2019, 20, 2272,
doi:10.3390/ijms20092272 (review manuscript appended). Federal support
acknowledged: Yes.

» Website(s) or other Internet site(s)
Nothing to Report.

» Technologies or techniques
Nothing to Report.

» Inventions, patent applications, and/or licenses
Nothing to Report.

» Other Products
Nothing to Report.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

» What individuals have worked on the project?

| Name: || Alison Allan

| Project Role: || PD/PI

| Researcher Identifier: || Scopus Author ID: 8966957100

Nearest person month

worked: 3

Contribution to Dr. Allan has performed work in the area of overseeing and
Project: managing all aspects of the project.

31



Funding Support:

Salary support from the University of Western Ontario (65%) and
the Breast Cancer Society of Canada (35%).

| Name: || Ying Xia |
| Project Role: || Research Associate |
Researcher
Identifier: Scopus Author ID: 57190123286

Nearest person
month worked:

12

Contribution to
Project:

Dr. Xia has performed work in the area of in vitro and ex vivo
functional and mechanistic studies of breast cancer metastatic
behavior, and in daily supervision of graduate and undergraduate
research students.

| Funding Support:

|| Salary support from this project (100%).

| Name: || David Goodale |
| Project Role: || Technician |
Researcher
Identifier: Scopus Author ID: 36897019500

Nearest person
month worked:

6

Contribution to
Project:

Mr. Goodale has performed work in the area of animal husbandry,
animal studies (in vivo and ex vivo) of breast cancer metastatic
behavior, and in daily management of Dr. Allan’s lab.

Funding Support:

Salary support from this project (50%), and 50% from the Cancer
Research Society.

| Name: || Carl Postenka |
| Project Role: || Technician |
Researcher
Identifier: Scopus Author ID: 6506850250

Nearest person
month worked:

2.4

Contribution to
Project:

Mr. Goodale has performed work in the area of animal husbandry,

histopathology, and in daily maintenance/upkeep of Dr. Allan’s lab.

Funding Support:

Salary support from this project (20%), and 80% from the
Translational Breast Cancer Research Unit at the London Health
Sciences Centre.
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| Name: || Gabriella Schoettle

| Project Role: || Undergraduate Summer Research Student
Researcher
Identifier: Not applicable

Nearest person
month worked:

3.5

Contribution to
Project:

Ms. Shoettle has performed work in the area of in vitro assessment
of drug candidates in preparation for the drug formulation studies.

Funding Support:

Salary support from this project from the Ontario Ministry of
Education (50%), and the University of Western Ontario (50%).

| Name: || Raimar Loebenberg
| Project Role: || Co-Investigator
Researcher
Identifier: Scopus Author ID: 6602898019

Nearest person
month worked:

15

Contribution to
Project:

Dr. Loebenberg has performed work in the area of overseeing the
drug formulation aspects of the project at the University of Alberta
(Sub-Award site).

| Funding Support:

|| Salary support from the University of Alberta (100%).

| Name: ” Vijay Somayaiji
| Project Role: || Manager
Researcher
Identifier: Scopus Author ID: 6603256858

Nearest person
month worked:

3.6

Contribution to
Project:

Dr. Somayaji has performed work in the area of drug formulation
studies, daily supervision of graduate students, and in daily
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Abstract: The epithelial cells in an adult woman’s breast tissue are continuously replaced throughout
their reproductive life during pregnancy and estrus cycles. Such extensive epithelial cell turnover
is governed by the primitive mammary stem cells (MaSCs) that proliferate and differentiate into
bipotential and lineage-restricted progenitors that ultimately generate the mature breast epithelial cells.
These cellular processes are orchestrated by tightly-regulated paracrine signals and crosstalk between
breast epithelial cells and their tissue microenvironment. However, current evidence suggests that
alterations to the communication between MaSCs, epithelial progenitors and their microenvironment
plays an important role in breast carcinogenesis. In this article, we review the current knowledge
regarding the role of the breast tissue microenvironment in regulating the special functions of normal
and cancer stem cells. Understanding the crosstalk between MaSCs and their microenvironment
will provide new insights into how an altered breast tissue microenvironment could contribute to
breast cancer development, progression and therapy response and the implications of this for the
development of novel therapeutic strategies to target cancer stem cells.

Keywords: microenvironment; mammary stem cells; breast cancer stem cells; hypoxia; immune
cells; cytokines

1. Introduction

Adult tissue regeneration and maintenance are mainly regulated by continual turnover of mature
cells. This process is mediated by the presence of tissue-specific stem cells, the functions of which
depend on both intrinsic and extrinsic molecular signals. Extrinsic signals from the extracellular
environment can activate intracellular signaling required for the expression of genes related to self-renewal,
proliferation, differentiation and cell-fate commitment of stem cells. Adult stem cells reside in a specific
tissue microenvironment composed of cellular components such as stromal fibroblasts, tissue-specific
mature cells, immune cells, adipose and endothelial cells. The non-cellular portion of the stem cell
microenvironment includes extracellular matrix components, growth factors and cytokines. Interactions
with their surrounding tissue microenvironment provides stem cells with favorable conditions to
either self-renew, proliferate, or differentiate into progenitor cells [1,2]. Such a notion is supported
by observations indicating that primary cells, once isolated from their native microenvironment,
exhibit altered proliferation and differentiation potentials that can be reinstated by controlling their
microenvironment in ex vivo cultures [3,4].
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Studies performed using mouse models have also provided data reinforcing the observations
made using primary human cells. For example, while the injection of carcinoma cells into blastocysts
resulted in the generation of genetically normal mice, the subcutaneous injection of the same cells
resulted in the development of teratomas [5]. Subsequent studies using Rous sarcoma virus that
contained the oncogene pp60src demonstrated that injection of the virus in the wing of a chick resulted
in a tumor, while injection of the virus into the chick embryo failed to form tumors [6-8]. These studies
suggest that the tissue microenvironment can play either a tumor-suppressive or a tumor-promoting
role depending on the physiological context.

The stem cell microenvironment, also known as the stem cell ‘niche’, has been extensively studied
with respect to its critical role in regulating hematopoietic stem cell self-renewal and differentiation
leading to the maintenance of the human hematopoietic system. In addition, the role of the non-cellular
components of the stem cell microenvironment has also been extensively studied using animal
models [9]. For example, the role of extracellular matrix proteins such as 31 integrins in skin [10,11];
osteopontin in the hematopoietic system [12,13] and tenascin C in the nervous system [14,15] have all
been shown to play an essential role in regulating tissue-specific stem cell functions.

2. Normal Mammary Tissue Microenvironment and Function

2.1. Cellular Composition of the Normal Mammary Gland

The mammary gland is an intricate network of interconnected ducts and alveolar structures. These
structures are composed of both luminal and myoepithelial cells. In ducts, luminal cells are organized
to form hollow tubes that are surrounded by a continuous layer of myoepithelial cells, whereas
in alveoli, luminal cells are arranged to form clusters of grape-like structures that are surrounded
by non-contiguous myoepithelial cells, allowing luminal cells to be in constant contact with the
surrounding stroma [16,17]. In contrast to the mouse mammary gland where the alveolar structures are
surrounded mostly by adipose cells, in human breast tissue the bilayered ducts and alveolar structures
are surrounded by a basement membrane composed of laminin and collagen. During pregnancy,
luminal cells within the alveoli can further differentiate into milk-producing cells under the influence
of prolactin. The myoepithelial cells are essential for milk ejection into the ducts by contracting in the
presence of oxytocin [18-20]. These epithelial cells double in number during each estrous cycle [21-23].
Interestingly, during pregnancy and lactation, the epithelial content of the breast tissue also expands by
up to nine times the original cell numbers. During pregnancy in mice, a 27-fold increase in epithelial
cell number has been reported [24]. Post weaning, epithelial cells undergo apoptosis and the gland
reverts back to a non-pregnant state through a process known as involution [25,26]. This dynamic
process of expansion and regression makes the gland highly regenerative and allows the female breast
to support multiple pregnancies.

This extensive regenerative potential of the mammary gland is due to the presence of the primitive
mammary stem cells (MaSCs), which can give rise to both luminal and myoepithelial cells that make
up the ductal and alveolar structures. For the sake of simplicity, both mouse mammary and human
breast stem cells will be referred to as MaSCs in this article. Experimental evidence has demonstrated
the highly regenerative capacity of the mammary gland, whereby even a small fragment of mouse
mammary structure transplanted into de-epithelized (cleared) mammary fat pads can regenerate the
entire mammary gland [27]. In support of this observation, subsequent studies showed that any part
of the mammary epithelial tree can produce successful engraftment [28-30], suggesting that cells with
regenerative capacity are dispersed throughout the mammary tree. Isolation of mouse MaSCs has been
made possible through the identification of cell surface markers enabling the study of their proliferation,
differentiation, and self-renewal potentials in vitro and in vivo [31,32]. These studies also demonstrate
that MaSCs obtained from mouse mammary glands are able to generate bilayered mammary structures
containing both luminal and myoepithelial cells [31,32]. However, current evidence suggests that
in postnatal mammary gland, the MaSCs are heterogenous in nature and consist of unipotent stem
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cells capable of generating luminal or myoepithelial cells [33-35]. This finding challenges the bipotent
property of MaSCs in the postnatal mouse mammary gland.

Current evidence suggests that human breast MaSCs reside in the ductal structures of the mammary
gland [36], although the presence of human MaSCs in other locations in the gland remains unexplored.
Xenotransplantation of CD49f"8"EpCAM!"/~ human breast epithelial cells into mouse renal capsules
resulted in generation of mammary structures, albeit at a low frequency [37]. This low regeneration of
mammary structures could be either due to the lack of unique markers that provide further enrichment
of MaSCs, or due to the lack of an appropriate/favorable microenvironment to facilitate the regenerative
ability of human MaSCs in the renal capsule. Notably, the mouse mammary gland and human breast
tissue microenvironments are different in their composition. Human breast tissue consists of collagen-rich
inter- and intra-lobular stroma which is absent in the mouse mammary gland. In contrast, the mouse
mammary gland is mainly made up of an adipose-rich stroma that surrounds the ducts [38]. Generation
of humanized mammary mouse models is possible and subcutaneous implantation of human breast
tissue in this model can accurately recapitulate the microenvironment of the human breast [39,40].

2.2. Components of the Normal Breast Tissue Microenvironment

MaSCs, like other tissue-specific stem cells, reside in a niche (microenvironment) in the breast that
consists of different cell types including epithelial cells, fibroblasts, adipocytes, vascular endothelial
cells, and immune cells (Figure 1). The breast tissue niche also includes non-cellular components such as
basement membrane (BM) and extracellular matrix (ECM) components, growth factors, and cytokines
that are vital for cell function. MaSCs have the ability to self-renew, proliferate and/or differentiate to
generate mature luminal and the myoepithelial cells of the breast tissue. To this end, the autocrine and
paracrine signals initiated by growth factors and cytokines of the niche, the regulatory signals initiated
by the matrix components (laminin and collagen in particular), as well as cell-cell interactions within
the niche are essential to the regulation of MaSC function [41-48].

In the ducts, the luminal cells are surrounded by a continuous layer of myoepithelial cells, However,
in the alveolar structures, the luminal cells are surrounded by discontinuous layer of myoepithelial
cells [49,50] allowing the luminal cells of the alveolar structures to interact with and receive signals
from the different microenvironment components. Such interactions facilitate the further differentiation
of alveolar luminal cells into milk-producing cells. Myoepithelial cells and fibroblasts are capable of
secreting important ECM components including fibronectins, laminins, collagens, and proteoglycans
that in turn help provide a defined ECM architecture and the necessary signals for highly regulated
functions of mature cells, progenitors, and MaSCs within the mammary gland [51]. During the lactation
and involution phases of pregnancy, this complex ECM is disrupted and then re-formed based on
the action of different proteases such as matrix metalloproteinases (MMPs), as well as the action of
immune cells such as eosinophils and mast cells [52-54]. During mouse mammary gland development
at puberty, these immune cells are recruited near the terminal end buds (similar to TDLUs found in the
human breast tissue) and mediate ductal outgrowth and branching morphogenesis by remodeling
surrounding matrix [55].
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Figure 1. Schematic representation of the breast tissue microenvironment showing bilayered
arrangement of ducts and alveolar structures consisting of luminal and myoepithelial cells. These
structures are embedded in fibrous stroma consisting of fibroblasts, adipocytes, and immune cells.
The luminal cells in the ducts are surrounded by a continuous lining of myoepithelial cells, while the
myoepithelial cells lining the luminal cells in alveoli are discontinuous, which allows luminal cells to
interact with surrounding stroma.

2.2.1. Immune Cells

Immune cells such as macrophages, eosinophils, neutrophils, and mast cells have been shown to
play an important role in normal mammary gland development [55-60]. Macrophages in particular have
been demonstrated to play a vital role in mammary gland development. Transplantation of MaSCs into
macrophage-deficient mouse mammary fat pads showed defective mammary reconstitution ability [61],
suggesting that the presence of macrophages throughout mammary gland development process is
required for the normal functioning of MaSCs. Additional roles of macrophages in regulating mammary
gland development via their direct interaction with MaSCs was reported recently [62]. The expression of
the Notch receptor ligand DII1 on MaSCs was shown to interact with Notch3 receptor (Nr3) expressed on
adjacent macrophages, resulting in activation of intracellular Notch signaling. This interaction was shown
to be necessary for the maintenance of macrophage numbers in the mammary gland, as well as secretion
of Wnt ligands such as Wnt3a, Wnt10 and Wnt16 into the MaSC niche. These macrophage-secreted Wnt
ligands then utilize positive feedback mechanisms to regulate MaSC activity [62]. Observations by Zeng
and Nusse also demonstrated that in mice, Wnt3A-responsive cells were enriched in MaSCs, and that
MaSCs exposed to Wnt3A displayed enhanced regenerative ability in vivo [63].

2.2.2. Extracellular Matrix

Extracellular matrix components such as laminin are also known to interact with integrin receptors
expressed by stem and progenitor cells, and these interactions transduce signals required for the normal
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functioning of undifferentiated cells [64—66]. It therefore comes as little surprise that cells expressing
a6 and o1 integrins display mammary regenerative abilities in vivo [31,32,36,37]. Alpha-1 integrins
have been shown to be involved in the proliferation of alveolar progenitors [67] as well as maintenance
and regulation of regenerative ability of MaSCs [68]. ECM components have also been shown to
regulate the expression of «1 integrins on both human and mouse mammary epithelial cells [69].
Moreover, protein microarray analysis of the ECM revealed that laminin 1 is required for maintenance
of bipotential progenitors in a quiescent state, while P-Cadherin is required for myoepithelial cell
differentiation [70]. These observations are particularly interesting in light of additional findings
that the presence of a6 integrin-expressing bipotent progenitors in laminin-enriched Matrigel results
in their proliferation without differentiation, while placing the same cells on collagen-coated plates
results in their differentiation into mature luminal and myoepithelial cells [70]. In contrast, luminal cell
differentiation appears to be instead dependent on cell-cell contact [70]. These observations identify
the ECM as a strong modulator of MaSC and progenitor cell functions during normal mammary
gland development.

2.2.3. Stroma

Studies in mouse models have also demonstrated the influence of stromal cells on mammary gland
development. Epithelial-stromal cross-talk is necessary for the proper development and maintenance
of the mammary gland [43]. A recent study has demonstrated that Gli2 expressing stromal cells
secreted paracrine factors (Igf1, Fgf7, Hgf, Wnt2B, and Bmp7) to promote MaSC self-renewal and ductal
outgrowth [71]. It has been observed that when mammary epithelium is recombined with salivary
gland mesenchyme, the epithelium differentiates into salivary gland structures [45]. Interestingly,
xenotransplantation of mouse embryonic skin epidermal cells into the mouse renal capsule along with
embryonic mammary mesenchyme of either the rat- or mouse resulted in the generation of bilayered
mammary ductal structures. These structures consisted of epithelial cells capable of responding both to
estrogen and lactogenic hormones by differentiating into milk producing cells [72]. Additional studies
by Boulander et al. demonstrated that non-mammary epithelial stem cells exposed to the mammary
gland microenvironment were capable of generating a functional mammary gland that contained cells
capable of reconstituting mammary fat pads in serial transplantations [73-75]. In vitro models have
shown that genes such as HDAC? that regulate breast epithelial cell proliferation are also capable of
reprogramming the extracellular microenvironment [76]. Furthermore, an in vitro 3D Matrigel culture
system demonstrated that the regenerative ability of MaSCs was enhanced in presence of fibroblasts,
a major stromal component of the breast tissue [77], suggesting the importance of mammary fibroblast
in regulating MaSC activity. Taken together, these studies highlight the importance of the stromal
microenvironment in defining cell fate and tissue function.

3. Breast Tumor Microenvironment

Just as the normal tissue environment plays a critical role in regulating mammary stem/progenitor
cell functions, accumulating evidence suggest that the tumor microenvironment (TME) also plays an
essential role in regulating cancer stem cell (CSC) activity [78-89] and tumor progression. Current
evidence indicates that similar to normal breast tissue, breast tumor growth and progression is regulated
through hierarchically organized cancer cell populations which are maintained by CSCs that exhibit
self-renewal and proliferation potentials [90,91]. The direct experimental evidence demonstrating
the transformation of MaSCs into bCSC remains elusive. Interestingly, both normal and cancer stem
cells express common markers such as CD44 and ALDH [92,93]. In addition, conserved signaling
pathways such as Notch and Wnt that regulate MaSC function (i.e. self-renewal, proliferation, and cell
fate determination) are also active in bCSCs [94-96]. Molyneux et al, showed that deletion of BRCA1 in
human breast luminal progenitors resulted in basal-like breast cancers on P53 mutant background [97].
These findings suggest that both normal MaSCs and/or mammary progenitors may have the potential
to transform into bCSCs.
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These CSCs are thought to be responsible for tumor recurrence and therapy resistance [98-100].
Previously, it was believed that resistance to chemotherapeutic drugs was acquired through
accumulation of genetic alterations that generate a heterogeneous population of tumor cells with
diverse phenotypes [101,102]. However, the cancer stem cell hypothesis suggests that since CSCs are
responsible for maintaining tumor cells, the lack of therapies for specifically targeting these CSCs is
responsible for tumor recurrence [103-110]. This issue can be addressed, at least in part, by advances
in next generation sequencing (NGS) platforms that have enabled the examination of genomic and
transcriptomic changes of tumors at the single cell level [111-115]. Such powerful technology has
revealed that tumors (including breast tumors), can undergo a clonal evolution process which is a driving
force behind tumor heterogeneity [116,117]. Moreover, comparing therapy-resistant metastatic tumors
to matched primary tumors using single-cell genomics has revealed the existence of therapy-resistant
clonal cells in the primary tumors; further supporting the role of CSCs in therapy resistance and tumor
progression [118].

Breast cancer stem cell (bCSC) functions can be influenced by different cytokines and cell types
present in the TME, including mesenchymal stem cells (MSCs), cancer associated fibroblasts (CAFs),
and tumor associated leukocytes (TILs) (summarized in Table 1) [119]. Interestingly, in addition to
the role of the primary TME in regulating bCSC activity, organ-specific microenvironments play an
important role in the metastatic process. Previously, Chu et al demonstrated that soluble factors from
the lung microenvironment induced chemotactic migration of CD44* ALDHM8" bCSCs, suggesting an
interaction between bCSCs and the microenvironment in regulating tissue-specific metastasis [120].
Furthermore, bone-derived osteopontin has been shown to maintain the bCSC phenotype and
promote bone metastasis [121]. These observations strongly suggest that the microenvironment is
an important modulator of bCSC function including therapy resistance, recurrence and metastasis.
Therefore, understanding the interaction between bCSCs and their microenvironment will help in the
identification of new therapeutic targets for improved treatment of breast cancer.

3.1. Cytokines

In addition to matrix components, the TME contains several non-cellular components including
cytokines, chemokines, and growth factors that are secreted by the various cell types that make up the
TME. These cytokines can create a chronic inflammatory environment that favors tumor cell survival
and disease progression [122-124] while at the same time suppressing immune cell functions.

Table 1. Summary of the role of cytokines, immune cells, and stromal cells in regulating breast cancer
stem cell (bCSC) activity in the tumor microenvironment.

Stimulant Action References
e Dedifferentiation of CD44°" MCF10A to CD44Migh cells [125]
Interleukin-6 e Activation of JAK1/STAT3 signaling pathway in TNBC cell lines [126]
e Activation of JAG1-NOTCHS3 signaling pathway in ER" breast [127]
cancer cell lines
e Enhances bCSC activity and induction of chemoresistance in [128]
Interleukin-8 TNBC cells
¢ Regulation of bCSCs in HER2+ breast cancers via activation of [129]

IL-8-CXCR1 signaling axis
TGFp e Increases the number of CD44high CD241oW cel] population [130]
e Enriches the CD44*CD29* bCSC population in Luminal-A

TNFe breast cancer cells [83]
o tatin-M e Upregulation of SNAIL and CD44 expression in TNBC cell lines [86]
neostatin- e Enhances tumor forming ability of TNBC cells [86]

CD8* T cells e Promotes bCSCs expansion and EMT [131]
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Table 1. Cont.

Stimulant Action References
o Promotes secretion of cytokine such as IL-6, IL-8 and GM-CSF

TAMs and maintenance of bCSCs [152]

Stromal Cells e Enhances bCSC self-renewal via exosome secretion [133]
o Secretes adipsin and enhances bCSC activity through activation

o Pre-adipocytes  of C3a-C3aR signaling

o Adipocytes o Increases mammosphere-forming ability of breast cancer cell via [134]

o MSCs activation of P2 purinergic pathway

o CAFs o Secretes IL-6 and CXCL7 and enhances bCSC self-renewal and [135]
proliferation in mouse xenograft model
o Secretes prostaglandin and enhances bCSC expansion [136]
e Promotes bCSC self-renewal via CCL2 secretion [137,138]
o Secretes IL-6 and IL-8 thereby protects bCSCs from [139]

chemotherapeutic agents

3.1.1. Interleukins

The cytokine interleukin-6 (IL-6) has been shown to increase the expression of a CD44, a known
marker of bCSCs [140], in MCF10A cells expressing tamoxifen induced Src kinase oncoprotein
(MCF10A-Scr) [125]. In addition, CD44M&h MCF10A-Scr cells generated tumors at a higher frequency
as compared to CD44!°" cells in mouse xenografts. When breast cancer cells derived from invasive
ductal carcinoma tissues were treated with transformed MCF10A conditioned media, there was a
conversion or dedifferentiation of CD44!°% non-bCSCs to CD44M8h bCSCs [125]. These observations
suggest that extracellular factors present in the TME can play an important role in promoting stemness
in breast cancer cells. Interestingly, IL-6-induced stemness in breast cancer cells has been shown to
occur by activating the expression of OCT4 gene via the janus kinase/signal transducer and activator of
transcription protein 3 (JAK1/STAT3) pathway [126]. In addition, IL-6 has been shown to upregulate
jagged 1 JAG1) and activate JAG1-NOTCH3 signaling, which ultimately results in higher secretion of
IL-6 [127]. Thus, autocrine IL-6 signaling can then increase the proliferation and self-renewal potentials
of CSCs that exhibit higher expression of NOTCH3 [127]. A recent study showed that presence of
the IL-6 superfamily member, oncostatin-M (OM) in the TME upregulates genes related to the CSC
phenotype such as SNAIL and CD44 in TNBC cells lines, leading to enhanced tumor formation in vivo.
However, this effect of oncostatin-M was inhibited in the presence of IFN-f3 [86], suggesting that IFN-3
could be an effective therapeutic agent against CSCs in TNBC.

Previous reports indicate that ALDH1* bCSCs showed a higher expression of the IL-8 receptor and
the CXCR gene [141]. To this end, IL-8 signaling has been associated with enhanced CSC activity and
chemoresistance in triple negative breast cancers (TNBCs) [128]. Interestingly, the IL-8-CXCR1 signaling
axis has been shown to be important in regulating bCSC function in HER2-positive breast cancers [129].
Patient-derived breast cancer cells demonstrated enhanced mammosphere formation in the presence of
IL-8, while inhibition of IL-8-CXCR1 and HER? signaling impaired mammosphere-forming activity [129].
These findings suggest that the IL-8-CXCR1 signaling axis could be a useful therapeutic target in treating
HER2-positive breast cancer patients. Furthermore, inhibition of CXCL1 by reparixin reduced bCSC
activity and prevented metastatic spread of breast cancer cells in mouse xenograft models [142].

3.1.2. Transforming Growth Factor 3 and Tumor Necrosis Factor o

The role of transforming growth factor 3 (TGFf) in regulating tumor cell proliferation, metastasis,
and remodeling of the TME has also been well documented [143]. Very recently, Katsuno et al.
demonstrated that prolonged exposure of human breast epithelial cells to TGFf enhanced the
epithelial-to-mesenchymal transition (EMT) phenotype and increased the number of CD44"ighCD24low
cell population [130]. Using a mouse breast cancer model, it was also recently demonstrated that
TGFf mediated homing of human bone-marrow derived stem cells to breast cancer tumors, thereby
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enhancing tumor growth and bone metastasis [144]. Moreover, using a mathematical model, Bocci et al
demonstrated that autocrine and paracrine TGF(} signaling in combination with cell-cell communication
activated Notch signaling to give rise to a heterogeneous population of bCSCs, and that IL-6-enhanced
Notch-Jagged1 signaling was necessary for the maintenance of bCSCs [80].

Other cytokines, such as tumor necrosis factor alpha (TNFx) have been shown to regulate bCSC
activity. When tumor cells from the Luminal-A breast cancer subtype were exposed to TME-enriched
conditions consisting of TNFx and endothelial growth factor (EGF), the breast cancer cell population
became enriched for a CD44*CD29* CSC phenotype with increased metastatic properties [83].

3.2. Immune Cells

Tumor-associated immune cells, such as natural killer cells, macrophages, neutrophils, dendritic
cells, and T and B lymphocytes, relay signals to their neighboring cells through secreted cytokines.
These cytokines in the TME play an important role in the development of multiple cancers. Cytokines act
directly on the tumor cells, fibroblasts, and adipocytes in the TME in an autocrine or paracrine fashion
regulating important cell functions. This inflamed environment in the tumor niche also effects CSC
activity [84,145-148]. While CD8* T cells normally play a key role in eliminating tumor cells, Santisteban
et al. showed that CD8" T cells can promote bCSC expansion and EMT in vivo [131]. Tumor associated
macrophages (TAMs) have also been shown to play an important role in tumorigenesis [149,150].
The interaction between CD11b and Ephrin expressed by TAMs found in ERx* breast cancer tumors and
CD90 and Ephrin 4A (Eph4A) expressed on bCSCs results in activation of NFkB-mediated secretion of
cytokines such IL-6, IL-8, and GM-CSF. These cytokines in turn play important roles in the maintenance
of CSCs (i.e., self-renewal) and their proliferation and differentiation to generate new cancer cells [132].

3.3. Hypoxia

As solid tumors grow, due to decreased nutrient and oxygen supply, hypoxic regions develop
within the TME where oxygen tension drops down to ~1%. Current evidence now indicates that this
hypoxic microenvironment has the potential to regulate both normal stem cell function as well as CSC
function [151-158]. It was recently demonstrated that breast cancer cells exposed to hypoxic conditions
in vitro can activate the PI3K/AKT signaling pathway and promote enrichment of CD24~CD44*
CSC characteristics in xenotransplantation models [85]. In vitro studies demonstrated that repetitive
cyclic exposure of normoxic and hypoxic conditions selectively enriched for breast cancer cells
with a CSC phenotype. This subpopulation of cells was found to display EMT features and highly
metastatic behavior in xenograft models [159]. Another study showed that a hypoxic TME resulted in
hypoxia-inducible factor 1 (HIF1)-mediated expression of adenosine receptor 2B (A2BR) in human
breast cancer cells. This increase in A2BR was sufficient to increase expression of CSC phenotype
mediators, IL-6 and NANOG [160]. Moreover, Conley et al. reported that the use of anti-angiogenic
agents such as sunitinib and bevacizumab in tumor-bearing mice created a hypoxic environment that
facilitated a HIF1x mediated increase in bCSCs [161]. In addition to this, it has been shown that under
chronic hypoxic conditions, the expression of HIF-2« is elevated in breast cancer cells, which in turn
display a CSC phenotype by inducing the expression of stem cell markers, such as c-Myc, OCT4,
and Nanog. In the same study, in vivo experiments demonstrated that increased expression of HIF-2«
in breast cancer cells promotes tumorigenicity and resistance to paclitaxel via activation of Wnt and
Notch signaling pathways [162]. IL-6 signaling was shown to cooperate with a hypoxic TME conditions
to induce expression of C/EBP6 and other “stemness” promoting factors such as Nanog, Sox2 and Klf4
in breast cancer stem cells [163]. Lastly, a recent study demonstrated that hypoxia-induced secretion
of IL6 specifically by ERx* breast cancer cells was capable of elevating both ERa* and ERx™ bCSC
self-renewal and proliferation in a JAK-STAT pathway-dependent manner in vitro [164]. Based on such
evidence, it is rational to hypothesize that the hypoxic areas of TME would foster the maintenance
of bCSCs and that the decreased concentration of therapeutic drugs in these hypoxic areas could
contribute to CSC survival and tumor recurrence.
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3.4. Tumor Stroma

Different cell types of the stroma have been shown to play a key role in regulating CSC activity.
Adipocytes secret different growth factors, cytokines, and chemokines necessary for regulation of
different cellular processes such as self-renewal and proliferation [165-168]. Subcutaneous co-injection
of mouse mammary adenocarcinoma cells with adipose tissue from mouse mammary fat pads resulted
in increased tumor volume compared to the xenografts initiated with breast cancer cells alone [169],
suggesting the importance of adipose tissue in promoting tumor growth. Furthermore, Iyengar et al.,
demonstrated that conditioned media from adipocytes was sufficient to enhance breast cancer cell
proliferation in vitro. In addition, subcutaneous injection of breast cancer cells with murine adipocytes
enhanced their tumorigenic and metastatic activity in vivo [170]. Subsequent studies demonstrated
that exosomes secreted from pre-adipocytes enhanced bCSC self-renewal and breast tumorigenesis
via activation of the SOX9/miR-140 signaling pathway [133], and that exosomes from mesenchymal
stem cell derived adipocytes enhanced proliferation of breast cancer cells through activation of the
Hippo signaling pathway both in vitro and in vivo [171]. Goto et al., also recently demonstrated that
mammary gland adipocytes secrete a serine protease, Adipsin, which triggers cleavage of complement
C3 and activated C3 receptor (C3aR) signaling in breast cancer cells. Inhibition of the C3a-C3aR
signaling axis results in decreased proliferation and maintenance of CSC properties in human breast
cancer patient derived xenograft cells [134], suggesting that the adipsin-C3a-C3aR signaling is an
important component of TME and bCSC activity.

Mesenchymal stem cells (MSCs) make up another small but important cell type present in the stroma
of the mammary gland. Recently, crosstalk between MSCs and breast tumor cells has been shown [172],
and accumulating evidence suggest that MSCs promote tumor growth, metastasis and development of
resistance to therapy [173-175]. MSCs were also shown to activate P2 purinergic receptor signaling in
breast cancer cells, which in turn increases their mammosphere forming ability [135]. Another study
demonstrated that that ALDH1-expressing MSCs have the ability to infiltrate breast tumors and regulate
bCSC self-renewal and proliferation, resulting in enhanced tumor growth in mouse xenograft models.
In this model, the increase in MSC-induced self-renewal and proliferation of bCSCs was triggered by a
positive feedback loop of IL-6 and CXCL7 cytokines secreted by MSCs [136].

In addition to adipocytes and MSCs, fibroblasts make up the majority of cells present in the
stroma. Although the role of normal fibroblasts in promoting breast cancer tumor progression has been
controversial, recent studies now provide evidence that both normal and activated cancer-associated
fibroblasts (CAFs) can promote breast cancer cell growth in vitro and in animal model systems [176].
Indeed, these studies reveal that constitutively secreted cytokines, such as CCL7, IL-6, and IL-§,
can activate the release of platelet-derived growth factor BB (PDGF-BB) from breast cancer cells that
stimulates release of IL1-f by the fibroblasts and in turn induces breast cancer cell proliferation [176].
Interestingly, IL-6 and IL-8 also promote bCSC self-renewal [177,178]. Moreover, CAF-secreted
prostaglandins have been shown to promote secretion of IL-6 that results in bCSC expansion [137,138].
Interestingly, senescent primary normal breast luminal cells activate breast stromal fibroblasts in
an IL-8-STAT3 pathway-dependent manner. These activated fibroblasts displayed pro-carcinogenic
features and promote a CSC-like phenotype by increasing expression of stem cell markers, such as
CD44, ALDH, SOX2, OCT4, NANOG, and KLF4. These activated fibroblasts also induced EMT in
breast cancer cells both in vitro and in vivo [179]. A recent study demonstrated that Sonic Hedgehog
ligand secreted by TNBC cells confers and activates normal stromal fibroblasts. These activated
fibroblasts in turn secreted FGF5 and produced fibrillar collagen-rich ECM essential for maintenance
of the CSC phenotype and development of chemoresistance [180]. Another study showed that breast
cancer cells activate fibroblasts and induced secretion of chemokine ligand 2 (CCL2). Fibroblast-derived
CCL2 plays a key role in promoting bCSC self-renewal and tumorigenesis in a Notchl-dependent
manner both in vitro and in vivo [139]. These observations indicate that the stromal fibroblasts (and in
particular their activated derivatives) contribute to bCSC activity and tumorigenesis.
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Interestingly, single cell RNA-Seq analysis shows that CAFs in the TME are heterogeneous in
nature and can be classified into three functionally distinct subsets based on their gene expression
profiles and associated with different origins [181]. Thus, it is important to identify and characterize
the subpopulation of CAFs that play a critical role in promoting bCSC activity. This will further help
in using CAFs as prognostic or predictive biomarkers. Costa et al. identified four different subsets
of CAFs in human breast tumors based on cell surface protein expression of fibroblast-associated
protein (FAP), CD29, aSMA, fibroblast-specific proteinl (FSP1), PDGF receptor beta (PDGFR{3), and
CAV1. Intriguingly, one of the CAF subsets (FAPM8MCD29high xSMAMighFSP1high PDGERMBhCAVTIOW)
enhanced T-regulator cell activity in order to inhibit effector T cell proliferation, thus playing an
important role in creating an immunosuppressive microenvironment in TNBCs [182]. Furthermore,
Su et al. demonstrated that CAFs expressing CD10 and GPR77 were highly potent in remodeling
the TME [183]. These CAFs also secrete IL6 and IL8 which can induce bCSC enrichment and
chemoresistance [183]. Breast cancer cells treated with chemotherapeutic agents, such as docetaxel
or cisplatin, displayed enhanced survival in the presence of CD10*GPR77* TAFs. Furthermore,
in vitro co-culturing of breast cancer cells with CD10*GPR77* CAFs resulted in an increase in the
proportion of CD24~CD44*ALDH1* bCSCs and enhanced mammosphere formation. In addition,
co-injection of patient derived breast cancer cells with CD10*GPR77* CAFs promoted tumor formation
as well as the proportion of bCSCs upon serial translation of breast cancer cells [183], and binding
of the ECM protein hyaluronan (HA) to the stem cell receptor CD44 resulted in Nanog mediated
activation of stem cell specific genes such as Sox2 and Rex1 in breast cancer cells. This interaction was
essential in Stat3-mediated activation of multi-drug resistance (MDR1) gene expression which in turn
resulted in the development of resistance to doxorubicin and paclitaxel [184]. Taken together, this
evidence demonstrates the crucial role of the stromal component of the TME in bCSC maintenance and
development of chemoresistance.

4. Clinical Implications

Although the 10-year overall patient survival in breast cancer has dramatically improved,
this disease remains the leading cause of cancer-related death in women worldwide due to tumor
recurrence and therapy resistance [185]. Based on expression of receptors such as estrogen receptor
(ER), progesterone receptor (PR) and HER2, breast cancers are classified clinically into luminal A
(ER*PR*HER2"), luminal B (ER*PR*HER2*/~ and/or Ki67"igh), HER2 positive (ER™), and triple
negative tumors lacking expression of all three receptors [186]. With no effective targeted therapy
options currently available, triple negative breast cancer (TNBC) constitutes the most aggressive type
of breast cancer, with poor overall survival. Growing evidence suggests that the aggressive nature of
TNBC tumors could be due to the presence of a higher frequency of bCSCs (CD44MghCD24!0%/~) as
compared to other breast cancer subtypes [187-190]. In contrast, luminal and HER2* breast cancer
subtypes are thought to be ALDH* (CD44*CD241°%/~ ALDH1") [191,192]. These observations suggest
that the bCSC subset within tumors is heterogeneous in nature with respect to the phenotype and
possibly function among the different breast cancer subtypes. Single-cell transcriptomic analysis
of primary and metastatic tumors of different breast cancer subtypes could certainly provide very
interesting information about the heterogeneity of the bCSCs. Such information could then provide a
framework to hypothesize as to how heterogeneity in the bCSC compartment of the different breast
cancer subtypes could be predictive of therapy response and therapy resistance.

Until recently, research efforts were mainly focused on identifying genes and genetic alterations
that regulate tumor growth and progression while viewing tumors as consisting of fairly homogenous
cell populations [193,194]. Such studies have led to the development of successful therapies to block
signaling pathways essential to tumor growth such as estrogen receptor blockers (e.g., Tamoxifen,
Fulvestrant), and the HER? receptor blocker, Herceptin. However, the current clinical challenge in the
management of breast cancer is the development of therapy resistance, relapse, and metastasis. To this
end, bCSCs have now been established to be the cells responsible for maintaining and regenerating
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tumors. However, targeting bCSCs has proven to be challenging, as most of the current therapy
options fail to target these cells, which remain protected in their niche and contribute to therapy
resistance, relapse, and ultimately metastasis. To this end, regulation of bCSC function and induction of
chemoresistance by external factors such as cytokines, chemokine and hypoxia is becoming apparent as
potential strategies that could target the interaction of bCSCs with cellular and non-cellular components
of the TME as more effective therapeutic approaches. For example, the CXCR1 inhibitor repertaxin in
combination with lapatinib significantly abrogated bCSC activity in both HER2-positive and negative
tumors in preclinical animal models [129,195]. Treatment with an IL6-neutralizing antibody completely
eliminated chemoresistance of ovarian and lung cancer stem cells in vivo [196,197], suggesting that
targeting IL-6 could be an effective strategy in eliminating bCSCs as well. In glioma, the TGFf
inhibitor SB431542 promoted differentiation of CSCs in vitro [198]. These observations suggest that
targeting the secreted factors of the TME could represent an effective therapeutic strategy in eliminating
bCSCs. It is, however, important to take into consideration the subtle differences between mouse and
human mammary gland. For preclinical trials, it would important to use an orthotopic mouse model
whose tissue environment has been altered (humanized) to resemble the human breast. Moreover,
reconstruction of the tumor microenvironment in 3D Matrigel in patient-derived organoid cultures
(PDOCs) would be another way of assessing the potential action of these neutralizing antibodies or
inhibitors on bCSCs. The strength of the PDOC system is that it enables the study of tumor-infiltrating
leukocytes in bCSC function which is not easy to model in the mouse.

5. Conclusions

The postnatal adult mammary gland is maintained by the most primitive self-renewing population
of MaSCs. Depending on microenvironmental cues, MaSCs differentiate to lineage-restricted
progenitors, which eventually generate mature luminal and myoepithelial cells of the mammary gland.
This defines the hierarchical organization of mammary epithelial cells and ultimately the normal
mammary gland. Studies performed on mouse models have demonstrated that both intrinsic factors
(effectors of Notch and Wnt signaling pathways) and extrinsic factors (tissue microenvironment)
regulate MaSC function. Multiple studies have identified surface markers to isolate and characterize
the murine MaSC population; however, there are still a lack of defined unique stem cell markers to
definitively identify MaSCs in the human breast. As a result of this, the activity of MaSCs and their
interactions with the microenvironment in human breast tissue remains poorly understood. Importantly,
bCSCs share many of the specific characteristics and functions of normal MaSCs (summarized in
Figure 2), including their dependence on the tissue or tumor microenvironment for regulating their
proliferative and self-renewal potentials. Accumulating evidence show that molecular mechanisms
that regulate normal MaSCs (such as Notch and Wnt signaling pathways) can also help in maintenance
of bCSCs’” phenotype, resulting in breast tumorigenesis, progression, and metastasis. This suggests
that understanding the role of normal breast MaSCs and their tissue environment would provide some
insights into understanding the role of TME in regulating breast CSC activity.

Despite early detection and therapy options, the majority of deaths in breast cancer patients
occur due to resistance to therapy and metastasis. bCSCs represent a small number of cells within the
heterogeneous tumor cell populations that have the potential to regenerate the tumor and are thought to
be responsible for tumor recurrence, therapy resistance and ultimately metastasis. Our previous notion
that breast cancer manifestation occurs solely by cell intrinsic factors (mutations, gene amplification)
has been challenged by more recent studies described in this review and elsewhere. Extensive research
combined with clinical trials has been conducted with the goal of eliminating CSCs, however due
to CSC plasticity, these attempts have not been very successful. There is compelling evidence that
the tumor microenvironment plays a critical role in regulating CSC plasticity that drives the ability
of a non-CSC to dedifferentiate into a CSC, thereby contributing to tumor initiation, progression,
therapy resistance, and metastasis. Studies have shown that a bCSC-supportive niche consisting of
activated fibroblasts, immune cells and adipocytes alter bCSC activity either by direct interaction



Cancers 2019, 11, 1240 12 of 22

or through secreted factors. Several preclinical trials targeting cytokines have shown promising
results in inhibiting tumor growth. Taken together, these studies suggest that targeting the cellular
and non-cellular components of the tumor microenvironment could serve as an effective therapeutic
strategy for both reducing tumor growth and also sensitization of the therapy resistant bCSCs.

Notch, Wnt,

laminins
self-renewal

MaSCs

MaSC expansion

Transformation

IL-6, IL-8, TGF-B IL-6, GM-CSF,
. TNF-a
—_— —_—
Hypoxia Notch, Wnt

non-bCSCs bCSCs

Expansion of bCSCs

Relapse

Figure 2. Schematic representation of mammary stem cell (MaSC) expansion, breast cancer stem cell
(bCSC) plasticity, development of chemoresistance and relapse. Different cytokines released by immune
cells, fibroblasts, adipocytes along with tumor cells in the tumor microenvironment regulate both MaSC
and bCSC activity. It is possible that MaSCs could acquire sufficient genetic changes that allow them to
transform directly into malignant cancer cells devoid of stem cell properties (non-bCSCs). However,
this hypothesis requires further experimental evidence.
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Abstract: Breast cancer is the most commonly diagnosed cancer in women worldwide, and >90% of
breast cancer-related deaths are associated with metastasis. Breast cancer spreads preferentially to
the lung, brain, bone and liver; termed organ tropism. Current treatment methods for metastatic
breast cancer have been ineffective, compounded by the lack of early prognostic/predictive methods
to determine which organs are most susceptible to developing metastases. A better understanding
of the mechanisms that drive breast cancer metastasis is crucial for identifying novel biomarkers
and therapeutic targets. Lung metastasis is of particular concern as it is associated with significant
patient morbidity and a mortality rate of 60-70%. This review highlights the current understanding
of breast cancer metastasis to the lung, including discussion of potential new treatment approaches
for development.

Keywords: breast cancer; lung metastasis; pre-metastatic niche; exosomes; tumor secreted factors;
targeted therapies

1. Introduction

Globally breast cancer is the most common malignancy in women, and 626,679 deaths worldwide
in 2018 were attributed to it [1]. In the past, breast cancer has been a higher burden in developed
nations due to risk factors associated with lifestyle [1]. However, in developing nations the incidence
rates of breast cancer have increased in recent years due to advancements in health infrastructure and
the adoption of a “‘westernized’ lifestyle [1]. In Canada, 1 in 8 women will develop breast cancer over
their lifetime while 1 in 31 will die from their disease [2]. Of the deaths caused by breast cancer, over
90% are attributed to metastasis-related complications [3]. Metastasis is a poorly understood process
that begins with the detachment of tumor cells from the primary tumor and their intravasation into the
blood stream [4]. These circulating tumor cells (CTCs) eventually arrest in the capillary beds of distant
organs and extravasate through the vascular wall into the parenchyma, resulting in the generation of
metastatic colonies in the secondary site [4].

Breast cancer has a tendency to target the bone, brain, liver and lung; known as organ tropism [5].
For breast cancer patients with metastases; 30-60% have lesions in the bone, 4-10% in the brain,
15-32% in the liver, and 21-32% in the lung [6]. Lung metastases in particular tend to occur within
5 years of initial breast cancer diagnosis and have a significant impact on patient morbidity and
mortality. Physiologically, these metastases disrupt normal lung function, resulting in coughing,
labored breathing, hemoptysis, and eventual death. Lung metastasis remains difficult to treat, with
an estimated 60-70% of patients who die of breast cancer having lung metastasis [7]. For patients
with metastases confined solely to the lung, the prognosis is exceedingly poor with a median survival
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of only 25 months [8]. This poor outcome is attributed to the limited number of treatment options
associated with inoperable lesions [9].

The underlying mechanisms that dictate which organ(s) become colonized by breast cancer are
complex and influenced by many factors, one of which is molecular subtype. First described by
Perou et al. (2000), breast cancer can be subdivided into four main clinical subtypes on the basis of gene
expression profiles and receptor status (estrogen receptor [ER], progesterone receptor [PR], human
epidermal growth factor receptor 2 [HER2]) and proliferation status as assessed by Ki67 [10]. These
clinical subtypes (in order of increasing aggressiveness) include: luminal A (ER*/PR"), luminal B
(ER*/PR*/ HER2/*/Ki67+), HER2 overexpressing (ER™/PR™/HER") and basal-like/triple-negative (TN)
(ER7/PR7/HER2™). While bone is the most common site for metastasis across all subtypes, TN breast
cancer has the greatest tendency to metastasize to the lung; occurring in ~32% of patients compared to
~21% of luminal A/B and ~25% of HER2+ patients [6]. However, the timing and mechanisms by which
breast cancer molecular subtype may influence metastasis to the lung is not yet understood.

In this review, we summarize current advancements in the understanding of molecular mechanisms
that drive breast cancer metastasis to the lung. By integrating the complex body of work that surrounds
this topic, we highlight key therapeutic targets and potential/emerging treatment approaches.

2. The Lung Metastatic Niche

The process of metastasis is highly inefficient, with less than 0.01% of primary tumor cells
successfully completing the metastatic cascade to develop macrometastases at the secondary site [11].
Clinically established patterns of organ-specific metastasis suggest that the site in which the cancer
grows successfully is not random, but rather influenced by the microenvironment in the secondary
organ. This phenomenon was first described by Stephen Paget in 1889, who hypothesized that cancer
cells (the “seed”) grew preferentially in the microenvironment of select organs (the “soil”) only if the
conditions at that site were permissive for growth [12]. Supporting this theory, our research group has
shown that in the presence of organ-conditioned media from common sites of breast cancer metastasis
(lymph node, lung, liver, bone, brain), breast cancer cells demonstrate organ-specific responses in
proliferation and migration; indicating certain organs produce soluble components that support
metastatic behavior [13]. However, in the early 1900s, James Ewing suggested a competing theory that
organ-specific metastasis was regulated solely by physiological blood flow patterns [14]. Certainly
the physical characteristics of organs such as the lung lends weight to Ewing’s theory, particularly for
breast cancer. The lung is the first major capillary bed that a breast cancer cell encounters after escaping
into the bloodstream. As tumor cells circulate through the lung, they may come into contact with as
much as 100 m? of surface vasculature. Since these tumor cells are approximately five times larger
than the exceedingly narrow pulmonary capillaries, the likelihood of breast cancer cell arrest in these
capillary beds and subsequent extravasation into the lung tissue is high [15,16]. The lung capillaries are
comprised of endothelial cells that are encapsulated by a basement membrane and adjacent alveolar
cells. To facilitate transendothelial migration and extravasation, tumor must express cell surface
markers specific for the lung microenvironment [15,16]. However, although extravasation may occur
fairly easily via these physical processes, the ability of individual metastatic cells to successfully
transition to micrometastases and subsequently progress to macrometasases is quite rare, and thus
these final events represent rate-limiting steps in metastasis that rely on the optimal collaboration of
“seed” and “so0il”. Therefore, it is likely that Paget’s and Ewing’s theories are highly complementary in
the development of metastasis to the lung [17].

More recently, growing evidence that the primary tumor has the potential to “prime” or augment
distant organ microenvironments in preparation for metastasis has added a further level of complexity
to Paget’s seed and soil theory [18-21]. The generation of this “pre-metastatic niche” is hypothesized
to be critical for the process of metastasis, and can be divided into four phases consisting of priming,
licensing, initiation and progression [22]. Priming is initiated by the secretion of tumor-derived soluble
factors (TDSFs) and/or exosomes by the primary tumor as it undergoes uncontrolled proliferation and
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becomes hypoxic. These molecules target the bone marrow for recruitment and initiate the remodeling
of the target secondary organ, generating a pre-mature metastatic niche. Bone marrow-derived cells
(BMDCs) and immune regulatory/suppressive cells are then progressively recruited to the secondary
site by the continual secretion of factors from the primary tumor. These processes facilitate the
licensing phase, generating an immune-suppressed environment and an extracellular matrix (ECM)
conducive for cancer colonization. Disseminated cancer cells that enter this fertile metastatic niche
may stay in a dormant state until the conditions at the secondary site can support tumor outgrowth
into micrometastases; termed initiation. In the final progression stage, the growth of micrometastases
is regulated by tumor secreted factors and other regulatory cells that infiltrate the secondary site, thus
enabling transition to macrometastases [22].

In order for these processes to occur successfully, there must be a well-choreographed sequence of
molecular and cellular events that enable the generation of a fertile pre-metastatic niche, and this is
regulated by a variety of tumor-secreted factors, exosomes and stromal components. In particular,
the close interplay between primary tumors and lung priming was first highlighted by Lyden and
colleagues (2005). They demonstrated that bone marrow derived hematopoietic progenitor cells (HPCs)
expressing vascular endothelial growth factor receptor-1 (VEGFR1) and very late antigen—4 (VLA-4)
targeted areas of the lung with increased fibronectin deposition [23]. Upon binding, VLA-4"VEGFR1*
HPCs secrete MMP9 to induce pro-metastatic changes in the lung ECM [23]. Subsequent studies have
elucidated how the BMDCs are recruited to the pre-metastatic niche and the underlying mechanisms
of increased fibronectin deposition in the lung; believed to be regulated by tumor-derived exosomes
and a variety of tumor-secreted and stromal-derived factors. These are summarized in Tables 1 and 2
and described in greater detail below.

Table 1. Molecular and cellular components secreted by breast cancer primary tumors that are associated
with the promotion of lung metastasis.

Secreted Mobilized/Target

Component Molecule Cell Type Mechanism(s) Reference(s)
PD-L1 T cells Blunts T-cell activation and killing activities [24]
Reprograms metabolic activity, resulting in
miR-122 Fibroblasts decreased glucose need at pre-metastatic site by [25]
inhibiting pyruvate kinase
Tumor-Derived Uptake reduces expression of the gap junction
Exosomes (TDEs) miR-105 Endothelial cells  protein ZO-1, promoting metastasis at the [26]
pre-metastatic site
Lung SPC*
Epithelial Cells/ Targets exosomes to lung to induce
[TGas P Lung S100A4* pre-metastatic niche formation (27]
Fibroblasts
Mediates LOX expression, causing collagen cross
n
P2Y2R CD1Ib™ BMDCs linking in the lung recruiting CD11b* BMDCs 28]
Primes breast cancer cells by inducing ANGPTL4
TGEFR Cancer cells which disrupts endothelial tight junctions at [29]
distant sites
. . Facilitates transendothelial migration of tumor
Tumor-Derived VCAM1 Endothelial cells cells into the lung [30]
Soluble Factors
(TDSFs) Recruits macrophages to the primary tumor,
CSF-1 Macrophages inducing an aggressive phenotype with a [31]
propensity to metastasize to the lung
CXCR4/ CCR7 SDF-l/C.C L21+ Enables tumor cell adhesion to lung endothelium [32,33]
endothelial cells
LOX Leads to collagen crosslinking and recruitment of [34]

CD11b* BMDCs

PD-L1, Programmed Death—Ligand 1; miR, microRNA; ITGag 31, Integrin alpha 6 beta 1; SPC, Surfactant Protein
C; P2Y2R, Purinergic Receptor; TGEp, Transforming Growth Factor beta; ANGPTL4, Angiopoiten-like 4; VCAMI,
Vascular Cell Adhesion Molecule 1; CSF-1, Colony Stimulating Factor-1; CXCR4, C-X-C Chemokine Receptor 4;
CCR7, C-C Chemokine Receptor Type 7; SDF-1, Stromal Cell Derived Factor-1; CCL21, C-C Motif Chemokine

Ligand 21; LOX, Lysyl Oxidase.
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Table 2. Molecular and cellular components secreted by stromal cells associated with promoting breast
cancer metastasis to the lung.

Secreted Molecules Mobilized/Target Mechanism(s) Reference(s)
Component Cell Type
BMDCs/Cancer Recruits BMDCs to the lung and
PGE2 Cells enhances CTC adhesion 351
. o Recruits macrophages, which cause
+
ANG-2 CCR2"Tie2 endothelial cells to release [36]
Macrophages . . .
proinflammatory and angiogenic factors
FN, TN-C, BMDCs and Promotes the adhesion of BMDCs [37-42]
PSTN, VCAN cancer cells and CTCs g
Stromal-Derived Produced by CCR2* inflammatory
Factors (SDFs) CCL2 Cancer cells monocytes, increases vasculature [43]
permeability
MMP2 BMDCs Remodels lung ECM [44]
HSF1 CAFs/cancer cells Reprograms CAF:? a.nd cancer cells to [45]
promote metastasis into the niche
BMDC-derived, required for
B +
143 VEGFR1+ BMDCS recrultm.ent of VEQFRl BMDCS to [23]
areas of increased fibronectin
deposition in the lung
IL-32 Cancer cells CAF-derived, increases the metastatic [46]

potential of breast cancer cells

PGE2, Prostaglandin E2; ANG-2, Angiopoietin-2; CCR2, C-C Chemokine Receptor Type 2; FN, Fibronectin; TN-C,
Tenascin-C; PSTN, Periostin; VCAN, Versican; BMDCs, Bone Marrow-Derived Cells; CCL2, C-C Motif Chemokine
Ligand 2; CCR2, C-C Chemokine Receptor 2; MMP2, Matrix Metallopeptidase 2; ECM, Extracellular Matrix; HSF1,
Heat Shock Factor 1; 1d3, Inhibitor of Differentiation 3; VEGFR1, Vascular Endothelial Growth Factor Receptor 1;
IL-32, Interleukin-32; CAF, Cancer Associated Fibroblast.

3. Tumor-Derived Exosomes

Tumor-derived extracellular vesicles can be subdivided on the basis of size including apoptotic
bodies (1000-5000 nm), microvesicles (2001000 nm) and exosomes (30-150 nm) [47]. Exosomes are
formed through the endosomal pathway and predominantly released from cells through fusion with the
plasma membrane [48,49]. Tumor-derived exosomes (TDEs) have been shown to play a significant role
in modifying the lung microenvironment. This is highlighted by recent studies involving pre-treatment
of mouse models with TDEs from lung-seeking breast cancer cell lines that showed the potential to
“educate” the lung, inducing changes that made it more susceptible to metastasis [50]. Exosomes
secreted by the primary tumor have the ability to target the lung through use of integrins such as
ITGog 31 [27]. Upon targeting specific organs, breast cancer-derived exosomes can deliver their cargo
of RNA, DNA and proteins to induce pro-metastatic changes in the lung [51]. Exosome production
and packaging is not static but is instead regulated by several factors including environmental stimuli,
such as hypoxia [52,53]. It has been demonstrated that breast cancer exosome production is increased
substantially in hypoxic conditions in a HIF-1x dependent manner [54]. Furthermore, exosomes have
the potential to translate properties such as chemotherapy resistance and increased invasiveness to
recipient breast cancer cells [55,56].

3.1. Exosomes and Immune Suppression

The process of generating the pre-metastatic niche in lung is highly reliant on immune-suppression
to ensure that CD8" T cells, natural killer (NK) cells and patrolling monocytes are masked from the
presence of tumor cells trying to establish themselves as metastatic lesions in the lung [57,58].
Interestingly, Yang and colleagues (2018) demonstrated that breast cancer-derived exosomes expressing
programmed cell death-1 (PD-L1) on their surface have the ability to blunt T-cell activation and killing
activities, effectively protecting tumor cells from immune surveillance. By stunting the immune
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response, tumor cells have the potential to successfully seed and colonize distant organ sites, such as
the lung [24]. While cancer cells in the bloodstream try to avoid circulating immune elements, there
is growing evidence to suggest that there is a connection between immune cell dysregulation and
chronic inflammation at the pre-metastatic site [59-61]. Macrophages (key regulators of the immune
response and part of the innate immune system) phagocytose invading cells in order to induce the
expression of cytokines and chemokines [62]. Chow et al. (2014) demonstrated that exosomes derived
from MDA-MB-231 and MCEF7 breast cancer cell lines have the ability to hijack lung macrophage
activity by activating the NF-«B pathway, resulting in the expression of the pro-inflammatory markers
IL-6, TNF&, G-CSF and CCL2 and promoting lung metastasis in vivo [63].

Precipitated by the work of Lyden and colleagues, BMDCs have emerged as a significant contributor
to establishing a pre-metastatic niche [64-66]. Furthermore, although it is well-established that
myeloid-derived suppressor cells (MDSCs) enable tumor progression, their development during tumor
growth was unknown [67-70]. Xiang and colleagues (2009) demonstrated that bone marrow myeloid
cells can be forced to differentiate into myeloid-derived suppressor cells (MDSCs, CD11b*Gr~117)
by breast cancer derived exosomes [71]. The resulting change induces the accumulation of MDSCs
expressing Cox2, IL-6, VEGF and arginase-1 at the lung, generating a pro-inflammatory and immune
suppressed environment permissive for metastasis [71]. In a similar study, Peinado et al. (2012)
demonstrated that exosomes from highly metastatic melanoma cells had the ability to “educate” BMDCs
from non-tumor bearing mice, pushing towards a pro-vasculogenic and pro-metastatic phenotype via
the upregulation of MET [72]. The relevance of this process to breast cancer lung metastasis has yet to
be investigated.

3.2. Exosomes and Stromal Cells

Beyond interactions with immune cells, breast cancer-derived exosomes have the ability to
influence the status of the lung microenvironment by modulating the function of stromal cells.
Fong et al. (2015) demonstrated that exosomes isolated from the MDA-MB-231 breast cancer cell
line contained miR-122, and once applied to lung fibroblasts these exosomes were able to reprogram
glucose metabolism, reducing glucose uptake by inhibiting pyruvate dehydrogenase activity [25]. This
suggests that prior to colonization of the lung, secreted exosomes from the primary tumor can reduce
glucose uptake, allowing for newly arrived cancer cells to have enough energy to facilitate rapid
proliferation. Complementary to this data, Zhou and colleagues (2014) demonstrated that exosomes
released from MD-MB-231 cells were also enriched with miR-105 [26]. Tail vein injection of miR-105
containing exosomes resulted in modulation of the vasculature of common sites of metastasis such as
the lung such that it became “leaky” [26]. It was determined that exosomal delivery of miR-105 to
endothelial cells resulted in the downregulation of the tight junction protein ZO-1 [26]. Taken together,
these studies provide further evidence to support the concept that breast cancer derived exosomes
play a critical role in establishing a permissive niche in the lung required for metastatic colonization,
and highlights the possibility of considering exosomes in the clinical setting.

3.3. Exosomes as Clinical Biomarkers

Tumors secrete a number of factors into peripheral circulation (Table 1) that have the potential to
serve as a method of clinical monitoring of disease progression. Increased attention has thus been put
towards developing non-invasive blood-based biomarker approaches [73-75]. Many current methods
have focused on enumeration and characterization of circulating tumor cells (CTCs), but this has
proved to be a difficult task due to their sparse concentrations in blood [76,77]. In patients with early
stage breast cancer, the CTC detection rate ranges between 23-37%, and currently no effective strategy
exists to leverage CTCs analysis in order to predict which organs might be affected by metastasis [78].
In comparison, tumor-derived exosomes may provide an attractive alternative as they are stable in
blood, have the ability to be isolated from most bodily fluids (blood, urine, semen, milk) and are
present in circulation at similar quantities as soluble proteins (10°>mL™!) [79,80]. The innate issue
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with exosomes is differentiating their origin from normal or cancerous tissue. Etayash and colleagues
(2016) demonstrated that by utilizing the characteristics of tumor-derived exosomes (such as the
overexpression of CD24, CD63 and EGFR), they were able to isolate exosomes of breast cancer origin
by a multiplexed cantilever array sensor [81]. By isolating breast cancer exosomes, proteomic analysis
may provide the opportunity to identify sites susceptible to metastasis by identifying the presence of
specific organotropic integrins. Additionally, RNA analysis coupled with such proteomic data may
provide insight into how the exosomes are altering the secondary site, providing a targeted approach to
circumvent potential metastases. An alternative method developed by Zhai et al. (2018) demonstrated
that isolating patient plasma and incubating the sample with Au nanoflare probes specific to the
pro-metastatic exosomal miR-1246 was able to identify 100% of breast cancer patients with metastatic
disease [82]. These methods of early detection have great promise but must be refined, validated in the
clinical setting, and ideally coupled with new treatment approaches to have clinical applicability.

3.4. Therapeutic Implications of Exosomes

Beyond biomarkers, exosomes could provide an effective strategy to treat inoperable metastatic
lung lesions. In the majority of cases, lung metastases are multidrug resistant and efforts to change
treatments is thwarted by most chemotherapeutics having low aqueous solubility requiring alternative
delivery methods [83-85]. Exosomes, compared to other proposed delivery methods, have the potential
for organ-specificity and privileged immune status that results in reduced drug clearance [86]. Applying
this, Kim et al. (2016) demonstrated that exosomes released by macrophages can be loaded with
paclitaxel using ultrasound treatment and used to induce cytotoxicity in multidrug resistant lung
cancer cells [87]. Future work in the context of breast cancer lung metastasis is crucial to move towards
translation of this potential therapeutic approach to the clinic.

Interestingly, while tumor-secreted vesicles provide hope for earlier detection of lung metastasis
and treatment, there is emerging evidence to suggest that they may actually further complicate
treatment outcomes. Keklikoglou et al. (2019) recently demonstrated that the administration of taxanes
and anthracyclines to mice bearing breast tumors induced the release of extracellular vesicles with
an increased pro-metastatic capability [88]. These extracellular vesicles contained elevated amounts
of annexin A6 which targets lung endothelial cells to induce NF-«B activation, resulting in CCL2
release that caused Ly6C*CCR2* expansion at the lung that enables the establishment of a fertile
pre-metastatic niche [88].

In addition to chemotherapy, immunotherapy has emerged as a revolutionary approach to cancer
treatment and management. Several recent clinical trials have focused on determining the efficacy of
PD-L1 inhibitors in the context of metastatic breast cancer [89,90]. Interestingly, in metastatic melanoma,
Chen et al. (2018) were able to demonstrate that the amount of PD-L1 expressed on tumor-derived
exosomes was a predictor for response to anti-PD-L1 therapy [91], whereby responders had lower
baseline levels of PD-L1 expressed on exosomes, and after 3—-6 weeks of treatment the expression was
more pronounced for responders [91]. These observations indicate the importance of considering the
role of exosomes when designing treatment regimens for patients with metastatic disease, from the
perspective of drug delivery and response.

4. Tumor-Derived Secreted Factors

In addition to the secretion of exosomes, breast cancer primary tumors release a variety of other
factors that have the potential to prime or augment the lung microenvironment, known as tumor
derived secreted factors (TDSFs) (Table 1). An aspect of the niche that is critical for successful metastatic
colonization is the status of the ECM. In a pro-metastatic state, secondary organs such as the lung
upregulate the expression of several ECM components including versican, tenascin-c, periostin and
fibronectin [37-41,92]. As with exosome production, the effect that primary tumor-secreted factors
have on the secondary site is regulated by both environmental stimuli and interactions with stromal
cells that comprise the tumor microenvironment. Hypoxia within the primary tumor influences
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a wide variety of processes, including the increased expression of lysyl oxidase (LOX). LOX is an
amine oxidase that crosslinks collagen and elastins in the ECM and is associated with a variety of
pro-metastatic processes [42]. Erler et al. (2009) demonstrated that under hypoxic conditions breast
cancer primary tumors increase LOX expression, inducing crosslinking of collagen in the lung [34].
This change in the ECM enables the adhesion of CD11b* myeloid cells, and upon binding produces
MMP2 resulting in the cleavage of collagen that is required for recruitment of BMDCs and cancer cells
to the lung microenvironment [34]. This highlights an interesting observation that the status of the
ECM determines which cells are recruited to the lung and can be changed by these recruited cells to
promote metastatic seeding.

5. Stromal-Derived Influences

In addition to hypoxia, the primary tumor may be influenced by cells that comprise the tumor
microenvironment which includes immune cells, endothelial cells, adipocytes and several other cell
types [93] that produce factors that influence the metastatic process (Table 2). Emerging evidence
suggests that a subset of activated stromal cells termed cancer-associated fibroblasts (CAFs) cause a
multitude of changes in the behavior of breast cancer cells [94-96]. These CAFs are a heterogenous
population of cells that vary in origin and are characterized by the expression of several markers
including xSMA and PDGFR-3 [97]. In the context of breast cancer, CAFs drive the progression of
metastasis by paracrine signaling and mechanical pressure on the cancer tissue [98]. In relation to
paracrine signaling, CAFs in the tumor microenvironment have been shown to secrete IL-32 and,
once bound to integrin $3 on the cell surface of breast cancer cells, results in the activation of p38
MAPK signaling that causes increased expression of EMT markers such as fibronectin, N-cadherin and
vimentin [99]. In order to determine the influence of CAFs on metastasis in vivo, BT549 breast cancer
cells were co-cultured with CAFs and injected subcutaneously in mice, resulting in increased lung
metastases [46].

While the primary tumor has the ability to influence the immune response directly, this is also
achieved by the help of lung stromal cells. Breast primary tumors have the ability to up-regulate the
expression of SI00A8 and S100A9 in the lung microenvironment [46]. These proteins are part of the S100
family which are characterized as calcium-binding cytosolic proteins. The expression of these elements
act as strong chemoattractants for both neutrophils and macrophages and promote the metastatic
potential of the breast primary tumors [46]. Specifically in the context of lung metastasis, SI00A8 and
S100A9 have been shown to induce the recruitment of Mac-1" myeloid cells to the lung that results in
the secretion of migration stimulating factors (TNF«, MIP2 and TGF) and ECM remodeling [100].

The primary tumor must influence several molecular and cellular processes in order to ensure that
metastasis to the lung is successful. One important example of this is the interplay between BMDCs
and the primary tumor, a relationship first highlighted by Lyden and colleagues [23] that has gained
increasing traction in recent years. Interestingly, previous research has demonstrated that bone marrow
derived mesenchymal stromal cells (MSCs) have the potential to differentiate into CAFs upon co-culture
with tumor cells [101,102]. Building off this observation, Raz et al. (2018) used collagen-«1 tracking of
transplanted bone marrow cells to demonstrate that MSCs make up a substantial proportion of CAFs
that are present in the breast primary tumor and lung lesions [103]. These MSC-derived CAFs generate
a unique inflammatory profile depending on the site they are recruited to and promote pro-metastatic
features such as angiogenesis, enabling breast cancer metastasis to the lung [103]. Interestingly, the
interaction between breast cancer cells and bone marrow cells is also crucial for cancer dormancy.
Breast cancer dormancy is a significant clinical concern, as cancer cells in this state remain in mitotic
arrest, making them resistant to drugs targeting highly proliferative cells. Upon recurrence, these
senescent cells have the potential to resurge as progressive metastatic disease. It is widely accepted
that the bone marrow serves as a sanctuary site for dormant breast cancer cells, and although this
process is believed to be mediated by MSCs, the molecular underpinning of this relationship remains
poorly understood [104-108]. Expanding on this interaction using a transwell model to recapitulate
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communication between MSCs and breast cancer cells, Bliss et al. (2016) showed that breast cancer
cells prime MSCs to secrete exosomes containing miR-222/223 which induce senescence in the recipient
cancer cells [109].

To recruit BMDCs to the lung, previous literature has demonstrated that the state of the secondary
site must be augmented to promote adhesion. Angiogenic factors such as VEGF released from
lung-seeking breast cancer cells can activate the Src-FAK pathway in lung endothelial cells, resulting in
increased expression of lung adhesion molecules and enhanced integrity of vascular permeability. Lung
endothelial cells also express PGE2 in response to VEGE, which acts as a powerful chemoattractant to
recruit BMDCs and tumor cells to the lung [110]. Under hypoxic conditions the expression profile
of the primary tumor changes, causing variations in downstream targets. Previous literature has
demonstrated that HIF-1 induces increased expression of Carbonin Anyhydrase IX (CAIX) which
has been shown to be required for breast cancer metastasis [35,111-113]. Taking this information,
Chafe et al. (2015) were able to demonstrate that CAIX is required for the production of G-CSF by
breast cancer cells, which in turn is responsible for the recruitment of granulocytic myeloid-derived
suppressor cells to the lung for generation of a lung pre-metastatic niche [114].

6. Potential for Clinical Translation

Successful prevention of breast cancer metastasis to the lung will be dependent on identifying
and treating not only the key characteristics of the “seed” (lung-seeking cancer cells), but also the
“soil”; including the lung microenvironment and the pre-metastatic niche. In particular, the lung
pre-metastatic niche has the potential to have significant implications in determining the risk that a
particular patient may have for developing lung metastases. However, thus far most studies pertaining
to the pre-metastatic niche have been limited to mouse models, although this is beginning to evolve
towards the clinic. For example, knowledge that SI00A8 and S100A9 are crucial for the generation of
the pre-metastatic niche in the lung led to the development of S100A9 specific single photon emission
computed tomography (SPECT) whole body imaging which has been tested in a pre-clinical breast
cancer metastasis model [31]. In addition, using the knowledge that exosomes have the propensity to
target specific organs, Nikolopoulou and colleagues (2016) isolated exosomes from the breast cancer
cell line 4175-LuT which has a propensity to metastasize to the lung. The isolated exosomes were then
labeled and injected into tumor-naive female nude mice. The tissues from the mice were harvested,
indicating a high accumulation of exosomes in the lung [115]. This method opens the potential to
use high resolution, non-invasive imaging such as SPECT to identify pre-metastatic niche formation.
Similar to this work, Soodgupta, et al. (2013) targeted VLA-4 expressed on BMDCs localized to the
lung with a radiopharmaceutical. PET was subsequently performed to provide an effective method of
detecting BMDCs in the pre-metastatic niche [116].

Upon identifying the presence of a pre-metastatic niche in the lung, the next step would involve
preventing lung metastasis. To date, potential therapeutics targeting the pre-metastatic niche have
mostly been assessed in the pre-clinical setting. However, the LSD1-specific inhibitor INCB059872
which is currently at phase 1 clinical trial for relapse of Ewing Sarcoma has been shown to reshape the
myeloid compartment in a spontaneous lung metastasis model. Lee et al. (2018) demonstrated that
INCB059872 reduced the migration of TN breast cancer cells, significantly reduced MSDC infiltration
of the primary tumor and lung associated with a reduction in circulating CCL2, corresponding to
a decrease in metastatic lung foci [117]. Alternatively, myeloid cells can be recruited to the lung
by exosomes containing CSF-1 which are produced under hypoxic conditions. CSF-1 is associated
with myeloid cell survival, proliferation and differentiation and has been previously been shown to
be inhibited by GW2580. Pretreatment of mice with GW2580 prior to tumor implantation resulted
in a significant decrease in myeloid cell recruitment to the lung and increase in anti-tumorigenic
M1-macrophages [118]. Finally, as with exosomes, hypoxia has the potential to promote the generation
of a pre-metastatic niche in the lung. Under hypoxic conditions hypoxia-inducible factors (HIFs)
become activated, resulting in the induction of LOX and lysyl oxidase like (LOXL) proteins which
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are responsible for collagen remodeling and BMDCs recruitment [119-121]. Wong et al. (2012)
demonstrated that administration of two chemically different HIF inhibitors (digoxin and acriflavine)
could prevent lung metastasis in an orthotropic breast cancer model. This inhibition was attributed
to stunted LOX and LOXL expression which ultimately prevented collagen remodeling and BMDC
recruitment [122].

Collectively, the results of these pre-clinical studies suggest that the effects of the pre-metastatic
niche have the potential to be attenuated, preventing colonization. While these results are promising,
the clinical benefit of these approaches for patients with an increased risk of lung metastasis has yet to
be delineated. Efforts to elucidate the complicated underlying mechanisms that drive lung metastasis
and pre-metastatic niche formation in the clinical setting have been hindered due to a limited number
of patient samples derived from metastatic lesions. However, the implementation of rapid autopsy
programs has the potential to provide these necessary samples [123]. In particular, the development of
robust biobanks of matched primary tumors and metastatic lesions (from lung and other organs) would
provide important research tools to advance this field. Profiling these samples could provide insightful
information into the underlying mechanisms that drive metastasis to specific organs, uncovering
potential biomarkers that could help predict and/or prevent organ-specific metastasis. Further research
should also be focused on determining the length of time in which the metastatic niche within the
lung lasts post-surgery, radiation and/or chemotherapy. This will allow for personalized treatment
regimens that will ensure that even after the eradication of cancer, the recurrence of metastatic disease
in the lung will be reduced or prevented altogether.

7. Conclusions

Breast cancer remains a significant burden in modern society, requiring further research to
understand the underlying mechanisms that drive metastasis and how to target it. Metastasis to the
lung is of particular concern as it is associated with high patient morbidity and mortality with no
current effective strategies for early detection or eradication. Colonization of the lung is facilitated by a
complex web of interactions with the tumor microenvironment, lung stroma, immune cells and BMDCs;
and crosstalk between these components is mediated by exosomes and tumor/stroma-derived factors
(summarized in Figure 1). These secreted elements are dynamic and vary based on environmental
stimuli and interaction with stromal cells that infiltrate the tumor microenvironment and secondary
site. Together these interactions transition the lung microenvironment into a fertile niche susceptible
for cancer cell colonization. The therapeutic approaches described above hold promise for preventing
lung metastasis, but have currently only been investigated in a pre-clinical setting, highlighting the
need for further development and research in this area. Concurrently, a major limitation in this area
of research is the lack of clinically relevant biomarkers to determine if a patient has an increased
risk for lung metastasis. To address this, further research must focus on the use of exosomes as a
predictor of organ-specific metastasis including validation of this in patient samples. These gaps in our
current understanding demonstrate the complexity of metastasis, indicating that to have a significant
impact on this disease we must consider the consolidated effect of all factors together rather than just
investigating them individually. In summary, developing a deeper understanding of the processes that
enable breast cancer metastasis to the lung will lead to the development of therapeutic targets and
biomarkers with the ultimate goal of preventing metastatic disease.
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Figure 1. The underlying mechanisms that dictate the organ colonized by breast cancer are complex

and influenced by many factors. Breast primary tumors regulate and prime the lung for metastasis by

the secretion of tumor-derived exosomes (TDEs) and tumor-derived secreted factors (TDSFs), which

target the bone marrow for recruitment of bone marrow-derived cells (BMDCs) to lung in order to

induce changes in the extracellular matrix (ECM) that are conducive for metastasis. Release of TDSFs

from the primary tumor are often regulated by stromal cells that compose the tumor microenvironment

including cancer associated fibroblasts (CAFs) or environmental stimuli such as hypoxia.
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Granulocyte-Colony Stimulating Factor
Hypoxia Inducible Factor-1 Alpha
Hematopoietic Progenitor Cells
Interleukin-6 or 32

Lysyl Oxidase
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LOXL Lysyl Oxidase-Like

Ly6C Lymphocyte Antigen 6 Complex

p38 MAPK  p38 Mitogen-Activated Protein Kinase
MDSCs Myeloid Derived Suppressor Cells
MET Mesenchymal-Epithelial Transition

MIP2

Macrophage Inflammatory Protein—2

MMP2/9 Matrix Metalloproteinase 2 or 9
NF-«B Nuclear Factor Kappa-light-chain-enhancer of activated B cells
PDGEFR-f Platelet Derived Growth Factor Receptor Beta

PD-L1 Programmed Cell Death Ligand 1

PGE2 Prostaglandin E2

SDF-1 Stromal Derived Factor 1

S100A8/9 5100 Calcium Binding Protein A8/9

Src-FAK Steroid Receptor Co-activator-Focal Adhesion Kinase
TDSFs Tumor Derived Soluble Factors

TDEs Tumor Derived Exosomes

TGER Transforming Growth Factor Beta

TNF«x Tumor Necrosis Factor Alpha

VEGFR-1 Vascular Endothelial Growth Factor Receptor-1
VLA-4 Very Late Antigen-4

Z0-1 Zonula Occludens-1
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