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Sandra S. McAllister, Ph.D., Era of Hope Scholar Award
ANNUAL/FINAL TECHNICAL REPORTING REQUIREMENTS - YEAR 4

ABSTRACT

Some breast cancer patients have no evidence of metastatic disease when they are first diagnosed, yet many patients later
return to the clinic with cancer that has spread throughout the body. It is thought less than 1% of the cells that disseminate
are able to form overt tumors. The reasons why certain disseminated tumor cells remain inconsequential and others form
life-threatening tumors after long periods of time are unknown. During the past year, support from the Era of Hope Scholar
Award enabled us to continue progress on 3 fronts. First, we continued our work using sensitive new technologies to tag
individual tumor cells, each with it’s own unique label, and trace the individual cells in our breast cancer metastasis models.
Our detection methods are enabling us for the first time to isolate and study the consequential cells (those that formed
metastases). Second, we have uncovered novel mechanisms by which disseminated tumor-initiating cells are affected by
bone marrow derived immune cells to either remain dormant or form aggressively growing tumors. In this area, we
discovered that bone-modulating drugs, bisphosphonates, render bone marrow cells tumor suppressive. Third, we continued
testing and published our findings that bisphosphonates inhibit bone metastases via previously unknown mechanisms. By
distinguishing consequential from inconsequential breast cancer cells, and finding new ways to target the most malignant
cells, we hope to provide a foundation for future work to determine whether the disseminated tumor cells isolated from
breast cancer patients have similar features. Success in these endeavors would mean that breast cancer patients harboring
potentially life-threatening disseminated tumor cells could be identified and treated before they experience disease relapse.

1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose and scope of the research.

Our ultimate goal in conducting this Era of Hope Scholar Award study is to develop new non-invasive tests that will allow
oncologists to more accurately identify breast cancer patients who are likely to suffer from disease relapse and to identify
new treatment therapies that can be given to those patients before disease recurs. We hypothesize that certain
disseminated tumors are endowed with properties that enable them to respond to specific systemic and
microenvironmental cues to become malignant metastases and that neutralizing these tumor-promoting processes
will provide a therapeutic strategy to save lives. To rigorously test this hypothesis, we proposed the following:

Aim 1: Define a set of DTC biomarkers that predict risk of breast cancer recurrence

Aim 2: Develop a low-cost, non-invasive test for breast cancer recurrence risk stratification

Aim 3: Identify existing drugs that prevent malignant conversion of DTCs

Our studies are being performed using breast cancer cells, mouse models of breast cancer, and breast cancer patient blood
samples and tumor tissues in order to test these new strategies before trying them in patients. We are using a new, highly
innovative and sensitive technology that enables us to study rare events related to metastatic outgrowth in vivo, which was
previously impossible to do. Our studies are designed to provide us with the first precise identity of life-threatening
human cancer cells before they convert to a malignant state. We are also using a unique co-culture assay, developed in
our laboratory, to identify mechanisms by which indolent cells convert to malignancy and to identify existing drugs that
can prevent their conversion. For this project, we have brought together a team of clinical oncologists, breast pathologists,
patient/research advocates, computational biologists, and veterinary oncologists in order to leverage opportunities for
immediate clinical translation of our research findings.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

Breast cancer, metastasis, dissemination, tumor-initiating cells, recurrence, therapeutic resistance, systemic instigation,
microenvironment, bone marrow cells, canine, mouse models

3. ACCOMPLISHMENTS: The PI is reminded that the recipient organization is required to obtain prior written
approval from the USAMRAA Grants Officer whenever there are significant changes in the project or its direction.

A. What were the major goals of the project?

The original goals of the project as outlined in the statement of work, which was amended and approved in FY3 reporting,
are as follows:

Task 1: Define tumor cell hallmarks that predict risk of breast cancer recurrence
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a. Identify human breast cancer barcoded DTCs that convert to malignancy in xenograft mouse model of metastasis to
bone

b. Identify mouse Her2+ barcoded DTCs that convert to malignancy in model of metastasis to bone

c. Test select human and mouse barcoded DTCs individually in vivo

d. Define molecular profile of mouse and human barcoded DTCs via L1000 technology

e. Characterize mouse and human barcoded DTCs in vitro

f. Analyze data and build prediction signatures (not yet initiated)

g. Establish predictive power of molecular/cellular signatures using other cell lines and human tumor specimens (not
yet initiated)

h. Meet with project team to discuss findings and potential for clinical translation

Task 2: Develop a low-cost, non-invasive test for breast cancer recurrence risk stratification

a. Determine ability of various human and mouse BMDC populations to induce malignant conversion of a test set of

DTCs in vitro

Validate findings from “a” in vivo

Validate findings using expression databases from large cohort of breast cancer patients

d. Determine response of various barcoded DTCs from human and mouse and human DTC samples to pro-and anti-
tumorigenic factors in vivo (not yet intiated)

e. Meet with project team to discuss findings and potential for clinical translation

IS

Task 3: Identify existing drugs that prevent malignant conversion of otherwise indolent tumors

Determine ability of various drugs/compounds to prevent malignant conversion of human and mouse DTCs in vitro
Validate select drugs from “a” in vivo

Perform proteomic analyses and ELISAs on candidate tumor-promoting factors

Determine BMDCs and other factors that confer resistance to anti-cancer drugs in vitro

Validate select findings from “d” in vivo

Perform proteomic analyses and ELISAs on candidate tumor-resistance factors

Meet with project team to discuss findings and potential for clinical translation

@ o as o

B. What was accomplished under these goals?

Task 1: Define tumor cell hallmarks that predict risk of breast cancer recurrence

As a basis for our goal to elucidate tumor-intrinsic molecular and functional properties that increase the risk of breast
cancer recurrence, we conducted studies that resulted in both biological and technical insights. Biologically, we were
interested in the effects on metastasis of the secreted cytokine, osteopontin (OPN), a protein that we have studied
previously and that is relevant for breast cancer metastasis (McAllister, et al., Cell, 2008). We hypothesized that OPN
affects response/resistance to chemotherapy. From the technical aspect, we had proposed performing gain- and loss-of-
function studies using gene editing techniques to address the problem of recurrence. Typical gene editing protocols
require a subcloning step to isolate successfully edited cells, the behavior of which is then compared to the original
parental population and/or other non-edited subclones. We hypothesized that the inherent functional heterogeneity present
in all breast cancer cell lines could render these populations inappropriate controls, resulting in erroneous interpretations
of experimental findings.

We addressed these questions in models of pulmonary metastasis using two murine mammary carcinoma cell lines that
are critical to the overall studies originally proposed in our Era of Hope grant: McNeuA, a HER2+ breast cancer cell line
derived from a spontaneously arising mammary carcinoma in a MMTV-neu transgenic mouse, and Met-1, an estrogen
receptor-negative (ER-) breast cancer cell line derived from a mammary carcinoma in a MMTV-PyMT transgenic mouse
(FVB/N-Tg(MMTV-PyVmT). (Please note: the following narrative contains excerpts from our work published as Olive,
et al., PLoSOne, 2018; Appendix 1).
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Fig 1. Phenotypic and functional heterogeneity of McNeuA and Met-1 breast cancer cells. (A) Concentration of murine OPN (mOPN;
ng/ml per 106 cells) in 24-hr conditioned medium of McNeuA and Met-1 murine mammary carcinoma cells represented as mean +/- SD.
There was no detectable mOPN in the control cell-free medium (DMEM) (2 technical replicates per group). (B) Incidence of tumor
formation following injection of indicated numbers of McNeuA or Met-1 cells into cohorts of FVB mice. (C) Plasma mOPN concentration
(ng/ml) in indicated cohorts of mice at experimental end points of 84 days (McNeuA) and 30 days (Met-1). For McNeuA tumor-bearing
mice, blue data points represent 10,000 cells injected, red data points represent 100,000 cells injected; n = 6-7 for McNeuA cohorts; n = 5-8
for Met-1 cohorts. Error bars represent SD; statistical significance evaluated using unpaired, two-tailed Student's t-test. (D) Representative
images of immunohistochemical staining for murine E-cadherin (red) on recovered McNeuA and Met-1 tumors. Cell nuclei were
counterstained with hematoxylin (blue). Scale bars = 100 pm. (B-D) representative of 3 independent experiments per cell line. (E) Average
radiance (log10) per mouse (n = 5) as measured by bioluminescence imaging over 21-day time course following intravenous injection of 106
Met-1 tumor cells into FVB mice (left graph). Fold-change (log2) in pulmonary metastatic burden per mouse (right graph). Representative
of 2 independent experiments. (F) Response of orthotopic Met-1 GFP/Luc tumors to single dose combination doxorubicin (5 mg/kg),
paclitaxel (10 mg/kg) and cyclophosphamide (120 mg/kg) (AC-T), n = 5+8 tumors/group. Ordinate represents time (days) following
treatment. Error bars represent SEM; two-way ANOVA Sidak's multiple comparisons test; p<0.01. Representative of 3 independent
experiments. (G) Growth kinetics of individual orthotopic Met-1 Luc/GFP tumors in mice injected with 2.5 x 105 tumor cells at the
experiment initiation, subsequently receiving 4 biweekly AC-T doses (red arrows). Numbers and colors represent individual mice. From
Olive, et al., PLoS One 2018 Jun 13; 13(6):¢0198790. PMID: 29897959




Both McNeuA and Met-1 cell lines secreted detectable levels of OPN in culture (Fig 1A) and efficiently formed primary
tumors following injection into FVB mice (Fig. 1B). Plasma levels of OPN relative to cancer-free cohorts were
significantly elevated in both models, whereby average OPN levels were 8-fold and 15-fold higher in the McNeuA and
Metl tumor-bearing mice, respectively, at end stage (Fig 1C). The recovered tumors were heterogeneous for the epithelial
marker E-cadherin (Fig 1D). We were particularly interested in the Met-1 cell line, as women with metastatic

ER- breast cancer most often experience pulmonary metastases. The Met-1 cells formed pulmonary metastases, with
increasing metastatic burden occurring over the experimental time course (Fig. 1E).

We next tested responsiveness of Met-1 mammary carcinoma to combination doxorubicin (A), cyclophosphamide (C),
and paclitaxel (T) chemotherapy (AC-T), a standard of care chemotherapy regimen for breast cancer patients with ER-
negative disease. In vitro, treatment with both doxorubicin and paclitaxel significantly decreased viability of Met-1 cells
(See Figs. S1E and S1F from Olive, et al., PlosOne 2018). Cyclophosphamide, a pro-drug, requires activation into
cytotoxic metabolites by liver enzymes in vivo and was therefore not tested in vitro. In vivo, a neoadjuvant combination
dose of doxorubicin (5 mg/kg), paclitaxel (10 mg/kg), and cyclophosphamide (120 mg/kg) was well tolerated and had a
cytostatic effect on Met-1 tumor growth (Fig. 1F). To more closely emulate the clinical dosing regimen of AC-T
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Fig 2. Phenotypic heterogeneity of McNeuA and Met-1
subclonal populations. (A) Schematic of subclone
derivation from breast cancer cell lines. (B,C) Phase
contrast images of representative McNeuA (B) and Met-1
(C) subclones to demonstrate morphologic variability. Scale
bars = 100 pm. (D,E) Concentration of murine osteopontin
(mOPN; ng/ml per 106 cells) in 24-hr conditioned media
from McNeuA (MC) sublcones (D) and Met-1 (MT)
subclones (E). From Olive, et al., PLoS One 2018 Jun 13;
13(6):¢0198790. PMID: 29897959

chemotherapy, mice with Met] mammary carcinoma were
administered neoadjuvant AC-T every 2 weeks for 4 cycles.
Interestingly, individual mice bearing Met-1 tumors exhibited
differential responses to treatment, and in some cases, mice
that initially experienced complete tumor regression
eventually experienced local recurrence (Fig 1G).

To determine whether the inherent phenotypic heterogeneity
of the McNeuA and Met-1 cells lines would confound the
results of an OPN-knockout study, we generated single cell-
derived subclonal populations from both the McNeuA (50
clones) and Met-1 (42 clones) parental cell lines (Fig 2A).
The various subclonal populations exhibited morphological
heterogeneity, displaying a range of epithelial and
mesenchymal phenotypes in culture (Fig 2B and 2C). The
McNeuA subclones secreted a range of OPN from
37.5+442.1 ng/ml per 10° cells (Fig 2D), while the Met-1
subclones exhibited a range from no detectable OPN to 287.6
ng/ml per 10° cells (Fig 2E). Importantly, a number of
individual subclones secreted levels of OPN that differed
significantly from their respective parental population. For
example, OPN secretion was 6-8-fold higher in some
McNeuA subclones (MC-18, MC-22, MC-45, MC-47, MC-
50) and 2.5-3-fold higher in some Met-1 subclones (MT-2,
MT-3, MT-4) than their respective parental populations (Figs
1A, 2D and 2E). Likewise, OPN was undetectable in some of
the Met-1 cells (MT-18, MT-22, MT-25, MT-26, MT-40,
MT-42) (Fig 2E). Taken together, these results highlighted
the phenotypic heterogeneity that exists within tumor-derived
breast carcinoma populations in vitro.

We next injected cohorts of FVB mice orthotopically with
various McNeuA or Met-1 subclonal populations to
determine whether heterogeneity could also be observed in
vivo. We selected five subclones from each cell line that

secreted high levels of OPN (MC-18, MC-22, MC-45, MC-47, MC-50 and MT-2, MT-3, MT-4, MT24, MT-29) (Fig 2D
and 2E). Two McNeuA subclones (MC-22 and MC-50) formed tumors with 100% incidence, while another subclone
(MC-47) failed to form tumors, and incidence was only slightly higher when more cells were injected (Fig 3A). Met-
Isubclones also exhibited variable tumor incidence with 4 of 5 subclones (MT-2, MT-4, MT-24, and MT-29) forming
tumors with ~100% incidence. One subclone (MT-3) had reduced incidence to 50+66%, depending on the numbers of
cells injected (Fig 3B). Those clones that formed tumors displayed variability in latency and growth kinetics (Fig 3D);
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however, growth kinetics differed significantly between these clones when injected at higher numbers (p< 0.0001, Fig
3C). The subclonal populations also exhibited differences in latency and growth kinetics (Fig 3D-F). A number of
individual subclonal populations had different tumor formation capabilities than their respective bulk parental population.
For example, while the parental Met-1 tumor cell line formed orthotopic tumors with 100% incidence, the MT-3 subclonal
cell line formed tumors with only 60% incidence when the same number of cells was injected (Figs 1B and 3B). This was
also true of a human xenograft model (See Olive, et al., PLoS One 2018, Fig. S2B). These observations revealed the

considerable subclonal heterogeneity that exists within human carcinoma and murine mammary carcinoma cell lines and
that the behavior of individual subclones differs from their respective parental populations.
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conclusions could be drawn about the role of OPN in mice at 2.5x104 (E) or 2.5x105 (F) cells. Error bars represent SD;
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tumor growth. This is because prior to OPN KO, both etal., PLoS One 2018 Jun 13; 13(6):c0198790. PMID: 29897959
clones express similar levels of OPN (~225 ng/ml; Fig

2E) and form tumors with similar incidence (Fig 3B) but MT-29 inherently exhibits significantly longer latency and
reduced growth kinetics than MT-4 (Fig 3E and 3F). The same holds true for MC-18 and MC- 50, which secrete similar
levels of OPN (~400 ng/ml; Fig 2D), but incidence of tumor formation after injecting 10° cells is ~17% for MC-18 and
100% for MC-50 (Fig 3A). Hence, the chances of randomly selecting functionally equivalent clonestsuch as MC-22 and
MC-50, which secrete similar levels of OPN (> 250 ng/ml; Fig 2D), form tumors with similar incidence (100%; Fig 3A),
and display similar growth kinetics (Fig 3B) are low without extensive characterization of individual clones prior to gene
editing. Our results provided evidence that neither the parental population nor other subclones would represent an
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appropriately matched wild-type control for a CRISPR/Cas9 knockout cell line that was selected after the gene editing
step. The only appropriate control would be to compare the behavior of edited and unedited cells derived from the same
clonal population. We therefore concluded that a modified strategy should be developed to account for heterogeneity

and enable the generation of appropriately matched cell lines.
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Fig 4. Generation of appropriately matched wild-type and
OPN knockout cell lines using CRISPR-Cas9 mediated
gene editing. (A) Schematic of traditional and modified
CRISPR/Cas9 based gene editing protocols. (B) Schematic
diagram of sgRNA targeting the spp1 gene loci. Protospacer
sequence is highlighted in red. Protospacer adjacent motif
(PAM) sequences are presented in green. (C) Recovery rates,
gene editing efficiency, and rate of homozygous targeting of
the OPN gene in indicated subclones. (D) Western blot for
OPN protein in MC-22 WT and edited clones (P16, P23, and
P38) cultured in the presence or absence of brefeldin A (BFA).
Expected multiple Osteopontin isoforms were detected
between ~37+50 kD. A non-specific band was detected in each
sample, indicated by n.s°. From Olive, et al., PLoS One 2018 Jun
13: 13(6):¢0198790. PMID: 29897959

One would not have known a priori about differences in
subclonal biological phenotypes and experimental
outcomes by taking traditional approaches to gene editing.
Therefore, we developed a modified CRISPR-Cas9 editing
protocol for generating matched control and knockout
cells (see Fig. 4A-C from Olive, et al., PLoS One 2018
Jun 13; 13(6):e0198790. PMID: 29897959 for full details
of protocol). We validated loss of OPN protein expression
in each of the OPN KO clones compared to its
appropriately matched control using western blotting,
ELISA of conditioned media, or immunocytochemistry.
We observed no detectable OPN protein (Fig 4D-F),
demonstrating that our CRISPR/Cas9 editing strategy was
successful and we had generated authentic OPN KO
subclonal cell lines.

Most studies, including our own, report that OPN is
dispensable for primary tumor growth, but is critical for
metastasis due to its effects on tumor cells, the host
systemic environment, and the tumor microenvironment.
Therefore, we tested the tumor formation capabilities of
the matched clones. WT and OPN KO MC-50 cells, MC-
22 cells or MT-2 cells were orthotopically injected into
FVB mice and were allowed to grow until tumors reached
~1 cm’. Loss of tumor-derived OPN did not significantly
affect growth kinetics or the final mass of any of the
tumors derived from matched subclonal cell lines (See Fig
5A-D from Olive, et al., PlosOne, 2018). As expected,
mOPN plasma levels were elevated in the mice bearing
WT tumors relative to the cancer-free cohort, and plasma
OPN levels were significantly reduced in the mice bearing
KO tumors relative to WT (See Fig SA-D from Olive, et
al., PlosOne, 2018).

Osteopontin is considered a biomarker for tumor
progression and is detected at higher levels in more
aggressive tumors than their low-grade counterparts, is
elevated in the serum of patients with metastatic disease
and is included in gene lists predicting poor prognosis for
many cancer types. Although OPN is most often
dispensable for primary tumor growth, OPN is necessary

for metastasis. To address this question, we labeled the MT-2 WT and MT-2 OPN KO cell lines with a dual
GFP/luciferase reporter and injected the labeled cells intravenously via the tail vein into cohorts of mice (Fig 6A).
Metastatic burden was decreased in the MT-2 OPN KO cohort relative to that of the MT-2 WT cohort (Fig 6B, C). There
were significantly fewer total and multifocal pulmonary metastases in mice that had been injected with the OPN KO cells
compared to mice that had been injected with OPN WT cells (Fig 6D-F). Collectively, our results established that by
using appropriately matched cells, we could confidently conclude that OPN is necessary for metastatic colonization and
that our CRISPR/Cas9 protocol is useful for pre-clinical metastasis studies.

Resistance to standard chemotherapies remains a significant clinical problem, particularly for triple-negative breast
cancer. In order to interrogate whether OPN contributes to chemoresistance in breast cancer models, we tested the MT-2
WT and KO cell lines for sensitivity to AC-T chemotherapy in vivo. We injected MT-2 WT or matched OPN KO tumor



cells into the mammary fat pads of FVB mice. When established tumors reached ~60+80 mm3 in volume (14 days),
animals were randomized based on tumor volume and enrolled into either vehicle control (PBS) or AC-T chemotherapy
treatment cohorts (Fig 7A). MT-2 WT and MT-2 KO tumors exhibited sensitivity to AC-T treatment relative to their
respective vehicle-treated cohorts (Fig 7B). However, in response to AC-T, the MT-2 KO tumors exhibited reduced
growth kinetics compared to their MT-2 WT counterparts in three independent trials (Fig 7B). Likewise, final tumor mass
was significantly lower in the MT-2 KO treatment cohorts compared to the MT-2 WT treatment cohorts (not shown).
Together, these data established that elimination of OPN expression enhances chemosensitivity of the MT-2 breast cancer
population.
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Experimental schema for metastasis assay. (B) Representative in

vivo bioluminescent images of mice injected with MT-2 WT or

MT-2 OPN KO after 7d and 21d. (C) Average fold change of bio-
luminescent signal (radiance (p/sec/cm2/sr), log10, normalized for
differences in Luciferase expression between cell lines) from mice

with MT-2 WT (blue) or MT-2 OPN KO (red) at indicated time

points. (unpaired, two tailed t-test: p = 0.000067). Error bars

represent SEM. (D) Representative hematoxylin & eosin staining
of lungs from mice that received tail vein injections of MT-2 WT
or MT-2 OPN KO cells. An example of a multifocal metastasis is

marked with a blue arrow and an example of a single focus
metastasis is marked with a red arrow. Scale = 1000 um. (E)

Quantification of total metastases in MT-2 WT (blue) and MT-2

OPN KO (red) cohorts (WT n= 21, KO n = 30; Mann-Whitney, p

= (0.0466). Error bars represent SD. (F) Quantification of
multifocal metastases in MT-2 WT (blue) and MT-2 OPN KO
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0.0185). Error bars represent SD. From Olive, et al., PLoS One 2018

Jun 13; 13(6):¢0198790. PMID: 29897959

To continue to leverage these single-cell cloning
approaches for our overall goal to define tumor cell
hallmarks that predict risk of breast cancer recurrence,
we continued our molecular barcoding work (described
in progress reports years 1-3). We had spent the
majority of the previous year overcoming challenges
associated with this goal. We found a solution to this
problem by re-constructing the barcodes for analysis by
multiplex next generation sequencing using PCR-based
strategies. This new approach, which we call
SunCatcher, significantly cut down on our costs and
time. The general approach provided the basis for our
original proposal and was described in previous
progress reports. Briefly, the basis of SunCather is as
follows: We first generate stable single cell-derived
monoclonal populations (CPs) from heterogeneous
populations of cancer cell lines or patient-derived tumor
cells. We tag each individual clonal population with a
unique molecular “barcode” sequence using lentiviral
vectors to create barcoded clonal populations (BCPs).
Upon integration, each vector introduces a unique 24-
base pair heritable DNA barcode tag into each cell clone
genome; hence, we can precisely follow the progeny of
each cell over time. We then mix an equal number of
each BCP to create a barcoded polyclonal population of
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cells (BPP). Each variable barcode sequence is flanked by uniform sequences, common to all barcode vectors, which
allows for PCR amplification of barcodes from genomic DNA preparations. To identify and quantify relative abundance
of each clonal population within a polyclonal mixture of cells, including tumor and non-tumor stromal cells, we now
perform PCR-based analysis. We are thereby able to identify and quantify the representation of each individual barcode

in a given tissue sample.

Importantly, our barcoding approach is different from others that have been reported in that we generate single cell
subclones prior to introducing the barcode tags. Other reported approaches infect heterogeneous parental populations of
cells with an entire library of barcodes at low MOI, without the ability to identify which cells are tagged with which
barcode. Hence, the advantage of the SunCatcher approach is that by introducing single barcodes into monoclonal
populations and then generating the pooled barcoded polyclonal population rather than infecting the bulk parental
population with a library of barcodes, we gain the ability to retroactively characterize barcoded monoclonal populations in
any given experiment. This approach also allows us to be confident that the same barcode is not unwittingly introduced
into multiple unique clonal populations, thus confounding subsequent analyses.

We thus employed the SunCatcher approach in order to identify the cells within a heterogeneous, normally indolent

patient-derived cell line that respond to systemic and
microenvironmental cues to progress to malignancy. As
previously reported in earlier progress reports, we generated
30 single cell-derived subclones from a parental triple-
negative human breast cancer cell line (HMLER-HR). To do
so, we sorted single cells based on their CD24/44 profiles as
an arbitrary way to capture heterogeneity, and expanded
these to establish HMLER-derived human breast cancer
monoclonal populations (hCPs). Each individual hCP was
infected with a unique barcode sequence to generate
HMLER barcoded monoclonal populations (hBCPs). The
individual hBCPs were morphologically distinct from one
another, ranging across a spectrum from epithelial to
mesenchymal (reported in earlier progress reports). In
addition, the hBCPs differed in their in vitro proliferation
kinetics and the ability to form tumorspheres in suspension
culture. Having established that the hBCPs were
phenotypically diverse, we then mixed an equal number of
each of the 30 hBCPs to generate the HMLER barcoded
polyclonal population (hBPP). We determined that the hBPP
is stable in culture over time, with no monoclonal
subpopulations becoming dominant or extinct during six
passages (reported in earlier progress reports). Importantly,
proliferation and tumorsphere forming ability did not
significantly differ between the hBPP cells and the parental
HMLER cells in vitro (reported in earlier progress reports).
As reported in earlier progress reports, we found that an
activated systemic environment (A-HSE; marked by
enhanced immune inflammation), increased the
heterogeneity observed in tumors derived from these
barcoded populations, relative to a naive, non-inflammed
systemic environment (N-HSE). Moreover, the
reproducibility of BCPs detected across tumors from each
given cohort suggested that the systemically driven selection
was directed rather than stochastic.
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Figure 8. Cell intrinsic properties of individual CPs do not
explain selection patterns observed in vive. A-D:
Individual CPs evaluated for their proliferation kinetics rates
(A), tumorsphere formation rates (B), HLA-1 expression
levels (quantified using median fluorescence intensity, MFI)
(C), and CD47 expression levels (D). CP identities are
represented using color and are placed in columns arranged
from highest to lowest values from left to right. CPs were
placed in the row that corresponds to their presence or
absence from HMLERE tumors in the naive systemic
environment (N-HSE), activated systemic environment (A-
HSE), or both environments.

Since the patterns of BCP selection within tumors from the naive and activated nude mouse cohorts did not appear to be
stochastic, we analyzed cell intrinsic properties of individual BCPs that might explain their presence or absence in
resulting tumors. We found that the in vitro proliferation kinetics rates or tumorsphere formation capacity of individual
BCPs did not correlate with the observed in vivo selection patterns (Fig. 8). For example, the most highly proliferative
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BCP (BCP 53) and the BCP with the highest rate of tumorsphere formation (BCP 2) both were only detected in 3/29 and
7/29 tumors, respectively (Fig. 8). The slowest proliferating BCP (BCP 70) and the BCP with the lowest tumorsphere
formation rate (BCP 73) appear in tumors at similar rates, and were detected in 2/29 and 16/29 tumor samples,
respectively (Fig. 8).

To test whether the BCPs that had similar in vivo behaviors also shared common molecular features, we performed gene
expression analysis of each CP using the LINCS L1000 profiling platform. Hierarchical clustering revealed that BCP
expression profiles did not correlate with whether or not CPs were selected for in any of the in vivo systemic
environments (Fig. 9). Collectively, these results indicated that none of the individual cell-intrinsic characteristics that we
examined in vitro explained the differential CP selection patterns that we
observed in the N-HSE and A-HSE nude mouse cohorts. And this
happened in absence of additional oncogenic genetic mutations

Given that individual cell intrinsic properties were not shared in common, we
wondered if in vivo behavior of individual BCPs is affected by its interactions with
other BCPs. Previous studies have demonstrated the important role that clonal
cooperation plays in breast cancer progression, including contributing to immune
evasion. We therefore generated different pools of barcoded populations
comprised of various BCPs depending on their in vivo outcome - subpools by
creating mixtures containing equal numbers of each CP that was detected in
HMLERS? tumors in the N-HSE or A-HSE (Fig. 10, referred to as N-HSE? and A-
HSES, respectively). We also generated a subpool that contained CPs that were
found exclusively in the A-HSE HMLER? tumors and were never detected in the
L nem naive systemic environment (Fig. 10, A-HSE-exclusive®). Finally, we generated
J_E R o S subpools that contained a subset of BCPs or all BCPs that were not detected in any
HEHHS HMLERS? tumors (Fig. 10, partial-absent® (absent™®) and total-absent® (absent™)).

ATl e

W e
W HMLER

Fig. 9. Hierarchical clustering of gene ) . .
expression of individual HMLER clones We first performed gene expression profiling of the CP subpools with

(indicated by numbers), parental population hierarchical clustering of the resultant gene expression signatures. Despite
(HMLER), and the barcoded pool (BCPool). the fact that the clones contained within N-HSE? are also present in A-
HSE?, these two subpools did not cluster together, suggesting that they

A 12 57 89 1923262830323338424445 474849 505354 6466 6768707273 have unlque mOIGCular prOf-ﬂes‘ (Fig. 1 IA). In
HMLERS contrast, the A-HSE-exclusive®, which also
NHSE contains CPs that are present in A-HSE?, does
A-HSE-exclusives cluster with A-HSE® (Fig. 11A). These results
R 22222:: ] suggested that the addition of the CPs in A-
Fig. 10. HMLER subpools that resembled HMLER tumor clonal HSE'eXCIuSiYe§ contribute more strf)ngly to
composition in the experiment were generated by mixing equal numbers of the A-HSE" signature than the CPs in N-HSE?.
the indicated CPs. Interestingly, when hierarchical clustering of

the individual gene expression signatures of
the CPs present within A-HSE® was performed, the clones within N-HSE? clustered together, and the clones within A-
HSE-exclusive® clustered together (Fig. 11B). We also queried the gene expression signatures of the CP subpools for
connectivity with gene expression signatures of a group of ~7,000 TCGA breast cancer samples. We found that A-HSE-
exclusive® had notably more high ranking connections with TNBC patient samples than the other pool signatures (Fig.
11C). This suggests that A-HSE-exclusive®, which contains CPs that exclusively appear in the TNBC tumor bearing A-
HSE, more closely matches TNBC patient samples than the other pools. Gene set enrichment analysis (GSEA) of the
L1000 gene signatures revealed several instances where the A-HSE® and N-HSE? pool signatures revealed opposite
patterns of connectedness to KEGG pathways that are relevant for cancer pathogenesis that were statistically significant
(Fig. 11D). For example, whereas the N-HSE® pool signature exhibited significant connectivity to the KEGG Cell Cycle
and KEGG DNA Replication pathways, the A-HSE® pool signature was negatively enriched for these pathway members
(Fig. 11D). Also of interest was that the A-HSE® and A-HSE-exclusive® pool signatures differed from one another in these
analyses, suggesting that these molecular profiles were the result of cooperation among all of the clones in A-HSE?, and
did not merely represent a majority contribution of the signaling pathways active in A-HSE-exclusive® CPs (Fig. 11D).
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Fig. 12. HMLER® subpools exhibit unique patterns of
cytokine and chemokine secretion. (B) HLA-I median
fluorescence intensity (MFI) values of CP subpools that
had been cultured in the absence (-) or presence (+) of
IFN-gamma. (C) CD47 median fluorescence intensity
(MFTI) values of CP subpools that had been cultured in the
absence (-) or presence (+) of [IFN-gamma. (D) Heat map
representing protein array quantifications of chemokine
expression levels in conditioned media from the indicated
HMLERE® subpools. (E) Heat map representing protein
array quantifications of cytokine expression levels in cell
lysates of the indicated HMLERE subpools.(F-H)
Expression levels G-CSF (F), CXCL1 (G), and IL-8 (H)
in conditioned media of the indicated HMLERE subpools
as measured by ELISA. Error bars represent SD (n = 3
per condition, one-way ANOVA).

We then used flow cytometry to evaluate the expression
levels of two cell surface proteins, HLA-1 and CD-47,
that could explain innate immune clearance in pool A
relative to pool C or D that we also observed in our
DEG analysis. We evaluated the expression level of
both proteins on each CP in the presence and absence

of IFN-gamma. We did not observe any trends in expression levels of either of these proteins that would account for the
differential CP selection patterns that we observed in vivo (Figure 8C, D). Specifically, we did not see significantly
higher or lower expression levels of either protein in CPs that were lost during tumor progression, compared to those that
were maintained. We also found that all of the CPs were IFN-gamma responsive, suggesting that this characteristic could
also not explain their differential behavior in vivo. We did not observe any correlation between the in vivo behavior of CP
subpools and their expression of either HLA-1 or CD-47 or response to IFNg (Fig. 12B, C). Cytokine and chemokine
protein array analysis of conditioned media or cell lysates from CP subpools revealed that a number of proteins related to
immune cell chemotaxis and function were differentially expressed and/or secreted by the HMLER® and CP subpools N-
HSE? and A-HSE? (Fig. 12D, E). Of particular interest to us was the observation that several factors involved in
neutrophil mobilization and chemotaxis were downregulated in A-HSE® and A-HSE-exclusive® compared to the other
subpools, consistent with our DEG analysis. ELISA analysis of conditioned media samples confirmed that the A-HSE®
and A-HSE-exclusive® subpools secrete significantly lower levels of G-CSF, CXCL-1 and IL-8 compared to both

HMLER® and N-HSE?* (Fig. 12F-H).
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In order to determine whether innate immune components played a role in shaping the unique clonal compositions
observed in polyclonal tumors in hosts with naive or activated systemic pathophysiology, a repetition of the in vivo
selection experiment was performed in which hBPP cells were injected into either naive or activated NSG mice (Fig.
13A). Whereas nude mice have a functional innate immune system, NSG mice exhibit dysfunction of a number of innate
immune cell components, including macrophages, dendritic cells, and NK cells. Therefore, if the innate immune system
was playing a critical role driving the subclonal selection within polyclonal tumors, then we expected to see an abrogation
of the differential selection patterns between the naive and activated cohorts in NSG mice.
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Figure 13. A functional innate immune system is required for
enhanced heterogeneity in A-HSE HMLERZ tumors. (A)
Representation of next-generation sequencing detected barcodes in
individual HMLERE tumors recovered from NSG mice in the N-HSE
and A-HSE cohorts. Individual tumors are represented across rows and
barcode identity is represented along columns. (B) Number of detected
CPs per HMLER® tumor. Each point represents an individual tumor.
Bars represent mean and SD (N-HSE: n = 10, A-HSE: n = 10; Mann-
Whitney test). (C) Representative images of HMLERE tumors
recovered from NSG N-HSE and NSG A-HSE cohorts stained for
MPO (brown) and counterstained with hematoxylin. Images were
captured at 20x magnification. (D) Percent of cells that stained
positively for MPO in indicated cohorts. Points represent individual
tumors. Error bars represent mean and SD (N-HSE: n=9; A-HSE: n=
8; NSG N-HSE: n = 10; NSG A-HSE: n = 10; **** = p < 0.0001,
Ordinary one-way ANOVA, Tukey’s Multiple Comparisons Test).

In contrast to the nude mouse experiments, there
was no significant difference between the number of
detected BCPs in the naive (average of 15.4 per
tumor) and activated (average of 16.4 per tumor)
cohorts when the hBPP tumors were allowed to
form in NSG mice (p=0.5721, Fig. 13A, B). In
addition, the selection patterns appeared to be much
more stochastic in NSG mice compared to nude
mice (Fig. 13A). Whereas in nude mice there were
particular subclonal populations that were never
detected in any tumors, in the NSG cohort every
clone was detected in at least one tumor and there
was a large amount of variability among mice within
each systemic environment (Fig. 13A). Both the
naive and activated NSG cohorts exhibited an
enhancement of heterogeneity compared to that of
the nude activated cohort, with an average of 15.4,
16.4 and 12 clones detected, respectively. Strikingly,
similar to the nude activated cohort, tumors
recovered from both cohorts of NSG mice also
exhibited a reduction in neutrophil infiltration
compared to the nude naive cohort (Fig. 13C, D).

Together, these data established that a fully
functional innate immune system is required to
observe a reduction of heterogeneity in the naive
cohort compared to the activated cohort and that
reduced neutrophil infiltration appears to correlate
with enhanced heterogeneity.

We next evaluated whether the unique gene
expression patterns among the HMLER® subpools
translated to differences in behaviors by evaluating
in their ability to respond to standard of care
chemotherapeutics. The chemosensitivity of
HMLER®, N-HSE?®, and A-HSE® was evaluated by
treating each pool with doxorubicin, 5-FU or
paclitaxel for 72 hours and then evaluating the cell
viability of each pool using the Cell Titer Glo assay.
A-HSE' exhibited significantly higher rates of
survival and decreased chemosensitivity compared
to N-HSE" and this result was replicated in 4
separate repetitions of the experiment (Fig. 14A).
Strikingly, when the clonal composition of the

surviving cells was analyzed, we found that all of the CPs were maintained during treatment with doxorubicin in
HMLERS®, N-HSE?, and A-HSE" at the IC50 dose. This suggests that the enhanced survival was not the result of the
selection of particular chemoresistant CPs from among A-HSE?, but that there is clonal cooperation taking place among

the A-HSE?® CPs that affords enhanced chemoresistance.
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100 nM, and 10 uM). A two-sided Wilcoxon rank sum test,
stratified for dose, was used to compare fractional survival of N-
HSE® to A-HSER. (B) Experimental schema for in vivo
doxorubicin study. (C) Final tumor mass for N-HSER to A-HSER
tumors (N-HSE dox: n=20; N-HSE vehicle: n=10; A-HSE dox:
n=19; A-HSE vehicle: n=8; Mann-Whitney test).

We examined whether this differential chemosensitivity
was also relevant in an in vivo setting by injecting N-
HSE’ and A-HSE? into NSG mice and evaluating their
response to treatment with doxorubicin. Treatment was
initiated with either doxorubicin (1.5 mg/kg) or vehicle
control (saline) when palpable tumors were observed in
the majority of mice (Fig. 14B). We found that while the
final tumor mass in the N-HSE® cohort was significantly
lower in the doxorubicin treated mice compared to the
vehicle treated mice, there was no significant difference
between the final tumor mass in the two A-HSE® cohorts
(Fig. 14C). This agrees with the in vitro observation that
A-HSE! is less chemosensitive than N-HSE?®.

Together these results suggest that the directed selection
that we observed in the A-HSE in nude mice was
functionally consequential and that the enhanced
heterogeneity generated in this environment can lead to
the development of a more aggressive TNBC tumor.

Task 2a-c and Task 3a-c

As reported in our progress reports from years 1-3, we
uncovered mechanisms by which certain primary tumors
can prevent disseminated tumor cells (DTCs) from
generating metastases. The inhibitory primary tumors
elicit a systemic innate immune response involving IL-
1B-expressing monocytes that infiltrate the distant DTC
microenvironment. These monocytes maintain DTCs in a
mesenchymal, non-proliferative state that prevents them

from giving rise to differentiated, proliferative epithelial progeny that are critical for forming robustly growing tumor
tissue. IL-1R inhibition or surgical resection of the inhibitory primary tumor permits outgrowth of DTC-derived
secondary tumors. As reported in year 3, we had submitted this work for publication in Nature Cell Biology. At that time,
we were missing clinical data to validate our findings, so during year 4, we investigated that avenue.

Our studies demonstrated that innate immune cells secreting IL-1f, mobilized by the primary tumor, compromise MIC
colonization at secondary sites by preventing their differentiation into epithelial progeny, which is essential for forming
actively growing tumors (Fig. 15A). Given that this cascade of events depends on the continued presence of the primary
tumor, clinical validation relied on careful selection of appropriate patient populations. Indeed, hMIC-derived metastases
were not inhibited if the IL-13 dependent inflammatory cascade was instigated after MIC dissemination and growth
initiation (Fig. 15B, C). hMIC tumors that were <2mm (low mitotic index) at the time of HMLER implantation were
significantly suppressed; however, if h(MIC tumors had already entered an active growth phase (>2mm) at the time of
primary tumor implantation, MIC-derived tumors sustained continued growth (Fig. 15C). These data provided
preliminary indication that HMLER tumors do not cause regression of robustly growing hMIC tumors but instead, exert
their inhibitory effects at early stages of secondary tumor establishment when MICs are still in the ZEB1+ state.

We therefore compared primary tumor IL-1f expression in breast cancer patients with lymph node-positive (LN+) and
LN-negative disease by retrospective gene set analyses using a database of Affymetrix microarray profiles. Among 508
patients with LN- disease, IL-1p expression did not stratify overall survival (Fig. 15D). However, among 215 patients
with LN+ breast cancer, those with high IL-1p had improved overall survival relative to those with low IL-1f3 expression
(Fig. 15E). Interestingly, patients whose primary tumors expressed high IL-1p had improved outcome (distant
metastasis-free survival) when we interrogated the entire cohort of 1,379 patients (See Supplementary Fig. 8a from

Castano, et al, Nat Cell Biol, 2018; Attached as Appendix 2).
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Figure 15. Low primary tumor IL-1f correlates with reduced overall survival in breast cancer

a, Model illustrating systemic mechanism by which primary tumors elicit an IL-1B-dependent inflammatory response
to suppress MIC colonization. Top panel: Primary tumors that secrete high levels of pro-inflammatory cytokines, e.g.,
IL-1a, elicit a systemic innate immune response that expands bone marrow and circulating myeloid cells, culminating
in increased immune infiltrate into tissues where metastasis-initiating cells (MICs) disseminate. In the metastatic
microenvironment, IL-1f acts in a paracrine fashion on IL-1R expressing MICs, causing the MICs to maintain their
mesenchymal phenotype of high ZEB1 and/or low E-cadherin (ECAD), thereby preventing MIC differentiation and
proliferation. Bottom panel: Preventing inflammation at the primary tumor site or inhibiting IL-1R1 with the
antagonist, IL-1Ra, in the metastatic microenvironment causes MICs to differentiate, proliferate and thereby establish
robustly growing secondary tumors and metastases. b, Schematic of experiments to test effect of primary HMLER
tumors on established hMIC tumors in Nude mice. ¢, Growth kinetics of hMIC tumors that were either in latent phase
(left) or growth phase (right) at day 17 when Matrigel control or HMLER tumor cells were injected contralaterally.
(Latent phase: Matrigel n=6 tumors, HMLER n=5 tumors. Growth phase: Matrigel n=4 tumors, HMLER n=5 tumors).
One experiment was performed. 2way ANOVA and Sidak’s multiple comparisons test. d, e, Kaplan-Meier analysis
using overall survival (OS) as end point with 10-year censoring, based on /LIB gene expression (log2, stratified into
three indicated quantiles) in primary tumor tissues from patients with lymph node negative (LN"; n=508 patients) (d)
or lymph node positive (LN™; n=215 patients) (e) disease. Logrank p values are shown. Data and analysis obtained
from the GOBO database (http://co.bmc.lu.se/gobo/gsa.pl). f, Correlation between IL-1R1 and Zebl mRNA
expression in 818 tumor tissue samples from patients with invasive breast carcinoma. Data and analysis obtained from
the cBioPortal database (http:/www.cbioportal.org/index.do).
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We also analyzed
correlations between
IL-1R1 and markers
of differentiation
status that we had
observed. In an
analysis of 818
tumor tissue
samples from
patients with
invasive breast
carcinoma, IL-1R1
expression
positively correlated
with Zeb1 (Fig.
15F).

Therefore, we found
that among patients
with lymph node-
positive breast
cancer (i.e., those at
high risk for
metastasis), high IL-
1P was associated
with improved
overall survival and
distant metastasis-
free survival. These
results suggest
opportunities for
developing better
risk assessment
algorithms and
therapeutic
interventions that
could be
administered before
lethal metastatic
disease erupts.
During the past
year, we published
these findings in
Nature Cell Biology,
where it received a
lot of press. This
manuscript is
attached as
Appendix 2.



Task 2a-c and Task 3a-f

During FY4, we followed up our previously published work (Ubellacker, et al., Breast Cancer Res. 2017) to understand the
mechanisms by which bisphosphonates generate tumor-suppressive bone marrow cells. In the year 3 progress report, we
had reported that the bisphosphonate, zoledronic acid (ZA), modulates hematopoietic myeloid/osteoclast progenitor cell
(M/OCP) lineage potential to render the bone marrow metastasis-suppressive. We learned that granulocyte-colony
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Figure 16. G-CSF counteracts ZA’s ability to push differentiation
of myeloid/osteoclast  progenitors toward  phagocytic
macrophages (A) Experimental scheme for in vitro osteoclast
differentiation assay using bone marrow from Ctl-, ZA-, G-CSF- or
ZA+G-CSF-treated C57BL/6 donors (B) Quantification of osteoclasts
(OC, TRAP+, multinucleated cells) at endpoint (d5) of in vitro
osteoclast differentiation assay with 1,000 WBM per well Ctl, ZA, G-
CSF or ZA+G-CSF treated C57BL/6 donors (n=4 donor
samples/cohort; representative of 3 biological replications). (C)
Experimental scheme for in vitro osteoclast differentiation assay using
bone marrow from Ctl- or ZA-treated C57BL/6 donors that were
subsequently treated with Ctl or recombinant hG-CSF in vitro at d3
(D) Quantification of osteoclasts (OC, TRAP+, multinucleated cells)
at endpoint (d5) of in vitro osteoclast differentiation assay with 250
M/OCPs per well from Ctl or ZA treated C57BL/6 donor mice;
M/OCPs were treated in vitro with RANKL + G-CSF (n=4 donor
samples per cohort; representative of 3 biological replications). (E)
Flow cytometric quantification of macrophages (Cd11b+/F4/80
MHCII+) at end point of in vitro OC differentiation assay (d5) using
sorted M/OCPs from Ctl or ZA treated C57BL/6 mice; M/OCPs were
subsequently treated in vitro with M-CSF and RANKL + G-CSF (n=4
donor samples per cohort; representative of 3 biological replications).
(F) Percent of phycoerythrin (PE)-positive M/OCP-derived
macrophages (Cd11b+ F4/80+ MHCII+) at end point (d5), indicating
phagocytosis of Did-Cm (PE)-labeled B1 tumor cells (n=4 donor
samples per cohort, representative of 3 biological replications).Error
bars represent mean = SEM; two-tailed t-tests (unpaired) were used to
determine statistical significance, *p<0.05, **p<0.01

stimulating factor (G-CSF) promotes ZA resistance by re-
directing M/OCP differentiation. However, we still did not
understand mechanisms by which this occurred and were
lacking clinical correlatives. During the past year, we
worked to complete this story (please note that the following
contains excerpts published as Ubellacker, et al., Cancer
Research, 2018).

We learned that GCSF counteracts the ability of ZA to push
differentiation of myeloid/osteoclast progenitors toward
phagocytic macrophages. Our results thus far established that
ZA alters the lineage potential of M/OCPs and renders them
tumor-suppressive, while G-CSF mediates resistance to their
tumor-suppressive effect. We therefore wished to know if G-
CSF alters the lineage potential of the M/OCP population.

We first isolated WBM from Ctl-, ZA-, G-CSF, and ZA+G-
CSF-treated mice and then treated the cells in vitro with
MCSF and RANKL (Fig. 16A). As we repeatedly observed,
in the absence of G-CSF, WBM from the ZA-treated cohort
gave rise to significantly fewer osteoclasts than those from
the control cohorts (Fig. 16B). However, WBM from G-
CSF-treated animals gave rise to significantly more
osteoclasts, even in the context of ZA treatment (Fig 16B).

We also isolated M/OCPs from Ctl- or ZA- treated mice and
then treated the cells in vitro with M-CSF and RANKL in the
presence or absence of G-CSF (Fig. 16C). In the presence of
G-CSF, M/OCPs from both Ctl- and ZA-treated mice gave
rise to increased numbers of osteoclasts and decreased
numbers of macrophages in vitro relative to M/OCPs in the
absence of G-CSF (Fig 16D, E, and Supplementary Figure
S5A, S5B from Ubellacker, et al., Can Res, 2018,
Appendix 3).

Our RNAseq analyses of M/OCPs from Ctl and ZA-treated
mice had suggested that ZA induces transcriptional changes
consistent with ~monocyte/macrophage lineage bias.
Therefore, to test potential functional consequences of
altered M/OCP lineage potential, we added fluorescently
labeled B1 tumor cells to the cultures resulting from M/OCP
differentiation under various conditions, thus enabling us to
assess macrophage phagocytic capacity by scoring their
uptake of fluorescence. In the absence of G-CSF,
macrophages derived from M/OCPs of ZA-treated mice had

significantly enhanced phagocytic capacity relative to those from Ctl-treated mice, irrespective of adding RANKL to the
culture (Fig 16F). In contrast, G-CSF significantly decreased the phagocytic capacity of the resulting culture from ZA-
treated M/OCPs in both the undifferentiated (without RANKL) and differentiated (with RANKL) cultures (Fig 16F).
Consistent with the phagocytic phenotype, numbers of F4/80 MHCII+ macrophages in the bone marrow of ZA-treated mice
was ~3-fold higher than in the control cohort, and G-CSF prevented this increase (See Supplementary Figure S5C from

Ubellacker, et al., Can Res, 2018, Appendix 3).
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Collectively, these findings suggested that G-CSF counteracts the effect of ZA on M/OCP function and lineage potential at
least in part by preventing ZA from inducing M/OCP differentiation toward phagocytic macrophages. Moreover, these
results provide additional evidence to suggest an association between lineage potential and the tumor-inhibitory function of
the bone marrow.

The results from our pre-clinical metastasis models thus far indicated that the status of the bone marrow at the time metastatic
tumor cells encounter it has a profound influence on metastatic success. As such, we wanted to gain insights into how the
whole bone marrow hematopoietic microenvironment is affected by ZA and how G-CSF may alter the ZA signature. We
therefore characterized transcriptional programs (RNA-seq) on whole bone marrow from mice treated with Ctl, ZA, G-CSF,
or combination ZA+G-CSF (GSE108250). We first analyzed the RNA-seq data by identifying enriched gene ontology
processes within the lists of DEGs from each treatment condition (ZA, G-CSF, or ZA+G-CSF) as compared to Ctl-treated
bone marrow (See Supplementary Figure S6A-C, Supplementary Tables S3A-F from Ubellacker, et al., Can Res,
2018). In the ZA-treated cohort, significantly enriched processes were related primarily to metabolic process whereas in the
G-CSF-treated cohorts, as well as in the ZA+G-CSF-treated cohorts, significantly enriched processes were dominated by
immune processes (Supplementary Figure S6C from Ubellacker, et al., Can Res, 2018, Appendix 3).

Figure 6
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than on WBM, while G-CSF appeared to dominate the effect on WBM.

We next considered the transcriptional effect sizes that we had observed with each treatment and the fact that ZA treatment
generated metastasis-suppressive marrow while G-CSF alone had no effect on metastatic burden, yet G-CSF induced
resistance to ZA and increased metastatic burden in the context of ZA treatment. In doing so, we speculated that ZA and G-
CSF either affect the marrow in opposing directions or that the effects of combination treatment cannot be explained by
contributions of either treatment alone. Our comparative analysis revealed that the DEGs upon combination treatment were
not equivalently significant in either the ZA or G-CSF cohorts (Fig. 17A). In other words, none of these genes was expressed
in an opposing manner. Indeed, 263 DEGs were unique to WBM and 58 genes unique to the M/OCP population in the
ZA+G-CSF cohorts (Fig. 17A). Hence, we employed a regression approach with an interaction term and identified genes
for which the effects of G-CSF and ZA statistically interact (Fig. 17B). GO analysis of the non-additive genes from WBM
revealed processes significantly enriched by the combination treatment that described the difference in response to ZA in
the presence of G-CSF (Fig. 17C). The enrichment list represents gene sets that were either enhanced or ablated relative to
ZA alone, or newly emerging with combination treatment. Of these, “immune response” and “phagocytosis” were
particularly intriguing to us, as these were predominantly suppressed by combination treatment. For example, a number of
genes involved in antigen processing and lymphocyte activation, including B2m, Vav2, and a number of histocompatibility
genes (H2-K1, H2-D1, H2-Q5, H2-Q7) were uniquely suppressed with ZA+G-CSF combination treatment relative to Ctl
treatment (See Supplementary Table S6A from Ubellacker, et al., Can Res, 2018). Moreover, Ax/, which suppresses
myeloid cell immune function and dampens NK cell activity (37), was significantly suppressed by ZA treatment (log2(Fold
Change)= -1.20, p=1.25x10*) but significantly enhanced with ZA+G-CSF treatment (log2(Fold Change)=1.68, p=2.7x10"
%) (See Supplementary Table S6A from Ubellacker, et al., Can Res, 2018). Together with our pre-clinical modeling,
these analyses indicated that in the marrow of animals treated with combination ZA + G-CSF, the transcriptional effects of
ZA are negated and/or significantly changed by G-CSF in a manner that associates with metastatic progression.

Our pre-clinical data established that G-CSF
mediates resistance to ZA, and in fact, ZA+G-
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women with stage II/IIl breast cancer were
randomized to receive standard systemic
treatment (>95% of the patients received
chemotherapy) with or without adjuvant ZA
(Figure 18A). In the AZURE trial,
postmenopausal (natural or induced with
ovarian suppression) patients observed a
significant decrease in overall breast cancer
recurrence. Importantly, primary G-CSF
prophylaxis was not used in these patients. We
verified that the magnitude of effect of ZA in
reducing the development of bone metastasis

Figure 18. High plasma G-CSF correlates with worse outcome for breast cancer
patients treated with adjuvant ZA

(A) AZURE clinical trial randomization scheme (Coleman et al., 2014). (B) Cox
proportional hazards model analysis of subgroup from AZURE trial (n=392) for DFS
by Ctl and ZA cohorts, menopausal status, and by menopausal status for treatment
group; *p<0.05. (C) Disease-free survival (DFS) outcome (derived from cut point
analysis—see STAR methods) defined in terms of number of DFS events avoided/saved
over the 10-year period post randomization among ZA-treated patients; optimal cut
point was at 23 pg/mL for G-CSF. (D) Proposed model. ZA inhibits mature osteoclasts
and also increases the numbers of M/OCPs in the BM, altering their gene expression
profile to drive them toward tumor suppressive phagocytic macrophages. Tumor-
derived or systemic G-CSF counteracts the effects of ZA by driving the lineage potential
of M/OCPs toward osteoclasts.
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at any time during the 10-year follow-up in our patient subset was similar to that of the overall trial (trial total n=3,360,
hazard ratio (HR)=0.81, 95% confidence interval (CI) 0.68-0.97 (39); our subset n=392, HR=0.89, 95% CI 0.62-1.3)
(Figure 18B).

We utilized an analytical approach that adjusts for an optimal plasma G-CSF concentration cut point and enables us to
accurately determine DFS and significance levels in an unbiased fashion (See Methods, Figure S7A-D from Ubellacker,
et al., Can Res, 2018). Based on these previously published methods, we determined that a plasma G-CSF concentration
of 23 pg/mL was the optimum cut-point for assessing disease-free survival (DFS) events in ZA-treated patients.

Patients receiving adjuvant ZA whose plasma G-CSF levels were > 23 pg/mL at the time of randomization had significantly
reduced DFS when compared with patients with plasma G-CSF levels < 23 pg/mL (p adjusted=0.02) as assessed over a 10-
year period (Figure 18C). However, in the cohort that did not receive ZA, plasma G-CSF levels did not predict a significant
difference in DFS (Supplementary Figure S7B from Ubellacker, et al., Can Res, 2018). Cox model analysis
demonstrated that the relationship between high plasma G-CSF levels and DFS in ZA-treated patients could not be explained
by imbalances in other key prognostic variables, namely number of involved lymph nodes affected, tumor size (T stage),
and breast cancer receptor status (ER/PR/Her2). Moreover, in support of the retrospective analyses demonstrating that post-
menopausal patients observed significant benefit with adjuvant ZA, plasma G-CSF levels were significantly lower in post-
menopausal patients than pre-menopausal patients in our cohort (p=1.14x10").

This work revealed that bone marrow hematopoietic cell states, particularly M/OCP lineage potential, have a profound
impact on breast cancer bone metastasis and that the hematopoietic microenvironment, which serves as a niche for
disseminated tumor cells, can be modulated by bone-targeting agents and cytokines to alter disease outcome. Specifically,
the bisphosphonate, ZA, directs M/OCP lineage potential toward tumor-suppressive macrophages and prevents metastatic
growth in the bone; systemic or tumor-derived G-CSF promotes resistance to the metastasis-suppressive effect of ZA by
skewing M/OCP differentiation toward osteoclasts and away from the phagocytic myeloid lineage (Figure 18D).

Further studies based on results of the gene expression profiling under these various conditions may reveal factors,
pathways, and processes that are necessary and/or sufficient for the tumor inhibitory function of the bone marrow. Some of
the newly identified gene products presented here may be considered as candidate targets for future combination therapies
and pre-clinical research. Likewise, additional work will be necessary to determine the translatability of G-CSF as a
biomarker for selection of patients who should/should not receive ZA treatment, given that many patients also receive G-
CSF at the time of chemotherapy and adjuvant ZA treatment (the patients in our study did not receive primary G-CSF
prophylaxis and less than 10% received secondary G-CSF treatment). Identifying biomarkers that better stratify patient risk
and responses to ZA hold the potential of using bone-modulating drugs to improve patient outcomes.

We published this the entirety of this work in Cancer Research, and it is attached as Appendix 3

Task 1h, 2e, 3g

We held a project retreat that included members of the lab, one of our clinical collaborators, one of our scientific
colleagues/collaborators, and two of the DF/HCC breast cancer research/patient advocates. The retreat was held over a 2-
day period in which investigators gave formal presentations of their work in progress and we had dedicated discussion
time for feedback and exchange of ideas.

C. What opportunities for training and professional development has the project provided?
Funds from this project enabled postdoctoral associates and the graduate student to attend international scientific

conferences, where they gave posters and oral presentations.

D. How were the results disseminated to communities of interest?
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1. During the past year, we had a number of opportunities to interact with the Dana Farber/Harvard Cancer Center
breast cancer research and patient advocates.

2. I'was invited to present our work to the DF/HCC Breast Cancer Advocate group during their monthly meeting.

3. Two of the advocates attended our retreat where they gave presentations about advocacy and patient involvement
in research.

4. We published a number of research papers and review articles (please see Accomplishments above)

5. Our work was featured in various news articles where funding from BCRP was acknowledged

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

Task 1 (per SOW):

a. Identify human breast cancer barcoded DTCs that convert to malignancy in xenograft mouse model of metastasis
to bone. We plan to continue our investigation in this line of experimentation

f. Analyze data and build prediction signatures. Following the near completion of tasks a-e, we will build these
signatures

g.  Establish predictive power of molecular/cellular signatures using other cell lines and human tumor specimens.
We are beginning to identify other cell lines and will test these in the coming year.

h.  Meet with project team to discuss findings and potential for clinical translation. We will continue to meet as we
do each year.

Task 2 (per SOW):
d.  Determine response of various barcoded DTCs from human and mouse and human DTC samples to pro-and anti-
tumorigenic factors in vivo. Cells identified in Task 1 will then be used in these assays in the coming year.
e.  Meet with project team to discuss findings and potential for clinical translation. We will continue to meet as we do
each year.

Task 3 (per SOW):
a. Determine ability of various drugs/compounds to prevent malignant conversion of human and mouse DTCs in
vitro. Work under this task is nearly completed. Should we identify any new therapeutic candidates during the
course of our investigations in Tasks 1 and 2, we will test them in the coming year.

4. IMPACT: This component is used to describe ways in which the work, findings, and specific products of the project
have had an impact during this reporting period. Describe distinctive contributions, major accomplishments, innovations,
successes, or any change in practice or behavior that has come about as a result of the project relative to:

the development of the principal discipline(s) of the project;
other disciplines;

technology transfer; or

society beyond science and technology.

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

**Last year (FY3), we reported that CDK4/6 inhibitors increase anti-tumor immunity and that combination
therapy with CDK4/6 inhibitor and an immune checkpoint blockade drug (anti-PD-L1) led to durable response.
Based on our findings, a phase 1b trial of Abemaciclilb (CDK4/6 inhibitor) and Pembrolizumab (anti-PD-1) was
initiated (clinicaltrials.gov NCT02779751) for patients with metastatic hormone receptor positive breast cancer.
Results from the 24-week analysis reported at ASCO indicated 28.6% objective response rate, a significant
improvement over standard therapies (Tolaney S et al. ASCO 2018).

What was the impact on other disciplines?

Nothing to report
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What was the impact on technology transfer?

We are discussing possibilities for various IP opportunities with our Research Ventures and Licensing office
What was the impact on society beyond science and technology?

Nothing to report

5. CHANGES/PROBLEMS: The Project Director/Principal Investigator (PD/PI) is reminded that the recipient
organization is required to obtain prior written approval from the awarding agency Grants Officer whenever there are
significant changes in the project or its direction. If not previously reported in writing, provide the following additional
information or state, “Nothing to Report,” if applicable:

Changes in approach and reasons for change.

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

Changes that have a significant impact on expenditures.

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

Changes in approach and reasons for change

Nothing to report

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

Nothing to report

Changes that had a significant impact on expenditures

Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents
Nothing to report

6. PRODUCTS: List any products resulting from the project during the reporting period.

Publications:

1. OlivelJF, Qin Y, DeCristo MJ, Laszewski T, Greathouse F, McAllister SS. Accounting for tumor heterogeneity
when using CRISPR-Cas9 for cancer progression and drug sensitivity studies. PLoS One 2018 Jun 13;
13(6):0198790. PMID: 29897959.

2. Ubellacker JM, Baryawno N, Severe N, DeCristo MJ, Sceneay J, Hutchinson JN, Haider MT, Rhee CS, Qin'Y,
Gregory WM, Garrido-Castro AC, Holen I, Brown JE, Coleman RE, Scadden DT, McAllister SS. Modulating
bone marrow hematopoietic lineage potential to prevent bone metastasis in breast cancer. Cancer Res. 2018 Sep
15;78(18):5300-5314. [Epub ahead of print July 31, 2018]. PMID: 30065048

3. Castafio Z, San Juan BP, Spiegel A, Pant A, DeCristo MJ, Laszewski T, Ubellacker JM, Janssen SR, Dongre A,
Reinhardt F, Henderson A, Garcia del Rio A, Gifford AM, Herbert ZT, Hutchinson JN, Weinberg RA, Chaffer

CL, McAllister SS. IL-1p inflammatory response driven by primary breast cancer prevents metastasis-initiating
cell colonization. Nat Cell Biol. 2018 Sep;20(9):1084-1097. PMID: 30154549.

4. LeeJJ, van de Ven RAH, Zaganjor E, Ng MR, Barakat A, Demmers JJPG, Finley L, Gonzalez Herrera KN, Hung
YP, Harris IS, Jeong SM, Danuser G, McAllister SS, Haigis MC. Inhibition of epithelial cell migration and

22



7.

Src/FAK signaling by SIRT3. Proc Natl Acad Sci USA. 2018 Jul 3; 115(27):7057-7062. PubMed PMID:
29915029.

Presentations:
2017 CDK4/6 Inhibition Triggers Anti-Tumor Immunity / Breast Oncology Seminar Series
DF/HCC
2017 Systemic and microenvironmental determinants of cancer progression and metastasis / Special Session

Tumor Microenvironment Town Hall Meeting; AACR Annual Meeting, Washington, DC

2018 Marrow Matters, and other breast cancer related issues / Seminar Series
Hematology Division, BWH

2018 Pharmacological and Physiological Modulators of Response to Immunotherapies in Breast cancer / Breast
Immuno-Oncology Program, DF/HCC

2018 Physiological Processes that Affect Breast Cancer Progression and Therapeutic Response / Seminar
Series; Seminars in Oncology, DFCI

2018 Physiological Processes that Affect Breast Cancer Progression and Response to Therapy / Seminar Series
Department of Pathology and Laboratory Medicine, Boston University, Boston, MA

2018 Pharmacological and Physiological Processes that Affect Response to Immunotherapy / Symposium
AACR Special Conference on Tumor Immunology and Immunotherapy Meeting; Miami, FL.
e Technologies or techniques
Nothing to report
¢ Inventions, patent applications, and/or licenses

US 62/519,312 Implications for Zoledronic Acid In Bone Marrow Cell Mobilization and Breast Cancer
Metastasis; Provisional

US 62/683,225 Single Cell Cloning Approaches for Biological Studies; Provisional

e Other Products

Nothing to report

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Provide the following information on participants:

What individuals have worked on the project?

Name: Sandra McAllister
Role: Principal Investigator
Nearest person month worked: 10
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Contribution to project:

Name:
Role:

Nearest person month worked:

Contribution to project:

Name:
Role:

Nearest person month worked:

Contribution to project:

Name:
Role:

Nearest person month worked:

Contribution to project:

Name:
Role:

Nearest person month worked:

Contribution to project:

Name:
Role:

Nearest person month worked:

Contribution to project:

Name:
Role:

Nearest person month worked:

Contribution to project:

Dr. McAllister oversees all aspects of the project and supervises personnel on the
project

Gregory Goreczny

Postdoctoral Fellow

6

Dr. Goreczny has performed work on molecular biological and RNAseq methods
for the barcoding project (Task 1)

Qiuchen Guo

Postdoctoral Fellow

6

Dr. Guo has performed work on method optimization for the barcoding project
(Task 1) and testing drugs that inhibit outgrowth of otherwise indolent tumors
(Task 3)

Milos Spasic

Postdoctoral Fellow

2

Dr. Spasic has performed work on molecular biological aspects of the barcoding
project (Task 1) and effects on bone metastasis (Task 2)

Anna Molineaux

Research Scientist/Lab Manager

3

Ms. Molineaux provides technical support to the project

Tyler Laszewski
Research Technician
7

Mr. Laszewski performs and supports all animal work associated with the project

Amanuel Bizuayehu

Research Technician

1

Mr. Bizuayehu performed work to support animal work associated with the
project and on canine mammary carcinoma samples

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last reporting

period?

No.

Since the activation of this award the following grants have ended:

Nothing to report

What other organizations were involved as partners?

Organization Name: Broad Institute of Harvard and MIT
Location of Organization: Cambridge, Massachussetts
Partner’s contribution to the project: Scientific collaboration

Organization Name: Harvard School of Public Health
Location of Organization: Boston, Massachussetts
Partner’s contribution to the project: Scientific collaboration — computational biology and data analysis
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Organization Name: Dana-Farber Cancer Institute
Location of Organization: Boston, Massachussetts
Partner’s contribution to the project: Scientific collaboration

8. SPECIAL REPORTING REQUIREMENTS:
None
9. APPENDICES: Please see attached appendices including:

Appendix 1. JF Olive, et al., 2018; Accounting for tumor heterogeneity when using CRISPR-Cas9 for cancer
progression and drug sensitivity studies. PLoS One

Appendix 2. Z Castafio Z, et al., 2018; IL-1p inflammatory response driven by primary breast cancer prevents
metastasis-initiating cell colonization. Nat Cell Biol.

Appendix 3. JM Ubellacker, et al., 2018; Modulating bone marrow hematopoietic lineage potential to prevent bone
metastasis in breast cancer. Cancer Res.
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Abstract

Gene editing protocols often require the use of a subcloning step to isolate successfully
edited cells, the behavior of which is then compared to the aggregate parental population
and/or other non-edited subclones. Here we demonstrate that the inherent functional hetero-
geneity present in many cell lines can render these populations inappropriate controls, result-
ing in erroneous interpretations of experimental findings. We describe a novel CRISPR/Cas9
protocol that incorporates a single-cell cloning step prior to gene editing, allowing for the gen-
eration of appropriately matched, functionally equivalent control and edited cell lines. As a
proof of concept, we generated matched control and osteopontin-knockout Her2* and Estro-
gen receptor-negative murine mammary carcinoma cell lines and demonstrated that the
osteopontin-knockout cell lines exhibit the expected biological phenotypes, including unaf-
fected primary tumor growth kinetics and reduced metastatic outgrowth in female FVB mice.
Using these matched cell lines, we discovered that osteopontin-knockout mammary tumors
were more sensitive than control tumors to chemotherapy in vivo. Our results demonstrate
that heterogeneity must be considered during experimental design when utilizing gene edit-
ing protocols and provide a solution to account for it.

Introduction

CRISPR/Cas9 is a useful tool that has expanded our ability to define the role of particular fac-
tors in biological processes, including cancer biology [1, 2]. Oftentimes, studies employ the
CRISPR/Cas9 system to generate loss- or gain-of-function mutations in a gene of interest and
then look for a corresponding phenotypic change, indicating whether or not the targeted gene
is necessary and/or sufficient for a particular behavior. Widely used protocols that employ
CRISPR/Cas9 to generate genetically modified cell lines often require a subcloning and/or
selection step in order to isolate a particular subpopulation in which the gene of interest was
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efficiently edited [3-7]. In order to correctly define the role that particular factors play, for
example in cancer models, it is essential to use appropriately matched controls to compare to
the edited subclone(s); however, such comparisons can be complicated by the widespread het-
erogeneity present in tumors and cancer cell lines derived from them.

The relevance and pervasiveness of genetic and functional heterogeneity within most can-
cer types has become particularly appreciated over the past decade [8-10]. It is now known
that even supposedly clonal cancer cell lines are composed of subpopulations with widely dif-
fering phenotypes and functional characteristics [11-13]. Genetic and phenotypic heterogene-
ity has also been observed in other disease models, including bacterial antibiotic resistance and
in the evolution of antiviral resistance [14-17].

Due to the inherent functional heterogeneity observed in most cancer cell lines, therefore,
subcloning and selection steps employed in genetic editing protocols can render the parental
population an inappropriate control, as its behavior may differ from that of the selected sub-
clonal population prior to gene editing. For example, if the aim of a study is to evaluate
whether a particular gene product (protein) is relevant for primary tumor formation, it is com-
mon practice to compare the tumorigenicity of a knockout cell line with that of the parental
cell line. However, if the selected subclonal population has an inherently different tumorigenic
potential than the bulk parental population, it would be possible to incorrectly conclude that
the knockdown of the gene of interest was responsible for any functional differences that are
observed in any given biological assay.

Here we report a modified CRISPR/Cas9 targeting strategy to create appropriately matched
knockout (KO) and wild-type (WT) control mammary carcinoma cell lines. We used these
cell lines for both proof-of-concept and discovery studies. Our results demonstrate that it is
critical to generate appropriately matched control and knockout cell lines in order to accu-
rately evaluate the relevance of a protein of interest to cancer cell behaviors.

Materials and methods
Cell lines

McNeu and Met-1 murine mammary carcinoma cells (kind gifts from Drs. Michael Campbell
and Johanna Joyce, respectively) were cultured as previously described [18, 19]. Briefly, cells
were cultured in DMEM (Gibco) media, supplemented with 10% fetal bovine serum (FBS)
and 100 U/ml penicillin-streptomycin at 37°C under 5% CO,. Human MDA-MB-435 cells
were a generous gift from Dr. Robert Weinberg and were cultured in DMEM:F12 (1:1; Gibco),
supplemented with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin at 37°C
under 5% CO,. All cell lines were validated as mycoplasma-negative. Human cells were vali-
dated using short tandem repeat (STR) profiling (Molecular Diagnostics Laboratory at Dana-
Farber Cancer Institute, Boston, MA). For mouse cells, the murine strain of origin was con-
firmed by short tandem repeat analysis (Bioassay Methods Group, NIST).

New gene editing protocol

Clonal subpopulations are generated from parental cell lines by sorting one single cell per well
into 96-well plates using a FACSAria II cell sorter (BD Bioscience). Single cell-derived popula-
tions are subsequently allowed to proliferate for expansion. A single expanded clone is used
for both control and co-transfection with the Cas9/GFP and sgRNA vectors. Select cell popula-
tions were seeded into 12-well plates overnight before transfection with 500ng pCas9_GFP
and 500ng sgRNA expressing plasmids using FugeneHD (Roche). 48 hours after transfection,
successfully transfected single cells are isolated by FACS sorting for GFP-positivity using a
FACSAria II cell sorter (BD Bioscience) followed by recovery and expansion in 12-well plates
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for 2-3 days. At confluency, cells were collected for a second round of FACS sorting and single
GFP-negative cells were sorted into individual wells in a 96-well plate to ensure that random
Cas9/GFP integration did not occur. Following clonal expansion editing is validated using
Sanger sequencing and phenotype verification is performed.

To generate luciferase/ GFP-positive populations, cells were infected with lentivirus gener-
ated from pLV-Luc-IRES-GFP viral plasmids (a generous gift from Dr. Robert Weinberg’s lab)
and then sorted for GFP-positive populations.

Vector construction

The human codon-optimized Cas9 expression plasmid pCas9_GFP was a gift from Kiran
Musunuru (Addgene plasmid # 44719). The sgRNA targeting mouse OPN exon 2 (5-GTGAT
TTGCTTTTGCCTATT-3’) driven by human U6 promoter was synthesized at Eurofin.

Evaluating target site modification by Sanger sequencing

OPN gene fragments were amplified with the primers OPN-F (5-GACTTGGTGGTGATCT
AGTGG-3’) and OPN-R (5-GCCAGAATCAGTCACTTTCAC-3’) using Phire Animal Tissue
Direct PCR Kit (Thermo Scientific). The resulting PCR products were then submitted for
sanger sequencing (Macrogen USA).

Animals and tumor studies

Female FVB/NJ mice 7 weeks of age were purchased from Jackson Labs (stock no. 001800).
NOD/SCID mice were maintained in-house under aseptic sterile conditions. All experiments
were conducted in accordance with regulations of the Children’s Hospital Institutional Animal
Care and Use Committee (protocol 12-11-2308R), the MIT committee on animal care (proto-
col 1005-076-08), and Brigham and Women’s Hospital animal care protocol committee
(2017N000056). Mice were 8-9 weeks of age at the time of study initiation. All efforts were
made to minimize animal suffering. Animal facility personnel monitored the animals daily,
checking for levels of food, water, and bedding in each cage. Mice were also physically checked
three times a week by the investigators. The basic animal maintenance included housing the
mice in cages (five per cage) with sufficient diet, water and bedding and cages were cleaned
and sanitized on a regular basis. Investigators strictly adhered to approved protocols for
humane endpoints; if any animal became severely ill prior to an experimental endpoint, that
animal would be euthanized. Humane endpoints were defined as follows: >20% weight loss,
rough hair coat, jaundice and/or anemia, coughing, labored breathing, nasal discharge, neuro-
logical signs (frequent seizure activity, paralysis, ataxia), prolapse, self-induced trauma, any
condition interfering with eating or drinking, excessive or prolonged hyperthermia or hypo-
thermia, tumor size >1.5 cm” in volume. Animals were randomly assigned to treatment
groups and no animals were excluded from analysis.

For tumor studies, murine mammary carcinoma cells were injected orthotopically, using a
total of 10° or 10° McNeu cells, or 2.5 x 10* or 2.5 x 10> Met-1 cells implanted into the fourth
mammary fat pad of 7-10 week old female FVB mice. Where indicated, either 1x10° or 1x10°
cells of the McNeuA parental cell line were implanted subcutaneously. 2.5x10° human
MDA-MB-435 cells were injected subcutaneously into 8-10 week old female NOD-SCID
mice. Thereafter, tumors were monitored and measured using calipers with volume calculated
as 0.5(length xwidth?).

For the Met-1 metastasis assay, mice received tail vein injections with 10° cells of luciferase-
labeled Met-1 cells suspended in 100 pl of sterile phosphate-buffered saline. MT-2 WT and
OPN-KO clones express different levels of luciferase in vitro because they were labeled
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separately. Therefore, we evaluated the in vitro luciferase expression levels of these cells at the
start of the experiment, prior to IV injection, and used that reading to normalize the in vivo
signals. Pulmonary metastases were monitored weekly by bioluminescent imaging using the
Spectrum Imaging System and Living Image software (Caliper Life Sciences, Inc.). Prior to
imaging, mice were intraperitoneally administered 150 mg/kg D-luciferin (Perkin-Elmer) and
were anesthetized using isoflurane inhalation. Luminescent signal was detected for the regions
of interest as radiance (p/sec/cm?/sr) and analyzed using the Living Image Software Version
4.1 (Caliper Life Sciences). Lungs were fixed and stained using Hematoxylin/Eoisin and metas-
tases were classified as multi- or single-focal and were counted manually on 3 separate sections
spaced 50 microns apart per mouse. Total lung area was quantified using Cell Profiler and
metastases counts were normalized total lung area.

Chemotherapy

For AC-T chemotherapy trials, 2.5 x 10> Met-1 Luc/GFP cells were injected into the mammary
fat pad of 6-8-week-old female FVB mice. Doxorubicin (Teva), paclitaxel (Hospira), and
cyclophosphamide (Sigma) were diluted in PBS for in vivo experiments. Mice were treated
with two to four doses of 5 mg/kg doxorubicin, 10 mg/kg paclitaxel, and 120 mg/kg cyclophos-
phamide administered every two weeks. Doxorubicin was administered via retro-orbital injec-
tion, and paclitaxel and cyclophosphamide were administered via intraperitoneal injection.
For studies investigating the role of OPN in chemotherapeutic response, 2.5 x 10* WT or
OPN KO tumor cells were injected into the mammary fat pad of 6-8-week-old female FVB
mice. When established tumors reached 60-80 mm? in volume, treatment was initiated. Four
treatment arms were included: vehicle control (PBS) on WT or OPN KO cohorts or one dose of
paclitaxel (10 mg/kg), doxorubicin (5 mg/kg) and cyclophosphamide (120 mg/kg) by intraperi-
toneal injection (paclitaxel and cyclophosphamide) and retro-orbital injection (doxorubicin) on
WT or OPN KO cohorts. Tumor growth was monitored using caliper measurements. Average
tumor mass at sacrifice was measured and is presented as the average + standard error of mean.

Osteopontin ELISAs and western blotting

To assess circulating secreted murine osteopontin (mOPN) or human osteopontin (hOPN)
protein levels, whole blood was collected in EDTA-coated tubes (VWR) and centrifuged at
1.5xg for 8 minutes to isolate plasma. mOPN and hOPN concentrations were determined by
ELISA according to manufacturer’s instructions (R&D) and analyzed using a plate reader
(Molecular Device).

To quantify secreted mOPN levels in conditioned medium, cells were grown to 80-90%
confluence in growth medium containing 10% FBS. Then the medium was replaced with
serum-free medium and was collected 24 hours later. mOPN levels in conditioned media were
quantified by ELISA or western blotting.

Whole cell lysates were prepared following culture in the presence or absence of brefel-
din A (used to prevent the secretion of OPN and ensure detection of protein expression).
Cell lysates or concentrated conditioned medium were subjected to SDS-PAGE on 12% gels
and then transferred onto a polyvinylidenedifluoride membrane, which was incubated with
mouse anti-OPN (final dilution: 1:200, Clone AKm2A1, Santa Cruz Catalog # sc-21742,
mouse monoclonal antibody raised against recombinant OPN of mouse origin, references
with validation available on manufacturer’s datasheet) antibody at 4C overnight. After
being washed, membranes were incubated with horseradish peroxidase-conjugated anti-
mouse IgG for 1 hour. The enzyme bound to OPN was visualized using the SuperSignal™
West Pico Chemiluminescent kit (ThermoFisher). The blot was then stripped and
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incubated with rabbit anti-mouse B-actin antibody as a loading control (final dilution:
1:1000, Rockland Catalog # 600-401-886, rabbit polyclonal antibody raised against human
beta-actin, references with validation available on manufacturer’s datasheet).

Immunohistochemistry, immunofluorescence and microscopy

Formalin-fixed, paraffin embedded tissues were sectioned onto ProbeOn Plus microscope
slides (Fisher Scientific) and immunohistochemistry was performed as described [20]. For
immunohistochemistry studies, anti-OPN (final dilution: 1:200, Maine Biotechnology Services
Catalog #MAB197P, mouse monoclonal antibody raised against recombinant OPN of human
origin, [21]) or anti-e-Cadherin (final dilution: 1:100, Cell Signaling Technologies Catalog
#3195T) were used and were detected using the Vector ABC kit (Vector Laboratories, Burlin-
game, CA, USA). For immunofluorescence, anti-OPN (final dilution: 1:50, Clone AKm2A1l,
Santa Cruz Catalog # sc-21742, mouse monoclonal antibody raised against recombinant OPN
of mouse origin, references with validation available on manufacturer’s datasheet) was used
and was detected using a goat anti-mouse IgG AF549 conjugated secondary antibody (final
dilution: 1:1000, Invitrogen Catalog # A11032, polyclonal, references with validation available
on manufacturer’s datasheet). Nuclei were counterstained with DAPI (Invitrogen). Images
were captured with identical exposure and gain using a Nikon Eclipse Ni microscope.

In vitro chemosensitivity studies

4,000 Met-1 cells were plated in quadruplicates in 96-well plates containing growth media.
The next day, vehicle (PBS) or chemotherapy (doxorubicin: .33 nM—2.2 uM; paclitaxel:

14 uM-160 uM) was added to the plate and incubated for 72 hours. ATP levels were quanti-
fied as a surrogate measure for viability (CellTiter-Glo, Promega) using a luminometer
(Perkin-Elmer).

Statistical analyses

Data are represented as mean + SEM and analyzed by ANOVA, Student’s t-test, and/or Mann-
Whitney test as indicated using GraphPad Prism 7.0, unless otherwise stated. P < 0.05 was con-
sidered statistically significant. Error bars represent standard deviation unless otherwise indicated.

Results

Selection of Her2" and Estrogen receptor-negative mammary carcinoma
models

We aimed to design an approach that would enable us to generate appropriately matched con-
trol and CRISPR/Cas9 knockout cell lines, while taking into account the inherent functional
heterogeneity present in nearly all breast tumors and tumor-derived cancer cell lines. We
hypothesized that results from studies employing standard CRISPR/Cas9 approaches, which
often require a subcloning and/or selection step, would be confounded by subclonal functional
heterogeneity.

As a proof of concept, we chose to study Osteopontin (OPN), a protein that we have studied
previously and that is relevant for breast cancer metastasis [20, 22-28]. OPN plays an impor-
tant role in metastasis and survival in many pre-clinical cancer studies, and is positively associ-
ated with metastasis as well as reduced progression-free and overall survival in breast cancer
patients [27-29]. Additionally, OPN has been shown to play a role in chemoresistance in some
cancer types [22, 24, 25, 30-32], but it is unclear whether this is also true of breast cancer.
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Hence, we determined that the breast cancer models that we would employ must meet the
following criteria: secretion of detectable levels OPN both in vitro and in vivo, capacity to form
primary and metastatic tumors in vivo, evidence of heterogeneity, and responsiveness to
chemotherapy.

Transgenic mice that specifically overexpress oncogenic proteins in the mammary fat pad
are commonly employed both for the study of spontaneous breast tumors and as a source for
murine breast cancer cell lines that can be allografted orthotopically in immunocompetent ani-
mals. In this study, we utilized two such murine breast cancer cell lines: McNeuA, a HER2"
breast cancer cell line derived from a spontaneously arising mammary carcinoma in a
MMTV-neu transgenic mouse [19], and Met-1, an estrogen receptor-negative (ER") breast
cancer cell line derived from a mammary carcinoma in a MMTV-PyMT transgenic mouse
(FVB/N-Tg(MMTV-PyVmT) [18].

Characterization of McNeuA and Met-1 cell lines demonstrated their potential as models
for this study, as they secreted detectable levels of OPN in culture as measured by ELISA (Fig
1A). Both cell lines efficiently formed primary tumors following injection into FVB mice (Figs
1B and S1A). While both cell lines formed tumors that had an average mass of 2.3 g at the
experimental end points (30 days for Met-1 and 90 days for McNeuA, or when tumors reached
1.5 mm?, S1B Fig), the McNeuA tumors exhibited more variability in both their tumor inci-
dence and final tumor mass.

In both models, the tumor bearing mice had significantly elevated plasma levels of OPN rel-
ative to cancer-free cohorts whereby average OPN levels were 8-fold and 15-fold higher in the
McNeuA and Metl tumor-bearing mice, respectively, at end stage (Fig 1C). Interestingly,
plasma OPN levels positively correlated with the final tumor mass in mice bearing the
McNeuA tumors (S1C Fig). Immunohistochemical analysis of the recovered tumors revealed
intratumoral heterogeneity for the epithelial marker E-cadherin (Fig 1D).

Previous studies have demonstrated that both of these cell lines are capable of forming lung
metastases [18, 19]. We were particularly interested in the Met-1 cell line, as women with met-
astatic ER” breast cancer most often experience pulmonary metastases [33]. We confirmed that
the Met-1 cells formed pulmonary metastases, with 4 of 5 mice experiencing increased meta-
static burden (~15-300-fold increases) over the experimental time course (Figs 1E and S1D).

We next tested responsiveness of Met-1 mammary carcinoma to combination doxorubicin
(A), cyclophosphamide (C), and paclitaxel (T) chemotherapy (AC-T), a standard of care che-
motherapy regimen for breast cancer patients with ER negative disease. We first tested the sen-
sitivity of Met-1 cells to doxorubicin and paclitaxel in vitro and performed an initial in vivo
experiment to identify a therapeutically relevant, well-tolerated combinatorial dose. Cyclo-
phosphamide, a pro-drug, requires activation into cytotoxic metabolites by liver enzymes in
vivo and was therefore not tested in vitro. Treatment with both doxorubicin and paclitaxel sig-
nificantly decreased viability of Met-1 cells in vitro (S1E and SIF Fig). In vivo, a neoadjuvant
combination dose of doxorubicin (5 mg/kg), paclitaxel (10 mg/kg), and cyclophosphamide
(120 mg/kg) was well tolerated (no weight loss; data not shown) and had a cytostatic effect on
Met-1 tumor growth (Figs 1F and S1G).

To more closely emulate the clinical dosing regimen of AC-T chemotherapy, mice with
Metl mammary carcinoma were administered neoadjuvant AC-T every 2 weeks for 4 cycles.
Interestingly, individual mice bearing Met-1 tumors exhibited differential responses to treat-
ment, and in some cases, mice that initially experienced complete tumor regression eventually
experienced local recurrence (Fig 1G).

Collectively, our analyses indicated that the McNeuA and Met-1 cell lines met our criteria
of OPN secretion in vitro and in vivo, efficient formation of primary orthotopic tumors, and
evidence of phenotypic and functional heterogeneity in vivo. Moreover, the Met-1 cells met
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McNeuA cohorts; n = 5-8 for Met-1 cohorts. Error bars represent SD; statistical significance evaluated using unpaired, two-tailed
Student’s t-test. (D) Representative images of immunohistochemical staining for murine E-cadherin (red) on recovered McNeuA and
Met-1 tumors. Cell nuclei were counterstained with hematoxylin (blue). Scale bars = 100 um. (B-D) representative of 3 independent
experiments per cell line. (E) Average radiance (log;o) per mouse (n = 5) as measured by bioluminescence imaging over 21-day time
course following intravenous injection of 10° Met-1 tumor cells into FVB mice (left graph). Fold-change (log,) in pulmonary metastatic
burden per mouse (right graph). Representative of 2 independent experiments. (F) Response of orthotopic Met-1 GFP/Luc tumors to
single dose combination doxorubicin (5 mg/kg), paclitaxel (10 mg/kg) and cyclophosphamide (120 mg/kg) (AC-T), n = 5-8 tumors/
group. Ordinate represents time (days) following treatment. Error bars represent SEM; two-way ANOVA Sidak’s multiple comparisons
test; **p<0.01. Representative of 3 independent experiments. (G) Growth kinetics of individual orthotopic Met-1 Luc/GFP tumors in
mice injected with 2.5 x 10° tumor cells at the experiment initiation, subsequently receiving 4 biweekly AC-T doses (red arrows).
Numbers and colors represent individual mice.

https://doi.org/10.1371/journal.pone.0198790.g001

the criteria of metastatic capacity and, chemosensitivity. Hence, the McNeuA and Met-1 cell
lines were ideal for our investigation into the effect of tumor heterogeneity on the generation
of appropriately matched control and OPN-KO cell lines.

Heterogeneity between subclonal populations derived from McNeuA and
Met-1

In order to better understand whether the inherent phenotypic heterogeneity of the McNeuA
and Met-1 cells lines would potentially confound the results of an OPN-knockout study, we
generated single cell-derived subclonal populations from both the McNeuA (50 clones) and
Met-1 (42 clones) parental cell lines (Fig 2A). The various subclonal populations exhibited
morphological heterogeneity, displaying a range of epithelial and mesenchymal phenotypes in
culture (Fig 2B and 2C). Cell size also appeared to vary between subclones for each given cell
line (Fig 2B and 2C).

Levels of OPN secreted in vitro by the McNeuA and Met-1 subclones varied considerably.
The McNeuA subclones secreted a range of OPN from 37.5-442.1 ng/ml per 10° cells (Fig
2D), while the Met-1 subclones exhibited a range from no detectable OPN to 287.6 ng/ml per
10° cells (Fig 2E). Importantly, a number of individual subclones secreted levels of OPN that
differed significantly from their respective parental population. For example, OPN secretion
was 6-8-fold higher in some McNeuA subclones (MC-18, MC-22, MC-45, MC-47, MC-50)
and 2.5-3-fold higher in some Met-1 subclones (MT-2, MT-3, MT-4) than their respective
parental populations (Figs 1A, 2D and 2E). Likewise, OPN was undetectable in some of the
Met-1 cells (MT-18, MT-22, MT-25, MT-26, MT-40, MT-42) (Fig 2E). We observed similar
heterogeneity of OPN secretion from clonal populations that we derived from a human mela-
noma cell line, MDA-MB-435 (S3A Fig), suggesting that this phenomenon is not limited to
murine cell lines or breast cancer cell lines.

Taken together, these results highlighted the phenotypic heterogeneity that exists within
tumor-derived breast carcinoma populations in vitro. We therefore explored if different clones
would perform differently in vivo as well.

McNeuA and Met-1 derived clonal populations behave differently in vivo

To understand whether various subclones that displayed different phenotypes in vitro would
also display functional heterogeneity with respect to tumorigenesis, we injected cohorts of
FVB mice orthotopically with various McNeuA or Met-1 subclonal populations and moni-
tored tumor growth parameters over a course of 64 or 49 days, respectively. We chose to use
five subclones from each cell line that secreted high levels of OPN (MC-18, MC-22, MC-45,
MC-47, MC-50 and MT-2, MT-3, MT-4, MT24, MT-29) (Fig 2D and 2E). We injected either
10° or 10° cells of each McNeuA subclone and 2.5x10" or 2.5x10° cells of each Met-1 subclone.
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PLOS ONE | https://doi.org/10.1371/journal.pone.0198790 June 13,2018

9/23


https://doi.org/10.1371/journal.pone.0198790.g002
https://doi.org/10.1371/journal.pone.0198790

@° PLOS | ONE

Controlling for functional heterogeneity in gene editing protocols

Among the McNeuA subclones, a subset of clones (MC-22 and MC-50) formed tumors
with 100% incidence, while another subclone (MC-47) failed to form tumors in any mice, and
incidence was only slightly higher when more cells were injected (Fig 3A). Similarly, Met-1
subclones also exhibited variable tumor incidence with 4 of 5 subclones (MT-2, MT-4, MT-24,
and MT-29) forming tumors with ~100% incidence, while one subclone (MT-3) had reduced
incidence to 50-66%, depending on the numbers of cells injected (Fig 3B).

Those clones that formed tumors displayed variability in latency and growth kinetics. For
example, latency and growth kinetics were not statistically different between MC-22 and MC-50
when 10° cells were injected (Fig 3D); however, growth kinetics differed significantly between
these clones at 10° (p<0.0001, Fig 3C). The subclonal populations also exhibited differences in
latency. For example, when 10° cells were injected, MC-22 and MC-50 had latencies of ~20 days,
MC-18 and MC-45 had latencies of ~40 days, and MC-47 had a latency of ~60 days (Fig 3D).

Similarly, the growth kinetics of the Met-1 subclonal populations was also variable. When
2.5x10* cells were injected, at the 28 day time point (when the MT-4 cohort had reached its
endpoint), the growth kinetics of MT-4 were significantly different from the MT-2, MT-3,
MT-24 and MT-29 subclones (p<0.0002, Fig 3E). The Met-1 subclones also had different
latencies, with the MT-4 and MT-24 clones having shorter latencies than the other subclonal
populations when either 2.5x10* or 2.5x10° cells were injected (Fig 3E and 3F).

The subclones derived from the human melanoma cell line also varied in incidence of sub-
cutaneous tumor formation in NOD-SCID mice, with some clones (i.e. 11, 28, 29, 30) unable
to form tumors in vivo (S2B Fig). Moreover, tumor mass at the experimental end point varied
considerably among these subclones (S2B Fig).

Critically, a number of individual subclonal populations from each tumor model exhibited
different tumor formation capabilities than the respective bulk parental population from
which they were derived. For example, while the parental Met-1 tumor cell line formed ortho-
topic tumors with 100% incidence, the MT-3 subclonal cell line formed tumors with only 60%
incidence when the same number of cells was injected (Figs 1B and 3B). This was also true of
the human xenograft model (S2B Fig).

These observations revealed the considerable subclonal heterogeneity that exists within
human carcinoma and murine mammary carcinoma cell lines and that the behavior of indi-
vidual subclones differs from their respective parental populations.

Evidence that identification of proper controls is necessary for correct
interpretation of experimental findings

Traditional CRISPR/Cas9 editing protocols begin with infection or transfection of the bulk paren-
tal population [3-7]. For this reason, the unedited or mock-infected parental cell line is typically
used as a control. Due to the inefficiency of infection and/or editing in certain cell lines (especially
tumor cell lines that are hyperploid), there is often a subclonal selection step that follows the initial
infection and then a validated, edited subclone is used for subsequent experimentation. Our ini-
tial characterizations of the McNeuA and Met-1 parental and subclonal populations demonstrate
why one must use caution when considering this commonly used approach.

In some scenarios, subclonal heterogeneity could confound interpretation of knockout effi-
ciency. For example, 23% of the Met-1 subclones have low or no detectable secreted OPN (Fig
2E). Hence, if one randomly selected one of these clones (e.g. MT-42) and evaluated the func-
tional success of the OPN KO by comparing its OPN secretion levels to that of the parental
Met-1 cell line, a failed knockout attempt or false positive result could be overlooked.

In another scenario, if the clonal population that was selected after CRISPR/Cas9 OPN-
knockout happened to be clone MT-3 and its orthotopic tumor penetrance was compared to
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https://doi.org/10.1371/journal.pone.0198790.g003
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that of the parental Met-1 population, then one could erroneously interpret the necessity of
OPN for primary tumor formation, when in fact this clone, prior to OPN knockout, already
inherently forms tumors with lower incidence (~66%) than the parental population (100%)

(Figs 1B and 3B).

Likewise, comparing two subclonal populations, even those that secrete similar levels of
OPN and form tumors with the same incidence, could also lead to spurious results. For exam-
ple, if one randomly selected MT-29 as an OPN KO clone and MT-4 as a control, then incor-
rect conclusions could be drawn about the role of OPN in tumor growth. This is because prior
to OPN KO, both clones express similar levels of OPN (~225 ng/ml; Fig 2E) and form tumors
with similar incidence (Fig 3B) but MT-29 inherently exhibits significantly longer latency and
reduced growth kinetics than MT-4 (Fig 3E and 3F). The same holds true for MC-18 and MC-
50, which secrete similar levels of OPN (~400 ng/ml; Fig 2D), but incidence of tumor forma-
tion after injecting 10° cells is ~17% for MC-18 and 100% for MC-50 (Fig 3A). Hence, the
chances of randomly selecting functionally equivalent clones-such as MC-22 and MC-50,
which secrete similar levels of OPN (>250 ng/ml; Fig 2D), form tumors with similar incidence
(100%; Fig 3A), and display similar growth kinetics (Fig 3B)-are low without extensive charac-
terization of individual clones prior to gene editing.

Our results provided evidence that neither the parental population nor other subclones
would represent an appropriately matched wild-type control for a CRISPR/Cas9 knockout cell
line that was selected after the gene editing step. The only appropriate control would be to
compare the behavior of edited and unedited cells derived from the same clonal population.
We therefore concluded that a modified strategy should be developed to account for heteroge-
neity and enable the generation of appropriately matched cell lines.

Generating spp1 knockout clonal populations via CRISPR/Cas9

One would not have known a priori about differences in subclonal biological phenotypes and
experimental outcomes by taking traditional approaches to gene editing. Therefore, we devel-
oped a modified CRISPR-Cas9 editing protocol for generating matched control and knockout
cells. Appropriate subclonal populations that we had generated and characterized were chosen
for CRISPR/Cas9 gene targeting based on the desired biological properties of high intrinsic
levels of OPN secretion and orthotopic tumor incidence of 100%. We identified three clonal
populations that fit these criteria: MC-22, MC-50, and MT-2 (Figs 2D, 2E, 3A and 3B). In con-
trast to traditional CRISPR/Cas9 protocols, we used single cell-derived subclonal populations
that we had generated prior to CRISPR/Cas9 gene targeting (Fig 4A).

We used our modified CRISPR/Cas9 editing strategy to delete the spp1 gene (which
encodes Osteopontin) in each subclonal population in order to generate OPN KO cell lines.
To do so, the individual subclonal populations were transiently co-transfected with a human
codon-optimized spCas9-2A-GFP fusion protein expression plasmid (Addgene plasmid
#44719) and a plasmid harboring a sgRNA targeting exon 2 of spp1 (Fig 4B). After 24 hours,
the GFP-positive (and therefore successfully transfected) Cas9-expressing cells from each sub-
clonal population were collected by FACS and allowed to expand in culture for at least six dou-
blings (~3 days) (Fig 4A). By giving transfected cells more time to recover from FACS sorting,
we observed improved single cell cloning recovery rates for the MC-22, MC-50, and MT-2
subclones (respectively 42%, 55%, and 53%, Fig 4C) compared to transfected cells that were
directly sorted as single cells, in which the recovery rate was ~5% in an initial trial (data not
shown). The higher colony recovery rate and enrichment of Cas9 expressing cells during the
first sorting step allowed us to achieve both higher editing efficiency and more homozygously
edited clones (Figs 4C and S3).
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(E) Concentration of murine osteopontin (mOPN) in 24-hr conditioned media from MC-50 WT and edited clones (MC-50-KO1 and
MC-50-KO2). mOPN levels were normalized to final cell count. Osteopontin was undetected (ND) in conditioned media collected from
both edited subclones. (F) Immunofluorescence cytochemical staining for mOPN (red) in MT-2 WT and a validated MT-2 OPN-KO
clone. Nuclei are counterstained with hematoxylin (blue). Scale = 100 pm.

https://doi.org/10.1371/journal.pone.0198790.9004

Due to the transient nature of our transfection protocol, only cells in which the Cas9-GFP
fusion protein had been randomly integrated would maintain GFP expression past this point.
In order to avoid random integration of the Cas9 expression plasmid into the genome, a sec-
ond round of single-cell sorting by FACS was employed to isolate cells that had not undergone
a Cas9 integration event by sorting and selecting for GFP-negative cells (Fig 4A). Single cell-
derived subclones were then expanded in culture.

We next employed Sanger sequencing to identify the edited subpopulations from among the
recovered subclones (S3A Fig). Of the recovered subclones from the MC-22, MC-50, and MT-2
lines, a subset of the single cell clones contained either a hemizygous or homozygous mutation
in the spp1 gene, representing editing efficiencies of 42%, 55%, and 53%, respectively (Fig 4C).
We found that MC-50 clone is hyperploid for the chromosome region containing spp1 based
on partially edited clones’ sequencing result (S3B Fig) and this observation was further validated
by genotyping these clones using TA cloning and Sanger sequencing (data not shown). Between
26-40% of the successfully edited clones contained homozygous mutations (Fig 4C).

We validated loss of OPN protein expression in each of the OPN KO clones compared to
its appropriately matched control using western blotting, ELISA of conditioned media, or
immunocytochemistry. We observed no detectable OPN protein (Fig 4D-4F), demonstrating
that our CRISPR/Cas9 editing strategy was successful and we had generated authentic OPN
KO subclonal cell lines.

Osteopontin is dispensable for primary tumor growth

Most studies, including our own, report that OPN is dispensable for primary tumor growth, but
is critical for metastasis due to its effects on tumor cells, the host systemic environment, and the
tumor microenvironment [20, 23, 26]. Therefore, successful generation of appropriately
matched KO and WT cell lines should also reflect these properties (e.g., loss of OPN should
have no effect on primary tumor growth, but should alter metastatic ability). This makes OPN
an ideal protein to test our concept because its dispensability for primary tumor growth means
that WT and OPN KO clones should exhibit similar primary tumor growth kinetics and inci-
dence. Therefore, we tested the tumor formation capabilities of the matched clones.

WT and OPN KO MC-50 cells (2x10%), MC-22 cells (1x10°) or MT-2 cells (2.5x10%) were
orthotopically injected into FVB mice and were allowed to grow until tumors reached ~1 cm”.
Loss of tumor-derived OPN did not significantly affect growth kinetics or the final mass of any
of the tumors derived from matched subclonal cell lines (Fig 5A-5C). In fact, there were no
significant differences in any other tumor growth parameters (Fig 5A-5C) or spleen mass
(S4A Fig) between cohorts bearing WT and the respective matched OPN KO tumors.

As a control, we tested the concentration of circulating plasma mOPN in the tumor-bearing
mice and cancer-free controls. As expected, mOPN plasma levels were elevated in the mice
bearing WT tumors relative to the cancer-free cohort, and plasma OPN levels were signifi-
cantly reduced in the mice bearing KO tumors relative to WT (Fig 5A-5C). Plasma OPN levels
from the cohorts of mice bearing MC-50 and MT-2 OPN KO tumors were not significantly
different from their respective cancer-free cohorts (Fig 5A-5C). However, plasma OPN from
mice bearing MC-22 KO tumors was significantly higher than the cancer free controls (Fig
5A), suggesting that clone MC-22 may in fact induce an elevation in host-derived OPN.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198790 June 13,2018 14/23


https://doi.org/10.1371/journal.pone.0198790.g004
https://doi.org/10.1371/journal.pone.0198790

®'PLOS | one

Controlling for functional heterogeneity in gene editing protocols

MC-22 MC-22
“E1000 . T (n=10 4 .
£ = =
= gool * KO fn—10} °
g 87 g
5 600 <
&) EZ
2 400 ’g
o
E 200 21
T oo
38 42 49 56 53 o
Time (days) WT KO
MC-50 5, McC-50
"
£ 1000 wr (n=12) S 4
E 800{ =KO (n=13) » .
£ 600 e3 %,
S 400 S 2
— - S 1_
§ 200 [
C S m o maa s "W 1o
Time (days)
. MT-2 6, MT-2
900 = .
E 800| = WT (n=16 C)
£ 700{ = KO (n=14 24 .
2 600 o7
25 a
o .
2 300 = .
G 200 = :
§1oo 0
213 % WT KO
Time (days)
MC-22 MC-50

WT

OPN KO

MC-22

dx o
Ny

plasma [OPN] (ng/
S
o

CF WT KO
,_E\ 800 MC-50
S 7007
£ 600 *k
g 500 "
o 400
< 300
g 200 Ak
% 1001 o
CF WT KO
- MT-2
E 800‘ *% ok
S 7001 "
£ 6004 M
?. 500;
O 4001
‘© 300
g 2001
8 1001
o 0
CF WT KO
MT-2

Fig 5. OPN depletion does not affect primary tumor formation in murine models of HER2" and ER" breast
cancer. (A-C) FVB mice were orthotopically injected with 10° MC-22 (A), 10° MC-50 (B), or 2.5 x 10* MT-2 (C) cells.
Growth kinetics (mm?>) of orthotopic tumors of WT (blue lines) and validated OPN-KO clones (red lines). Mass of
primary tumors from WT (blue) or OPN-KO (red) cohorts at experimental end points. No statistically significant
differences were determined by 2way ANOVA (tumor growth kinetics) or unpaired, two-tailed Students’ t-test (tumor
mass) statistical analyses. Circulating plasma murine osteopontin (mOPN) levels from cancer-free (green) or tumor
bearing mice from the MC-22, MC-50, or MT-2 WT (blue) or OPN-KO (red) cohorts (One-way ANOVA: ***
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p = 0.0003, **** p < 0.0001). Error bars represent SD. (D) Representative immunohistochemical staining for mOPN
(red) in tumors derived from MC-22, MC-50 and MT-2 WT and validated OPN-KO cell lines. Cell nuclei
counterstained with hematoxylin (blue). Scale bar = 50 um.

https://doi.org/10.1371/journal.pone.0198790.9005

It is important to note that if we had used the parental McNeuA cell line as a WT control
rather than the appropriately matched WT MC-22 cell line, we would have failed to see a sig-
nificant difference in the circulating OPN levels between cohorts (S4B Fig). This observation
would not have been possible using a traditional CRISPR/Cas9 gene editing protocol, once
again highlighting the strength of our system and the necessity of using appropriately matched
control cell lines in knockout studies.

Finally, we visualized OPN expression in the tumors that formed in each cohort using
immunohistochemical staining. We observed positive staining for OPN in the WT MC-22,
MC-50, and MT-2 tumors, but did not detect any OPN™ cells in the corresponding OPN KO
tumors (Fig 5D), confirming that the OPN KO was successful. These observations provided
further evidence that any circulating OPN detected in mice injected with the OPN-KO clones
(Fig 5A-5C) was host-derived rather than tumor derived.

Together, these results demonstrated that our modified CRISPR/Cas9 gene editing protocol
can be successfully used for studies examining the role of a gene in primary tumor outgrowth.

Loss of osteopontin reduces multifocal metastatic outgrowth

Osteopontin is considered a biomarker for tumor progression and is detected at higher levels
in more aggressive tumors than their low-grade counterparts, is elevated in the serum of
patients with metastatic disease, and is included in gene lists predicting poor prognosis for
many cancer types [28, 34-40]. Although OPN is most often dispensable for primary tumor
growth, OPN is necessary for metastasis [20, 41-43].

Met-1 cells are highly metastatic [18] (Fig 1E) and therefore serve as an ideal pre-clinical
model of ER-negative disease to test whether our CRISPR/Cas9 system is useful for metastasis
studies. To address this question, we labeled the MT-2 WT and MT-2 OPN KO cell lines with
a dual GFP/luciferase reporter and injected the labeled cells intravenously via the tail vein into
cohorts of mice (Fig 6A). Metastasis formation was monitored using bioluminescent in vivo
imaging at weekly intervals.

Metastatic burden was decreased in the MT-2 OPN KO cohort relative to that of the MT-2
WT cohort, as indicated by the marked reduction in the fold change of bioluminescent signal
in the MT-2 OPN KO cohort at day 28 (p = 0.000067 at day 28, p>0.05 for all other time
points; Fig 6B and 6C). As further confirmation, we analyzed H&E lung sections at the experi-
mental end point and quantified the numbers of single and multifocal metastases. There were
significantly fewer total and multifocal pulmonary metastases in mice that had been injected
with the OPN KO cells compared to mice that had been injected with OPN WT cells (Fig 6D-
6F). Additionally, the average number of single-focus metastatic outgrowths was also reduced
in mice in the OPN KO cohort compared to the WT cohort (S5 Fig).

Collectively, our results established that by using appropriately matched cells, we could con-
fidently conclude that OPN is necessary for metastatic colonization and that our CRISPR/Cas9
protocol is useful for pre-clinical metastasis studies.

Loss of osteopontin enhances chemosensitivity

Resistance to standard chemotherapies remains a significant clinical problem, particularly for
triple-negative breast cancer [44]. In order to interrogate whether OPN contributes to
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Fig 6. Matched wild type and knockout OPN cell lines can be used for pre-clinical metastasis studies. (A) Experimental
schema for metastasis assay. (B) Representative in vivo bioluminescent images of mice injected with MT-2 WT or MT-2
OPN KO after 7d and 21d. (C) Average fold change of bioluminescent signal (radiance (p/sec/cm?/sr), log10, normalized for
differences in Luciferase expression between cell lines) from mice with MT-2 WT (blue) or MT-2 OPN KO (red) at indicated
time points. (unpaired, two tailed t-test: *** p = 0.000067). Error bars represent SEM. (D) Representative hematoxylin &
eosin staining of lungs from mice that received tail vein injections of MT-2 WT or MT-2 OPN KO cells. An example of a
multifocal metastasis is marked with a blue arrow and an example of a single focus metastasis is marked with a red arrow.
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Scale = 1000 pm. (E) Quantification of total metastases in MT-2 WT (blue) and MT-2 OPN KO (red) cohorts (WT n =21,
KO n = 30; Mann-Whitney, p = 0.0466). Error bars represent SD. (F) Quantification of multifocal metastases in MT-2 WT
(blue) and MT-2 OPN KO (red) cohorts (WT n = 21, KO n = 30; Mann-Whitney, p = 0.0185). Error bars represent SD.

https://doi.org/10.1371/journal.pone.0198790.9006

chemoresistance in breast cancer models, we tested the MT-2 WT and KO cell lines for sensi-
tivity to AC-T chemotherapy in vivo.

We injected 2.5 x 10* MT-2 WT or matched OPN KO tumor cells into the mammary fat
pads of FVB mice. When established tumors reached ~60-80 mm® in volume (14 days), ani-
mals were randomized based on tumor volume and enrolled into either vehicle control (PBS)
or AC-T chemotherapy treatment cohorts (Fig 7A).

MT-2 WT and MT-2 KO tumors exhibited sensitivity to AC-T treatment relative to their
respective vehicle-treated cohorts (Fig 7B). However, in response to AC-T, the MT-2 KO
tumors exhibited reduced growth kinetics compared to their MT-2 WT counterparts in three
independent trials (Fig 7B). Likewise, final tumor mass was significantly lower in the MT-2
KO treatment cohorts compared to the MT-2 WT treatment cohorts (Fig 7C). Sensitivity to
doxorubicin and paclitaxel was not apparent in vitro (S6A and S6B Fig). Hence, the enhanced
sensitivity observed in vivo could be due to the effects of OPN only on cyclophosphamide resis-
tance, the host microenvironment, or both.

Together, these data established that elimination of OPN expression enhances chemosensi-
tivity of the MT-2 breast cancer population.

Discussion

The ability to genetically edit a cell line to either suppress, knockdown, induce, overexpress,
knock-in, or mutate a protein of interest provides an indispensible tool for biological research.
However, our work demonstrates that studies designed to test necessity or sufficiency of
genes/gene products without choosing appropriately matched unedited controls run the risk
of detecting false positive or false negative results due to inherent phenotypic differences in
subclonal cellular populations that result from heterogeneity. Our alternative approach to gen-
erate subclones and screen for desired phenotypes prior to genetic manipulation provides one
solution to this problem.

As we demonstrated through proof-of-concept studies, our approach works well for
hypothesis-testing experimentation, when biological phenotypes to be tested are defined.
Another benefit to our modified approach is that characterization of subclone phenotypes may
enable one to select a range of biological properties that could be tested. Moreover, this
approach enables discovery of novel properties for which mechanistic insight could be
obtained in a straightforward manner. For example, one of our subclones (MC-22 KO) stimu-
lated elevated host plasma OPN while another clone (MC-50 KO) did not, thereby enabling
one to compare properties (e.g., gene expression) of related clones to yield mechanistic
insights. While our approach takes added time and expense, it ensures that the real function of
a specific protein of interest is uncovered during experimentation.

One caveat of our approach is that isolating particular subclonal populations removes the
inherent heterogeneity of a cell line, which could have important biological consequences.
This is particularly relevant in circumstances in which the biology is not well understood. If
heterogeneity is desirable, then one could employ a clonal pooling approach, thus ensuring
that a given experiment is both properly controlled and that the heterogeneous nature of the
parental cell line is not lost.

It has been reported that functional heterogeneity can arise even within a ‘clonal’ cellular
population as a result of cell plasticity or epigenetic alteration [13]. Hence, although we did not
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Fig 7. MT-2 OPN-KO derived tumors exhibit enhanced chemosensitivity in vivo. (A) Experimental schema. 2.5 x 10* MT-2 WT or OPN-KO
tumor cells were injected into the mammary fat pads of 6-8-week-old female FVB mice. A single dose of AC-T was initiated at 14 days, when
tumors reached ~60-80 mm? in volume, and tumor growth was monitored periodically until the end point of 44 days. Error bars represent SD. (B)
Tumor growth kinetics for MT-2 WT vehicle (blue; n = 5) and AC-T treated (green; n = 4) and MT-2 OPN-KO vehicle (red; n = 3) and AC-T
treated mice (purple; n = 2). Representative of 3 biological repetitions. Error bars represent SD. (C) Endpoint tumor mass for MT-2 WT and MT-2
OPN-KO AC-T treated mice from 2 separate experiments (Mann-Whitney, p = 0.0037; endpoint tumor mass was not measured during the first of
the three experimental repetitions). Data points from individual repetitions are represented with different colors. Error bars represent SD.

https://doi.org/10.1371/journal.pone.0198790.9007
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test clonal plasticity in our system, it is reasonable to hypothesize that a high degree of cellular
plasticity could cause differences between matched control and edited populations that may
not be due to the target gene. Limiting the in vitro passage of the cell lines to minimize chances
for additional selection and monitoring for unexpected functional changes in control cell lines
may help to prevent this added complication.

Our new experimental approach led us to discover an important function of OPN in resis-
tance to a standard breast cancer chemotherapy regimen. Use of our matched wild type and
OPN-deficient subclones will enable future studies to determine the mechanism through
which OPN acts to promote this chemoresistance in breast cancer. It appears that it may rely
on a non-cell intrinsic mechanism, as the reduced chemosensitivity was only observed in vivo
and not in vitro. The matched subclones we report here provide a valuable tool to expand such
studies.

Supporting information

S1 Fig. Met-1 and McNeuA parental tumor characteristics. (A) Individual and average
tumor growth kinetic rates from FVB mice orthotopically injected with 2.5x10°> Met-1 cells.
Error bars represent SD. (B) Endpoint tumor masses of mice injected with 10> (red) or 10°
(blue) McNeuA cells or 2.5x10° Met-1 cells. Error bars represent SD. (C) Circulating plasma
osteopontin (OPN) levels were measured using ELISA and were plotted against the primary
tumor mass in the corresponding animal. (D) Representative hematoxylin & eosin staining of
lung tissue from a mouse that received intravenous injection of Met-1 cells. An example of a
pulmonary metastasis is marked with a blue arrow. Scale = 1000 pm. Representative of two
independent experiments. (E,F) Viability of Metl GFP Luc cells treated in vitro with various
doses of doxorubicin and paclitaxel for 72 hours. Representative of three independent experi-
ments. Error bars represent SEM. (G) Tumor growth kinetics of the Met-1 Luc/GFP parental
cells injected orthotopically into FVB mice at 2.5 x 10” cells treated with two bi-weekly doses
of either vehicle (blue, n = 6) or AC-T (red, n = 8). Error bars represent SEM.

(TTF)

S2 Fig. MDA-MB-435 subclonal populations are heterogeneous. (A) Human osteopontin
(hOPN) secreted into culture medium by MDA-MB-435 parental cells (P1-3) and single cell
clones after 24h, normalized for the number of cells in each well (n = 3 replicates per cell line).
(B) Average mass (mg) of tumors 60 days after subcutaneous injection of 2.5x10° MDA-MB-
435 parental cells (P1-4) or indicated subclones into NOD-SCID (n = 5 mice per cohort).
(TIF)

$3 Fig. Sanger sequencing of matched wild type and CRISPR-Cas9 OPN knockout cell
lines. (A) Examples of coding-frame shift confirmed to be homozygous in MT-2, MC-22 and
MC-50 clones by Sanger sequencing as reported in Fig 4C. (B) Example of coding-frame shift
confirmed to be heterozygous as reported in Fig 4C.

(TIF)

S4 Fig. OPN depletion does not affect final primary tumor mass or spleen mass in murine
models of HER2" and ER’ breast cancer. (A) Final spleen mass was measured in mice
injected with either MC-22, MC-50, or MT-2 WT or OPN-KO cell lines. No significant differ-
ence was observed between WT and KO cohorts for each clone (unpaired, two-tailed Student’s
t-test). (B) Circulating plasma mOPN levels were measured from mice bearing either McNeuA
Parental or MC-22 OPN-KO primary tumors using ELISA (unpaired, two-tailed t-test,

p = 0.2480). Error bars represent SD.

(TIF)
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S5 Fig. OPN knockout results in reduced metastatic burden. Quantification of single focus
metastases in MT-2 WT (blue) and MT-2 OPN KO (red) cohorts (WT n =21, KO n = 30;
Mann-Whitney, p = 0.1248). Error bars represent SD.

(TTF)

S6 Fig. Enhanced chemosensitivity of OPN-depleted cell lines to doxorubicin and pacli-
taxel is not observed in vitro. (A,B) MT-2 WT or MT-2 OPN-KO cells were plated in quadru-
plicate and were treated with various doses of doxorubicin (A) or paclitaxel (B) 24 hours after
plating. ATP levels were quantified 72 hours after treatment as a surrogate measure for viabil-
ity using Cell-Titer Glo and were normalized to vehicle treated. Error bars represent SD.

(TTF)
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Figure 1. HMLER clonal populations are functional heterogeneous. (A)
CD44/CD24 gating strategy for FACS to isolate single cell clones that were used
to generate thirty clonal populations from the HMLER-HR-tdTomato cell line. (B)
Phase microscopy images of two CPs with varying degrees of epithelial and
mesenchymal morphology. Scale bars = 100 um. (C) Heat maps representing
range of proliferation rates and tumorsphere formation rates of individual CPs,
HMLERS$, and the parental HMLER-HR-tdTomato (HMLERP) cell line. (D)
Sandplot showing clonal composition of HMLER® over 6 passages in vitro.



A N-HSE A-HSE

N P Ay @

: HMLERS TNBC
HMLERS Matrigel (BPLER)

B

D 12 57 8 9 1923262830323338424445474849 5053546466 6768707273

[ | | || L1 1 |
4011 | [ [ HEEE B

401-2 | | | | | | I
402-1
402-2
402-3
402-4
404-1
404-2

N-HSE

407-1
407-2
408-1
408-2
408-3
408-4
409

A-HSE

m

N
o

p =0.0001

—_—
o o @

ceces =

N-HSE A-HSE

Detected Clones




Figure 2. HMLERS tumors recovered from the activated host systemic environment are
more heterogeneous than those in the naive host systemic environment. (A)
Experimental schema for HMLERS cell line injection into the naive host systemic
environment (N-HSE) and activated host systemic environment (A-HSE). (B)
Representative images from hematoxylin and eoisin (H&E) stained HMLERS tumors
recovered from N-HSE and A-HSE cohorts. Left panels imaged at 4x, right panels imaged
at 20x. (C) Representative images from HMLERS tumors recovered from N-HSE and A-
HSE cohorts that were stained for a-SMA (brown) and counterstained with hematoxylin.
Tumors imaged at 20x. (D) Representation of PRISM detected barcodes in individual
HMLER® tumors recovered from mice in the N-HSE and A-HSE cohorts. Individual tumors
are represented across rows and barcode identity is represented along columns. (E)
Number of detected CPs per HMLERS tumor. Each point represents an individual tumor.
Bars represent mean and SD (N-HSE n = 8, A-HSE n = 7; unpaired, two-tailed t-test).
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Figure 3. HMLER® tumors in N-HSE and A-HSE have different
patterns of innate immune infiltration. (A) Representative
images of HMLER ¥ tumors recovered from N-HSE and A-HSE
cohorts stained for MPO (brown) and counterstained with
hematoxylin. Images were captured at 20x magnification. (B)
Percent of cells that stained positively for MPO. Points represent
individual tumors. Error bars represent mean and SD (N-HSE: n =
9; A-HSE: n = 8; unpaired, two-tailed T-test). (C) Representative
images of HMLER § tumors recovered from N-HSE and A-HSE
cohorts stained for F4/80 (brown) and counterstained with
hematoxylin. Images were captured at 20x magnification.
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Figure 4. A functional innate immune system is required for enhanced
heterogeneity in A-HSE HMLER $ tumors. (A) Representation of next-generation
sequencing detected barcodes in individual HMLER § tumors recovered from NSG
mice in the N-HSE and A-HSE cohorts. Individual tumors are represented across
rows and barcode identity is represented along columns. (B) Number of detected
CPs per HMLER® tumor. Each point represents an individual tumor. Bars represent
mean and SD (N-HSE: n = 10, A-HSE: n = 10; Mann-Whitney test). (C)
Representative images of HMLER ® tumors recovered from NSG N-HSE and NSG
A-HSE cohorts stained for MPO (brown) and counterstained with hematoxylin.
Images were captured at 20x magnification. (D) Percent of cells that stained
positively for MPO in indicated cohorts. Points represent individual tumors. Error
bars represent mean and SD (N-HSE: n = 9; A-HSE: n = 8; NSG N-HSE: n = 10;
NSG A-HSE: n = 10; **** = p < 0.0001, Ordinary one-way ANOVA, Tukey’s Multiple
Comparisons Test).



A
Absent
N-HSE & A-HSE
A-HSE only
N-HSE only

B
Absent
N-HSE & A-HSE
A-HSE only
N-HSE only
Absent
N-HSE & A-HSE
A-HSE only
N-HSE only

D
Absent
N-HSE & A-HSE
A-HSE only
N-HSE only

Figure 5

Proliferation in vitro
1 2 57 8 9 19232628303233 38424445 474849 505354 6466 6768707273

HMLERP
HMLERS

High

Low

Tumorsphere formation
1 2 57 8 9 1923262830 323338424445 474849 5053 54 64 66 67 68 707273

HMLERP
HMLERS

High

Low
HLA MFI

12 57 8 9 1923262830323338424445474849 5053546466 6768707273

F

=

High

Low

CD47 MFI

12 57 8 9 1923262830323338424445 474849 5053546466 6768707273

H

High

Low



Figure 5. Cell intrinsic properties of individual CPs do not explain selection
patterns observed in vivo. A-D: Individual CPs evaluated for their proliferation
kinetics rates (A), tumorsphere formation rates (B), HLA-1 expression levels
(quantified using median fluorescence intensity, MFI) (C), and CD47 expression
levels (D). CP identities are represented using color and are placed in columns
arranged from highest to lowest values from left to right. CPs were placed in the row
that corresponds to their presence or absence from HMLER® tumors in the N-HSE,
A-HSE, or both environments in the in vivo selection experiment represented in

Figure 2.
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Figure 6. HMLER?® subpools exhibit unique patterns of cytokine and chemokine
secretion. (A) HMLER® subpools that resembled HMLER$ tumor clonal composition
in the experiment represented in Figure 2 were generated by mixing equal numbers of
the indicated CPs. (B) HLA-I median fluorescence intensity (MFI) values of CP
subpools that had been cultured in the absence (-) or presence (+) of IFN-gamma. (C)
CD47 median fluorescence intensity (MFI) values of CP subpools that had been
cultured in the absence (-) or presence (+) of IFN-gamma. (D) Heat map representing
protein array quantifications of chemokine expression levels in conditioned media from
the indicated HMLER § subpools. (E) Heat map representing protein array
quantifications of cytokine expression levels in cell lysates of the indicated HMLER ®
subpools.(F-H) Expression levels G-CSF (F), CXCL1 (G), and IL-8 (H) in conditioned
media of the indicated HMLER ¥ subpools as measured by ELISA. Error bars represent
SD (n = 3 per condition, one-way ANOVA).
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Figure 7. HMLER® subpools have unique gene expression signatures despite
containing common CPs. (A) Hierarchical clustering of the HMLER® subpools
L1000 gene expression signatures. (B) Hierarchical clustering of individual CP L1000
gene expression signatures within A-HSE ¥ . (C) Tick plots showing the position of
each TNBC sample in the ranked list of connectivities between all TCGA breast
cancer samples (~7k) and the L1000 gene expression signature of each HMLER ®
pool. (D) Volcano plots showing Normalized enrichment score (Nes) and the
corresponding —log(FDR) for the indicated KEGG pathways for various HMLER®

subpools.
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Figure 8. N-HSE $ subpool is more chemosensitive than A-HSE ® subpool both in
vitro and in vivo. (A) Fractional survival (y-axis) of subpools following 72 hours of
treatment with doxorubicin (concentrations along x-axis: 0 nM, 10 nM, 50 nM, 100 nM,
and 10 uM). A two-sided Wilcoxon rank sum test, stratified for dose, was used to
compare fractional survival of N-HSE ¥ to A-HSE ¥. (B) Experimental schema for in vivo
doxorubicin study. (C) Final tumor mass for N-HSE ® to A-HSE ¥ tumors (N-HSE dox:
n=20; N-HSE vehicle: n=10; A-HSE dox: n=19; A-HSE vehicle: n=8; Mann-Whitney

test).
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IL-18 inflammatory response driven by primary
breast cancer prevents metastasis-initiating cell

colonization
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Lack of insight into mechanisms governing breast cancer metastasis has precluded the development of curative therapies.
Metastasis-initiating cancer cells (MICs) are uniquely equipped to establish metastases, causing recurrence and therapeu-
tic resistance. Using various metastasis models, we discovered that certain primary tumours elicit a systemic inflammatory
response involving interleukin-1p (IL-18)-expressing innate immune cells that infiltrate distant MIC microenvironments. At
the metastatic site, IL-1 maintains MICs in a ZEB1-positive differentiation state, preventing MICs from generating highly
proliferative E-cadherin-positive progeny. Thus, when the inherent plasticity of MICs is impeded, overt metastases cannot be
established. Ablation of the pro-inflammatory response or inhibition of the IL-1 receptor relieves the differentiation block and
results in metastatic colonization. Among patients with lymph node-positive breast cancer, high primary tumour IL-1f expres-
sion is associated with better overall survival and distant metastasis-free survival. Our data reveal complex interactions that
occur between primary tumours and disseminated MICs that could be exploited to improve patient survival.

seminated disease at initial diagnosis, yet ~20% of patients

ultimately relapse’. Metastatic dissemination often begins at
early stages™®, yielding many latent micrometastases. By some esti-
mates, less than 0.02% of those disseminated tumour cells will form
secondary tumours, indicating that successful metastatic coloniza-
tion is rare' and ascribed to only specialized minority cancer cells,
termed MICs’.

The seemingly simultaneous emergence of clinically detect-
able metastases has led to the notion that reactivation of
secondary lesions from dormancy is triggered systemically®’.
Preclinical modelling has revealed that primary tumours
influence metastasis by modulating both systemic and second-
ary tumour microenvironments before and after dissemina-
tion'*". The role of the immune system during these processes is
particularly complex'®. Little is known about the impact of the
immune system on MIC colonization or the context in which
primary tumour-driven pathophysiology will prove to be pro- or
antimetastatic.

Successful metastatic colonization is also largely dependent
on the inherent biology of the tumour cell. Cellular plasticity is a
fundamental component of several leading metastasis models,
including co-option of developmental pathways, the epithelial-
to-mesenchymal transition (EMT) and cancer stem cell models".
Once MICs reach a distant tissue, the necessity of cellular plasticity

Patients with breast cancer often exhibit no evidence of dis-

to developing overt metastatic lesions remains to be determined.
Clinical and preclinical findings therefore provoke the question of
whether the success of disseminated MICs is influenced by overall
disease pathophysiology.

Results

Identification of primary tumours that inhibit metastatic colo-
nization. To determine whether primary tumours influence colo-
nization of disseminated MICs, we first employed a polyclonal
metastatic mammary carcinoma cell line, Metl, derived from a
spontaneous lung metastasis in an FVB/N-Tg(MMTV-PyMT)
mouse’. Met1 cells or PBS vehicle control were injected orthotopi-
cally into FVB mice. After 2 weeks, when primary tumours reached
~100mm?® (Supplementary Fig. 1a), we synchronized metastasis by
injecting the same heterogeneous Metl population intravenously
(Fig.1a), whereby only the MIC subpopulation should be capable
of seeding metastases'””. Lungs were analysed after a subsequent
2-week period.

In three independent experiments, the control cohort developed
overtpulmonarymetastaseswhilenomacrometastaseswereobserved
in mice bearing orthotopic Metl primary tumours (Fig. 1b,c).
Importantly, orthotopic Metl primary tumours did not inhibit
the development of Metl secondary tumours that were injected
subcutaneously (Supplementary Fig. 1b), an injection scheme
that does not provide selection pressure for murine MIC (mMIC)
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Fig. 1| Primary tumours inhibit the outgrowth of distant MICs independently of the adaptive immune system. a, Schematic modelling the early stages of
mMIC lung colonization in the presence of a Met1 primary tumour in FVB (b-e) or nude (f,g) mice. PBS vehicle is the control for primary tumours. Met1 cells
(2.5%10° per mouse) or PBS control (20 pl) were injected into a single fourth inguinal mammary fat pad at day 0. On day 14, Met1 cells (mMIC) or the Met1-
derived clone MT3 (mMIC-MT3) were injected intravenously (i.v.; tail vein) (7.5x10° cells per mouse). Primary tumour growth kinetics were monitored from
day O; pulmonary metastases were quantified at experimental end points. b,df, H&E images of lungs from mice bearing Met1 primary tumours or PBS control.
c,e,g Macrometastases (macro-mets) >100 um quantified from microscopy tissue sections from 4 lung lobes per animal for mMIC metastases in FVB mice
(PBS, n=7 animals; Met1, n=8 animals) (¢), mMIC-MT3 metastases in FVB mice (PBS, n=9 animals; Met1, n=10 animals) (e), and mMIC metastases in
nude mice (PBS, n=5 animals; Met1, n=4 animals) (g). h, Schematic modelling the early stages of hMIC colonization in the presence of a HMLER primary
tumour in nude mice (i-k). Matrigel vehicle is the experimental control for primary tumours. HMLER cells (5.0 x 10> per mouse) or Matrigel control (100 pl)
were injected subcutaneously (s.c.) into one flank at day 0. Two weeks later, h(MIC (2.5 x10° cells per mouse) were injected subcutaneously into the
contralateral flank. Growth kinetics were monitored for the duration of the experiment. i, H&E images of hMIC tumours from mice bearing HMLER primary
tumours or Matrigel control. j, h(MIC tumour growth kinetics in mice bearing Matrigel control (n=9 animals) or HMLER primary tumours (n=10 animals).

k, Left: hMIC tumours opposite Matrigel (n= 25 images representing 4 tumours) or HMLER primary tumours (n= 25 images representing 6 tumours),
stained for mouse panendothelial cell antigen (MECA32). Right: mean vessel number per microscopy field. I, Tumour growth kinetics of hMIC implanted
opposite Matrigel control or an HMLER2 primary tumour (n=10 animals per cohort), per protocol in Th. All scale bars, 100 um. Source data for c, e, g, j, k and
I are provided in Supplementary Table 1. Welch's two-sided t-test (¢, e, g and k); Two-way ANOVA followed by Sidak's multiple comparison test (j and D).

subpopulations'. These results suggested that Metl primary We previously generated a series of single cell-derived clones
tumours specifically inhibit growth driven by their MICs and not  from the parental Metl line. To identify a purified popula-
the bulk, heterogeneous population of tumour cells. tion of Metl mMICs, we tested the metastatic potential of two of
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Fig. 2 | Primary tumours prevent the differentiation and proliferation of distant MICs. a-d, hMIC secondary tumours and mMIC-MT3 pulmonary
metastases (per the schematics in Fig. 1a,h) stained with H&E. Inset images (black boxes) represent 2x enlargment of image beneath. (a,b), and Ki67
(brown) and haematoxylin (nuclei; blue) (¢, d). e f, Immunofluorescence for E-cadherin (ECAD; red), large T antigen (LgT; green) to identify hMICs, and
DAPI (nuclei; blue), with lung metastases circled in white. g,h, ECAD* cells as the percentage of the total number of LgT+ tumour cells (g) or DAPI* cells
(h) per microscopy field (ECAD in hMIC tumours, n=20 images representing 5 tumours per cohort; ECAD in mMIC-MT3 metastasis, n=52 images
representing at least 18 metastases per cohort). i-lI, Immunofluorescence images of hMIC tumours after 14 days of growth stained with ECAD (i) and
quantified () (Matrigel cohort, n=15 images; HMLER cohort, n=13 images) or ZEBT1 (k) and quantified (I) (Matrigel cohort, n=13 images; HMLER cohort.
n=16 images); j and | are presented as the percentage of the total number of LgT+* hMIC tumour cells. m,n, hMIC tumours after 44 days of growth

(per Fig. 1a). Immunofluorescence images (m) and quantification (n) of ZEB1 staining (red) in hMIC tumours (positive for LgT antigen; green), as a
percentage of the total of LgT* cells. DAPI (nuclei; blue). Control, n=20 independent images representing 3 tumours; HMLER cohort, n=20 independent
images representing 3 tumours. o, ZEB1 (red), LgT* tumour cells (green), and DAPI (nuclei; blue) in hMIC tumours expressing either doxycycline-inducible
control (control hMIC) or ZEBT cDNA (ZEB1"e" hMIC). All scale bars, 100 um. p, Final mass of hMIC tumours from () (Control hMIC, n=6 tumours;
ZEB1"e" hMIC, n=6 tumours). Source data for g, h, j, |, n and p are provided in Supplementary Table 1. Two-sided Mann-Whitney test (g,I); Welch's

two-sided t-test (h,n); one-sided Welch's t test (j,p).

these clones, MT2 and MT3. The MT3 subclone was subsequently
defined as a mMIC population due to its enhanced metastatic
potential (~90 macrometastases per field; 100% incidence) com-
pared to poorly metastatic MT2 cells (~1 macrometastasis per field;
66.6% incidence) (Supplementary Fig 1c). Hence, Metl primary
tumours or control PBS were orthotopically injected into cohorts
of FVB mice followed 2 weeks later by intravenous injection of the
mMIC-MT3 cells (Fig. 1a). At the experimental end point, mMIC-
MT3 pulmonary metastases were reduced by approximately sixfold
in the cohort bearing Metl primary tumours relative to the control
cohort (Fig. 1d,e).

To test whether adaptive immunity was necessary for inhibiting
mMIC pulmonary metastases, we conducted the same experi-
ments in athymic nude mice. After 2 weeks, when primary tumours
reached ~200 mm?® (Supplementary Fig. 1d), Met1 cells were injected
intravenously (Fig.1a). Again, Metl primary tumours significantly
inhibited pulmonary metastases (Fig. 1f,g), indicating that mMIC
inhibition was not T cell-dependent.

The results from immunocompromised mice presented us with
the opportunity to test human xenografts. Accordingly, we used the
polyclonal human mammary carcinoma cell line HMLER, which
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represents heterogeneous cell populations commonly observed in
primary breast cancers. We used a well-characterized clonal MIC
subpopulation (hMIC) that had been isolated directly from the
HMLER cell line; compared with other HMLER subclones, hMIC
is uniquely metastatic?'.

Primary HMLER tumours significantly inhibited the out-
growth of subcutaneous hMIC secondary tumours (Fig. 1h-j) as
well as hMIC pulmonary metastases (Supplementary Fig. le). We
also tested highly metastatic MDA-MB-231 human breast cancer
cells, which are enriched for hMICs*. These MDA-MB-231-MIC
secondary tumours were also significantly inhibited by HMLER
primary tumours (Supplementary Fig. 1f-i).

We ruled out the possibility that the primary tumours inhibited
hMIC outgrowth through the release of anti-angiogenic factors™. In
fact, hMIC-derived tumours from mice bearing primary tumours
contained ~2.5-fold more blood vessels per section than the control
cohort (Fig. 1k).

Importantly, we discovered that primary tumours from another
HMLER derivative subpopulation, HMLER2*, did not inhibit
hMIC colonization (Fig. 11). This finding suggested that there are
properties specific to inhibitory primary tumours.
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Fig. 3 | Myeloid cells are necessary for preventing MIC differentiation and outgrowth. a, GO terms found in DEGs (DESeq?2 adjusted P< 0.05) between

lungs of FVB mice with orthotopic PBS control and Met1 primary tumours (n=4 mice per cohort) 14 days after injection. The y axis shows the top 11 enriched
(adjusted P<0.01) categories, with low represented in red and high represented in blue (adjusted Pvalue). The dot size represents the number of DEGs within
the GO term. The x axis shows the ratio of DEGs to total gene number within a GO term. b, Connectivity map of the top 10 enriched GO terms and DEGs within
them. GO term nodes (beige), fold-change (red, up; green, down) between Met1 primary tumour-bearing and control lungs. ¢, Top: pulmonary neutrophils
(myeloperoxidase, MPO; brown) from FVB mice 14 days after orthotopic injection of Met1 primary tumours or PBS control. Haematoxylin (nuclei; blue).
Bottom: circulating neutrophil counts per microlitre of blood (hemavet). d, Pulmonary neutrophils (MPO; brown) from FVB mice 28 days after orthotopic
injection of PBS control or Met1 primary tumours (14 days after mMIC intravenous injections per Fig. 1a). Haematoxylin (nuclei; blue). e,f, Quantification of
pulmonary neutrophils from FVB mice (e) and nude mice (f). For FVB mice: control cohort, n=21independent images representing 7 lungs; Met1 primary
tumour cohort, n=24 independent images representing 8 lungs. For nude mice: control, n=15 independent images representing 5 lungs; Met1 primary cohort,
n=12 independent images representing 4 lungs. g h, Representative immunohistochemistry (g) and corresponding quantification (h) of hMIC tumours that
had grown for 44 days opposite Matrigel, HMLER or HMLER2 tumours (per Fig. 1h). Tissues stained with F4/80 (macrophages; brown); haematoxylin (nuclei;
blue). Control, n=28 independent images representing 7 tumours; HMLER, n=24 independent images representing 7 tumours; HMLER2, n=16 independent
images representing 4 tumours. i, Schematic of neutrophil depletion experiments using 100 pg of either anti-Ly6G (a-Ly6G) or IgG control. j, Incidence of
pulmonary macrometastases (control IgG2a, n=4 mice per cohort; anti-Ly6G, n=_8 mice per cohort). k, ECAD*/PyMT+ staining in mMIC lung metastases. I,
average mMIC lung metastasis size. mMIC opposite control PBS: anti-lgG2a, n=40 independent images representing 4 mice; anti-Ly6G n=39 independent
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sided Welch's t-test (f); one-sided Mann-Whitney test (h,I); two-sided Mann-Whitney test (e); two-way ANOVA with Sidak’s multiple comparison test (j).
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These data established several important principles. First,
primary tumours that inhibited MIC colonization did not prevent
the outgrowth of heterogeneous tumour cell populations composed
of MICs and non-MICs, suggesting that MIC-specific properties
make them susceptible to growth inhibition. Second, systemic
growth inhibition of MICs is not tissue-specific, since primary
tumours inhibited the outgrowth of both subcutaneous and pulmo-
nary MICs. Third, primary tumours systemically inhibited MICs
independently of an adaptive immune system without affecting MIC
vascularization, pointing to innate immune mechanisms. Fourth,
not all primary tumours inhibited distant MIC colonization.

MIC proliferation and differentiation are mechanistically linked.
The histopathology of control cohort hMIC tumours was consis-
tent with that of breast ductal adenocarcinomas observed in the
clinic (Fig. 2a). In contrast, cancer cells in hMIC tumours from
cohorts bearing primary HMLER tumours appeared mesenchymal-
like, resembling breast spindle cell carcinomas (Fig. 2a). Similarly,
mMIC-MT3 metastatic foci in primary tumour-bearing mice
appeared poorly differentiated (Fig. 2b). hMIC and mMIC prolifer-
ation was significantly reduced in cohorts bearing primary tumours
relative to their respective control cohorts (Fig. 2c,d).

Evidence from multiple groups has indicated that MICs reside
in a partial-EMT state*’. As MICs generate their non-MIC progeny
during secondary tumour formation, mesenchymal properties
are lost and epithelial phenotypes are reacquired”*. Our histopatho-
logical observations supported the hypothesis that inhibitory
primary tumours maintain the MIC mesenchymal state and prevent
differentiation into epithelial progeny.

Consistent with MIC traits, both hMICs and mMICs expressed
low or undetectable levels of the epithelial marker E-cadherin
(ECAD) in vitro at the time of their injection (Supplementary
Fig. 2a,b). In vivo, however, MIC-derived metastases and secondary
tumours from control cohorts acquired ECAD expression, which
was approximately fivefold higher in hMICs and approximately
twofold higher in mMICs compared with MICs from primary
tumour-bearing mice (Fig. 2e-h). Epithelial phenotypic plasticity
was also apparent when we visualized cytokeratin and vimentin
(Supplementary Fig. 2c,d).

We next asked whether the blocks in MIC differentiation and
growth inhibition were mechanistically related. We reasoned that
these responses should be analysed from size-matched MIC-derived
tumour tissues. We therefore used the hMIC model and injected
either HMLER cells or Matrigel control subcutaneously into mice;
14 days later, we injected hMICs into the contralateral flanks
of the mice in each cohort and harvested tumours 14 days later
(Supplementary Fig. 2e). At this early time point, hMIC tumours
were comparable in size (~50mm?) between cohorts, although
hMIC tissues from the mice with primary tumours had ~62% fewer
proliferating tumour cells with no significant differences in num-
bers of caspase 3-positive cells (Supplementary Fig. 2e-i).

We examined these small secondary tumours for ECAD and for
the human mesenchymal marker ZEB1*, which is highly expressed
in hMICs in vitro (Supplementary Fig. 2b). In the control cohort
(no primary tumour), the vast majority of hMICs acquired ECAD
expression, with only ~10% of the cells expressing ZEB1 (Fig. 2i-1).
In striking contrast, hMICs from the mice bearing primary tumours
largely maintained ZEB1 expression (~90%), with only a small frac-
tion of tumour cells acquiring ECAD expression (Fig. 2i-1).

The ZEB1"&" phenotype persisted through later end points
(Fig. 2m,n). We therefore tested the effects of locking MICs in a
mesenchymal state by creating and injecting hMICs that stably
express either ZEB1 (ZEB1"¢" hMICs) or an empty vector con-
trol (control hMICs) (Supplementary Fig. 2j). After 6 weeks, the
ZEB1"¢" hMIC tumours were 20-fold smaller than control hMIC
tumours and indeed maintained high ZEB1 protein expression
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(Fig. 20,p). Hence, maintaining high ZEB1 expression in hMICs,
either in the presence of a primary tumour or by ZEBI overexpres-
sion, severely compromises their tumour-forming ability.

These data demonstrated that proliferation is mechanistically
linked to MIC epithelial plasticity, which was critical for robust
tumour growth. Specifically, reduced proliferation in the mesen-
chymal state accounts for the lack of MIC outgrowth when a
distantly located primary tumour is present.

Myeloid cells in the metastatic microenvironment prevent MIC
differentiation and colonization. A transcriptomic analysis of lung
tissues 14 days after control PBS or Metl primary tumour initia-
tion—the time point at which mMIC metastases typically encounter
the lungs (Supplementary Fig. 3a,b)—revealed a list of significantly
differentially expressed genes (DEGs) that clustered by cohort
(Supplementary Fig. 3c,d; Supplementary Table 2). The MIC-
suppressive lung environment was defined by functionally enriched
gene ontology (GO) terms and pathways involved in leukocyte
(myeloid, neutrophil and granulocyte) migration and chemotaxis
and diminished for protein-folding responses (Fig. 3a,b).

In agreement with RNA sequencing (RNA-seq) results, neutro-
phils were abundant in the lungs and approximately fourfold higher
in the circulation of the tumour-bearing cohort than in the tumour-
free cohort (Fig. 3c). Increased neutrophil infiltration persisted
throughout disease progression to the 28-day experimental end
point (Fig. 3d,e and Supplementary Fig. 3e) and was also apparent
in the lungs of nude mice (Fig. 3f).

Myeloid cells, including macrophages and neutrophils, can con-
fer either pro- or antitumorigenic functions that are governed in
tissue- and microenvironment-specific contexts'®''**’-*. One par-
ticular study reported gene expression signatures of breast cancer
metastasis-promoting, immune-suppressive circulating neutro-
phils (“KEP”)". An analysis of the reported KEP and of normal
lung neutrophil signatures revealed that the lungs from mice with
Metl primary tumours had a lower KEP:normal ratio (~1.7) com-
pared to the control cohort (ratio of ~2.8) (Supplementary Fig. 3f).
Similarly, leukotrienes expressed by pre-metastatic lung neutro-
phils to expand the MIC pool in a reported study' were not dif-
ferentially expressed in the lungs of the tumour-bearing cohort (see
GSE111157). These results suggested that the neutrophils in lungs
of Metl tumour-bearing mice are entrained differently to those of
previously described circulating neutrophils.

Similarly, myeloid cells infiltrated the hMIC tumours from
mice bearing inhibitory human primary tumours (HMLER) but
not those bearing non-inhibitory primary tumours (HMLER2). In
these cases, macrophages were ~4.5-fold more abundant in hMIC
secondary tumours from mice with primary HMLER tumours than
either Matrigel controls or HMLER2 tumour-bearing mice (Fig.
3g,h).

To determine whether neutrophils are necessary for inhibiting
mMIC lung colonization, we neutralized Ly6G* cells. We selected
an optimal anti-Ly6G dose that restored circulating Ly6G* cells to
that of the control cohorts, did not affect primary tumour growth
and reduced lung neutrophil infiltration (Supplementary Fig. 3g-1).
We then orthotopically injected PBS control or Met1 cells and after
10 days, animals were randomized into two additional cohorts to
receive either anti-Ly6G or control IgG2a every 2 days. mMIC cells
were then injected intravenously into all cohorts at day 14, and the
dosing regimens were continued (Fig. 31).

As expected, pulmonary macrometastases were reduced approx-
imately fourfold in the primary tumour-bearing cohort treated with
control IgG2a relative to the control primary tumour-free cohort
(Fig. 3j). However, when the primary tumour-bearing cohort was
treated with anti-Ly6G and circulating neutrophils were reduced to
that of the control cohort without affecting primary tumour mass
(Supplementary Fig. 3m,n), metastatic colonization was no longer
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inhibited (Fig. 3j). Neutrophil ablation was associated with signifi-
cantly larger pulmonary metastases that displayed approximately
twofold more ECAD expression compared with the control IgG2a
cohort (Fig. 3k,l; Supplementary Fig. 30-q). We confirmed that
lung neutrophils were maintained at baseline levels while lung
monocytes were unaffected at the experimental end point
(Supplementary Fig. 3r).

IL-1 is sufficient to prevent MIC differentiation. We next inter-
rogated candidate DEGs as drivers of MIC suppression. Among
the top most-upregulated DEGs in the lungs of mice with primary
tumours, we considered pro-inflammatory cytokines common to
both neutrophils and macrophages'****! (Supplementary Fig. 4a).
One of the most highly upregulated DEGs in lungs of primary
tumour-bearing mice was IL-1f (Fig. 4a), which is known to drive
ZEB1 expression***. IL-1p was significantly more abundant in the
lungs of both FVB and nude mice bearing Metl primary tumours
(Fig. 4b,c), and mMICs did not secrete appreciable levels of IL-1f in
culture (Supplementary Fig. 4b). We confirmed that murine Metl
cells and derivative clones, MT2 and MT3, expressed IL-1 receptor
(IL-1R) and were responsive to IL-1f in a dose-dependent manner
(Supplementary Fig. 4c).

We also assessed IL-1 expression in hMIC tumours from
HMLER- and Matrigel-bearing mice by species-specific quanti-
tative PCR (qPCR). Human ILIB and IL1A expression were not
different between cohorts (Fig. 4d). In fact, hMICs secrete very
low levels of IL-1p (<1 pgml™) in culture (Supplementary Fig. 4d).
However, relative to Matrigel control mice, murine Il1b expression
was 2.7-fold elevated in hMIC tumours from mice bearing primary
tumours; this was accompanied by a 3.4-fold increase in human
ILIR1 expression (Fig. 4d). Indeed, murine IL-1P can efficiently
bind and activate human IL-1R1*, and IL-1P induces the expres-
sion of IL1R1, thereby amplifying IL-1 signalling®*.

Tumour-associated macrophages (positive for both CD11b and
F4/80) equivalently infiltrated hMIC tumours from both cohorts
at the early time point (Supplementary Fig. 4e). However, macro-
phages expressed significantly higher levels of intracellular IL-1f
protein per cell in the cohort with primary tumours than those from
the control cohort (Fig. 4e).

We directly tested the effects of IL-1p on MIC plasticity by
admixing hMICs with Matrigel containing either IL-1f (hMIC+
IL-1p) or PBS control (hMIC+PBS) (Fig. 4f). After 2 weeks, the
hMIC+IL-1p tumours had significantly fewer ECAD* tumour
cells and more ZEB1* tumour cells than the hMIC 4 PBS tumours
(Fig. 4g,h). Importantly, hMIC+IL-1p tumours displayed signifi-
cantly enhanced macrophage infiltration (Fig. 4i), demonstrating
that a single dose was sufficient to trigger a sustained inflammatory
response and maintain the mesenchymal phenotype.

IL-1R1 signalling is necessary for preventing MIC differentia-
tion. To test whether IL-1R1 signalling is necessary for prevent-
ing MIC differentiation, we first generated hMIC cells deficient
in IL-1R1 (sh-IL-1R1-hMIC) and scrambled short hairpin RNA
(shRNA) control cells (sh-Ctl-hMIC). Only one out of six siRNA
constructs provided sufficient suppression of IL-1R1 without signif-
icantly affecting cell proliferation (Supplementary Fig. 5a,b); hence,
we performed all in vivo experiments with those sh-IL-1R1-hMIC
cells only. Cohorts of mice bearing primary HMLER tumours or
Matrigel control were injected with sh-IL-1R1-hMIC or sh-Ctl-
hMIC cells and tissues were harvested 2 weeks later (Fig. 5a). hMIC
tissue mass was not significantly different between cohorts at this
time point (Supplementary Fig. 5c).

Echoing earlier results, the sh-Ctl-hMIC tumours from mice
with primary tumours had significantly fewer ECAD* cells and
more ZEB1* cells than those from the Matrigel control cohort
(Fig. 5b,c). In stark contrast, the sh-IL-1R1-hMIC tumours from
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both cohorts expressed similar levels of ECAD and ZEBI, and the
majority of tumour cells from both cohorts were in ZEB1"*YECADPieh
state (Fig. 5b,c).

We also treated mMICs in a three-dimensional tumoursphere
assay with IL-1p, anakinra (an IL-1R1 antagonist), a combination
of IL-1PB +anakinra, or vehicle control. IL-1p treatment activated
nuclear factor-kB (NF-kB) signalling and significantly reduced
tumoursphere size, whereas anakinra reduced NF-kB activation
and increased both tumoursphere size and ECAD protein levels
(Supplementary Fig. 5d,e).

In addition to dysfunctional adaptive immunity, NOD/SCID
(non-obese diabetic/severe combined immunodeficiency) mice
have an impaired innate immune system, of which defects in
IL-1 signalling are a particular feature’’. Hence, we injected cohorts
of NOD/SCID mice with either Matrigel or HMLER primary
tumours. After 10 days, circulating monocytes were not signifi-
cantly different between cohorts (Supplementary Fig. 5f). At day
14, we then injected either hMICs or hMICs with recombinant
IL-1p (hMICs+1IL-1P) as secondary tumours and harvested tis-
sues of equivalent mass after an additional 2 weeks (Fig. 5d.e,
Supplementary Fig. 5g).

The majority of hMIC tumour cells in the control NOD/SCID
mice were ECAD""ZEB1"" (Fig. 5f,g). However, unlike nude mice,
HMLER primary tumours failed to lock distant hMICs in the ZEB1*
state and these hMIC tumour cells were also ECAD"eZEB1""
(Fig. 5f,g). Therefore, ablation of IL-1p-dependent aspects of
innate immunity prevented MIC entrapment in the mesenchymal-
enriched state, even in the presence of a distant primary tumour.
Finally, addition of recombinant IL-1p maintained hMICs in a
ZEBI*ECAD"" state (Fig. 5f,g), indicating that hMICs were still
capable of responding to IL-1f in NOD/SCID mice.

These observations indicated that the ability of primary
tumours to systemically maintain secondary hMIC tumours in
the ZEBI*ECAD"" state critically depended on eliciting systemic
inflammation involving IL-1f-secreting innate immune cells and
IL-1R pathway activation in the disseminated MICs.

MIC-inhibitory primary tumours elicit a systemic inflammatory
response. Our results thus far suggested that MIC-inhibitory pri-
mary tumours elicit a systemic pro-inflammatory response. Indeed,
myeloid cells infiltrated the Metl and HMLER primary tumours but
not the HMLER2 primary tumours that did not suppress distant
hMIC outgrowth (Fig. 6a,b; Supplementary Fig. 6a). Circulating
neutrophils were significantly increased 10 days after disease ini-
tiation (that is, before mMIC implantation) in the Metl primary
tumour-bearing FVB cohort (Fig. 6¢). Moreover, there was a 10%
increase in circulating monocytes in HMLER tumour-bearing nude
mice after just 14 days (Fig. 6¢,d).

In thebone marrow of FVB mice, short-term haematopoietic stem
cells (ST-HSCs), common myeloid progenitors (CMPs) and granu-
locyte-monocyte progenitors (GMPs) expanded 28 days after Metl
tumour establishment while production of haematopoietic stem
cells (HSCs), long-term HSCs (LT-HSCs), common lymphoid pro-
genitors (CLPs) and megakaryocyte/erythroid progenitors (MEPs)
decreased (Fig. 6¢e). The shift towards CMPs and GMPs reflected
a skewing towards the production of neutrophil and macrophage
precursors. Circulating neutrophils were still significantly elevated
by the end stage in both FVB and nude mice (Fig. 6f). Similarly,
bone marrow monocytes and their expression of intracellular IL-1p
were significantly elevated at end-stage of HMLER primary disease
(Fig. 6g). These results were indicative of a sustained pro-inflamma-
tory response throughout disease progression.

Inhibiting inflammation at the primary tumour site results in
distant MIC differentiation and growth. Our results suggested that

inhibiting inflammation at the primary tumour site should affect
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Fig. 4 | Myeloid cell-derived IL-1f is sufficient to prevent MIC differentiation. a, Top 10 differentially upregulated genes (RNA-seq) in lungs from Met1 primary
tumour-bearing FVB mice relative to control lungs at day 14 (n=4 mice per cohort). b, gPCR on lungs 14 days following tail vein injection of mMMICs into FVB
mice bearing Met1 primary tumours or PBS control (per Fig. 12). IL-1p normalized relative to f-actin (n=3 lungs per cohort, in triplicate). ¢, Flow cytometry
analysis of intracellular IL-1p in CD45* cells from a subset of lungs of nude mice bearing Met1 primary tumours (n=3 animals) or PBS control (n=5 animals).
d, gPCR results of hMIC tumours after 14 days of growth using indicated human- and mouse-specific primers. n=3 tumours per cohort, analysed in triplicate.
e, Flow cytometry analysis of intracellular IL-1B in cells positive for both CD11b and F4/80 harvested from hMIC tumours grown opposite Matrigel control
(n=8tumours) or HMLER primary tumours (n=7 tumours); per Supplementary Fig. 2e. f, Schematic showing single injection xenograft model (applies to g-i).
8, Merged immunofluorescence images of hMIC tumours injected in Matrigel containing PBS (hMIC +PBS) or 10 pg mI™ IL-1p (hMIC + IL-1B) representing 2
independent experiments. Block arrows indicate examples of ZEB1* tumour cells. Long arrows indicate examples of ZEB1- tumour cells. Arrowheads indicate
ZEBT* stromal cells. h, ECAD*LgT* cells (hMIC +PBS, n=10 independent images representing 7 tumours; hMIC + IL-1, n=9 independent images representing
6 tumours) or ZEB1LgT+ cells (hMIC + PBS, n=15 independent images representing 5 tumours; hMIC + IL-1p, n=21 independent images representing 7
tumours) as the percentage of the total number LgT* tumour cells per microscopy field. i, Representative tumours stained with Mac2 (macrophages; brown) or
haematoxylin (nuclei; blue), representing two independent experiments. All scale bars, 100 um. Source data for b, ¢, d, e and h are provided in Supplementary
Table 1. One-sided t-test (b); two-sided Mann-Whitney (¢ h); two-sided Welch's t-test (e); two-way ANOVA followed by Sidak's multiple comparison test (d).

the systemic cascade of events that resulted in MIC suppression An expression analysis of Metl primary tumours relative to
at distant sites. Therefore, we analysed the primary tumours for control tissues (GSE111157) showed enhancement of gene terms
pro-inflammatory factors that we could interrogate. related to inflammation and neutrophil recruitment. Some of these
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Fig. 5 | IL-1R1 signalling is necessary for preventing MIC differentiation. a, Experimental schematic of hMICs with or without IL-1R1 suppression
(sh-IL-TR1-hMIC and sh-Ctl-hMIC) injected opposite Matrigel control or HMLER primary tumour in nude mice (applies to b and ¢). b, Immunofluorescence
images of hMIC tumours. Long arrows indicate examples of ZEB1- tumour cells. Block arrows indicate ZEB1* tumour cells. Arrowheads indicate ZEBT*
stromal cells. Scale bar, 50 um. sh-Ctl-hMIC opposite Matrigel control, n=7 tumours; opposite HMLER primary tumour, n=38 tumours. sh-IL-1IR1-hMIC
opposite Matrigel control and HMLER primary tumour, n=8 tumours per cohort. ¢, Left: Quantification of ECAD*LgT* cells. sh-Ctl-hMIC: Matrigel,

n=28 and HMLER, n=7 independent images representing 3 tumours per cohort. sh-IL-IR1-hMIC: Matrigel, n=10 and HMLER, n=14 independent

images representing 5 tumours per cohort as the percentage of the total number of LgT+ human tumour cells per microscopy field. Right: Quantification

of ZEB1*LgT+* cells. sh-Ctl-hMIC: Matrigel, n=6 and HMLER, n=5 independent images representing 3 tumours per cohort. sh-IL-IR1-hMIC: Matrigel,
n=11and HMLER, n=15 independent images representing 5 tumours per cohort as the percentage of the total number of LgT* human tumour cells per
microscopy field. d,e, Experimental schematic modelling the early stages of hMIC secondary tumour formation in NOD/SCID mice with HMLER primary
tumours or PBS control. Secondary injections involve hMICs or hMICs +10 pg mI™ rIL-18 (d). Indicated cohorts: Group 1 (n=7 animals); Group 2 (n=7
animals); Group 3 (n=6 animals) (e). Applies to f and g. f,g, Left: Positive staining represented as the percentage of the total number of LgT+ human
tumour cells per microscopy field. Right: Immunofluorescence of hMIC tumours, with arrows indicating ZEB1- tumour cells, block arrows indicating ZEBT*
tumour cells, and arrowheads indicating ZEB1* stromal cells. ECAD*LgT* cells in hMIC tumours (4 tumours per cohort) opposite Matrigel control (n=12
independent images), HMLER (n=9 independent images) or hMIC + IL-1 tumours opposite Matrigel (n=12 independent images) (f). ZEB1*LgT+ cells

in hMIC tumours (3 tumours per cohort) opposite Matrigel (n=18 independent images), HMLER (n=9 independent images), or hMIC + IL-1p tumours
opposite Matrigel (n=9 independent images) (g). Scale bars, 100 um. Source data for ¢, f and g are provided in Supplementary Table 1. One-sided Welch's
t-test (¢, left); two-sided Mann-Whitney test (¢, right); two-sided Welch's t-test (f,g).
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(n=16 independent images representing 8 tumours) or HMLER primary tumours (n=14 independent images representing 7 tumours), representing 2

independent experiments. e, Fold changes (percentage of the parental population) in bone marrow of FVB mice bearing orthotopic Met1 primary tumours
(n=8 animals) or PBS control (n=10 animals) after 28 days. ****P < 0.001. f, Quantification of circulating neutrophils (CD11b*Ly6G*Ly6C"") at 4-week
experimental end points from indicated strains of mice bearing mMIC lung metastases with concurrent orthotopic Met1 primary tumours or PBS control.
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(right). Source data for b, ¢, d, e, f and g are provided in Supplementary Table 1. One-sided Welch's t-test (b,g (right)); two-sided Welch's t-test
(d.f (right),g (left)); two-way ANOVA Tukey's multiple comparison test (c,e); two-sided Mann-Whitney test (f left).

included IL-1B, lipocalin 2 (LCN2), granulocyte colony stimulat-
ing factor (G-CSF), chemokine (C-C motif) ligand 2 (CCL2, also
known as monocyte chemoattractant protein 1), and tumour necro-
sis factor-ar (TNF-a) (Supplementary Fig. 7a). A cytokine analysis
also revealed a number of pro-inflammatory cytokines that were
secreted at significantly higher levels (>threefold) by the HMLER
cells than the non-inhibitory HMLER2 cells, including IL-1a and
LCN2 (Fig. 7a). A number of these same cytokines, including IL-1at
, LCN2 and G-CSE, were secreted at significantly higher levels (>
twofold) by the HMLER cells than hMICs (Supplementary Fig. 7b).

Our earlier results (Figs. 3-5) established that neutrophil neutra-
lization or IL-1R1 suppression within the metastatic niche affects
MIC differentiation and colonization; therefore, therapeutic approa-
ches designed to systemically inhibit inflammation would not
reveal the necessity or exclusivity of primary tumours in initiating
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the MIC-inhibitory cascade. Therefore, we sought strategies to
inhibit inflammation proximal to the primary tumour. Among the
various pro-inflammatory cytokines secreted by primary tumours,
IL-1a stood out due to its prominence as a local initiator of systemic
inflammatory responses®. Importantly, IL-1R activation triggers the
induction of some of the pro-inflammatory cytokines that we had
observed, including TNF-o’*, LCN2* and CCL2**. Indeed, IL-1a
was greater than sixfold more abundant in conditioned medium
from HMLERs than from hMICs (Fig. 7b).

To determine whether primary tumour IL-1R1 signalling initiates
the pro-inflammatory cascade, we used a recombinant IL-1 recep-
tor antagonist (IL-1Ra)”. We implanted Matrigel control, HMLER
cells or HMLER cells mixed with IL-1Ra (HMLER+IL-1Ra)
into mice and collected blood 13 days later (Fig. 7c). At this time
point, circulating monocytes were 2.4-fold elevated in the primary
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tumour-bearing cohort relative to the Matrigel controls (Fig. 7d).
However, in the cohort bearing HMLER +IL-1Ra tumours, circulat-
ing monocytes were reduced to that of the control cohort (Fig. 7d).
Murine inflammatory plasma cytokines that are commonly triggered
by IL-1R1 signalling (for example, TNFa, G-CSF and CCL1) were also
elevated in mice with HMLER primary tumours but not in the cohort
bearing HMLER +IL-1Ra tumours (Supplementary Fig. 7c).

Having confirmed an IL-1-dependent host inflammatory
response at day 13, we initiated hMIC secondary tumours in all
3 cohorts the following day (day 14) and continued the experi-
ment for another 2 weeks (Fig. 7c). Primary tumour masses were
equivalent, yet myeloid infiltration into primary HMLER +IL-1Ra
tumours was reduced 6.4-fold compared to HMLER controls
(Fig. 7e, Supplementary Fig. 7d-g). Macrophages were also less
abundant in the secondary hMIC tumours from mice bearing
the distant HMLER+IL-1Ra primary tumours (Supplementary
Fig. 7h). Confirming earlier findings, hMICs from mice bearing
primary tumours were predominantly ZEBI*ECAD"™". In contrast,
when IL-1R1 signalling was inhibited at the primary tumour site,
hMIC secondary tumours acquired the ZEB1"YECAD"#" epithelial
phenotype (Fig. 7f,g, Supplementary Fig. 7i,j).

Low IL-1p expression in primary breast cancer correlates with
reduced metastasis-free survival. Our studies demonstrated that
innate immune cells secreting IL-1P, mobilized by the primary
tumour, compromise MIC colonization at secondary sites by pre-
venting their differentiation into epithelial progeny, which is essen-
tial for forming actively growing tumours (Fig. 8a). Given that this
cascade of events depends on the continued presence of the primary
tumour, clinical validation relied on careful selection of appropri-
ate patient populations. Indeed, hMIC-derived metastases were not
inhibited if the IL-1B-dependent inflammatory cascade was insti-
gated after MIC dissemination and growth initiation (Fig. 8b,c).
hMIC tumours that were <2mm (low mitotic index) at the time
of HMLER implantation were significantly suppressed. However,
if hMIC tumours had already entered an active growth phase
(>2mm) at the time of primary tumour implantation, MIC-derived
tumours sustained continued growth (Fig. 8c). These data provided
preliminary indication that HMLER tumours do not cause regres-
sion of robustly growing hMIC tumours but instead exert their
inhibitory effects at early stages of secondary tumour establishment
when MICs are still in the ZEB1* state.

We therefore compared primary tumour IL-1f expression
in breast cancer patients with lymph node-positive (LN*) and
LN-negative (LN-) disease by retrospective gene set analyses using
a database of Affymetrix microarray profiles”’. Among 508 patients
with LN~ disease, IL-1p expression did not stratify for overall sur-
vival (Fig. 8d). However, among 215 patients with LN* breast can-
cer, those with high IL-1p expression had improved overall survival
relative to those with low IL-1p expression (Fig. 8e). Interestingly,
patients whose primary tumours expressed high IL-1p had improved
outcomes (distant metastasis-free survival) when we interrogated
the entire cohort of 1,379 patients (Supplementary Fig. 8a).

We also analysed correlations between IL-1R1 and the mark-
ers of differentiation status that we had observed. In an analysis of
818 tumour tissue samples from patients with invasive breast car-
cinoma, IL-1R1 expression was positively correlated with ZEB1
expression*~¢ (Fig. 8f).

Discussion

The present work demonstrates that MIC plasticity determines
metastatic success and agrees with a clinical report that mesenchy-
mal markers are downregulated in metastases relative to matched
primary tumours”. An important implication of our study is that
therapies designed to prevent disseminated MIC differentiation
compromise their ability to form lethal metastases. Another dis-
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tinction of our work is that MICs are specifically susceptible to
growth inhibition. Interestingly, a recent report indicated that breast
carcinomas enriched for mesenchymal markers, similar to our
MICs, give rise to immunosuppressive tumours, unlike their more
epithelial counterparts*. However, we did not specifically examine
hallmarks of immunosuppression, as the MIC-suppressive cascade
occurred in a T cell-independent manner.

It is becoming increasingly clear that modulating innate immu-
nity must be included in efforts to improve patient outcomes'*#->!,
Tumour-associated lung neutrophils that suppressed MIC colo-
nization in our study appear to be entrained differently to that of
metastasis-promoting neutrophils that have been reported in the
circulation and of pre-metastatic lungs'' in other models. At first
glance, the neutrophils in our study may seem antimetastatic (they
prevented MIC colonization) but at the same time, they may also be
considered pro-metastatic (they fortified the MIC potential to gen-
erate lethal metastases and did not limit primary tumour growth).

Inflammatory processes that initiate primary disease and drive
EMT in primary breast cancers, thus causing MICs to disseminate,
are not necessarily productive for MIC colonization. For example,
IL-1p aids the growth of some primary tumours*** and facilitates
invasion and extravasation in early stages of metastasis™, findings
that are consistent with the idea that IL-1f promotes the EMT".
However, by specifically examining the role of IL-1p after MIC dis-
semination, we learned that sustained IL-1p-mediated inflamma-
tion or MIC IL-1R signalling prevents colonization and must be
shut down for secondary tumour formation. We therefore consider
that IL-1P has both dissemination-supportive and colonization-
suppressive functions. These findings are consistent with a recent
study showing that IL-1R inhibition, in combination with paclitaxel,
moderately reduced primary breast tumour growth but significantly
increased metastasis™. Identifying the appropriate setting to inhibit
inflammation is also necessary. For example, a recent study dem-
onstrated that neoadjuvant inhibition of inflammation (achieved
by CCL2 blockade) resulted in significantly enhanced mammary
carcinoma lung metastasis®.

Such spatial and temporal considerations seem crucial, as phase
I clinical trials using IL-1R blockade for metastatic disease are being
initiated, predominantly supported by preclinical studies demon-
strating primary tumour inhibition®. Our findings indicate that
clinical success of IL-1R inhibition rests upon understanding its
role at various stages of disease progression. Hence, IL-1R inhibi-
tion therapy may not always confer beneficial effects, and further
research is required in order to identify appropriate contexts for
administering such therapy.

The evolving paradigm of systemic instigation”~*' or inhibition
of breast cancer metastasis suggests new directions from which to
investigate the interactions between primary tumours and systemic
environment during metastatic progression. The fact that inflam-
matory hallmarks resolved primary tumours that inhibited second-
ary disease from those that did not, suggests that using primary
tumour tissue to better predict metastatic behaviour may enable
more accurate identification of patients with a high likelihood of
relapse. It is therefore reasonable to think that a primary tumour
expressing pro-inflammatory cytokines resulting in activation of
an IL-1P-dependent innate immune response in the metastatic
niche might keep secondary disease at bay and conversely, that pri-
mary tumour removal might prompt recurrence. Such concepts are
underscored by our clinical finding that among patients with breast
cancer and LN* disease, those whose primary tumour expressed
high IL-1p had improved outcomes relative to those with low IL-1f
expression. Moreover, IL-1R1 was associated with the expression of
mesenchymal factors in our study and in a report on patient cir-
culating tumour cells®”. The implications of our findings for other
cancers” and for patients whose disease mimics the biology we have
discovered here remain to be determined.
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Fig. 7 | Inhibiting inflammation at the primary tumour site results in differentiation of disseminated MICs. a, Inflammatory cytokine array analysis of
conditioned media from HMLER and the non-inhibitory primary tumour, HMLER? cells, 3 days in culture (n=2 biological replicates, 3 technical replicates
each). Results are fold change (log,) HMLER/HMLER2. b, ELISA for IL-1a in conditioned media from HMLER and hMIC cells, 3 days in culture (n=3
biological replicates, 5 technical replicates each). ¢, Experimental schematic modelling the early stages of hMIC colonization (nude mice) with Matrigel
control, HMLER primary tumour, or HMLER primary tumour + IL-1Ra. d, Flow cytometry analysis of CD11b*Ly6C*Ly6G"* circulating monocytes (day

13), before contralateral injection of hMIC cells, in mice bearing Matrigel control (n=9 animals), HMLER tumours (n=7 animals) or HMLER + IL-1Ra

(100 ngmI™) tumours (n=6 animals). e, Left: HMLER and HMLER + IL-1Ra tumours stained with F4/80 (macrophages; brown) and haematoxylin (nuclei;
blue). Scale bars, 100 um. Right: Area positively stained for F4/80 macrophages in HMLER and HMLER + IL-1Ra tumours (n=12 independent images
representing 4 tumours per cohort). f,g, Left: Indicated immunohistochemical staining of various hMIC tumours. Arrows indicate ZEB1- tumour cells. block
arrows indicate ZEB1* tumour cells, and arrowheads indicate ZEB1* stromal cells. Scale bars, 100 um. Right: Quantification of ECAD*LgT+ cells in hMIC
tumours opposite Matrigel (n=9 independent images), HMLER (n=10 independent images), HMLER + IL-1Ra (n=9 independent images), 3 tumours per
cohort as the percentage of the total number of LgT+ human tumour cells per microscopy field (f). Quantification of ZEB1*LgT* cells in hMICs tumours
opposite Matrigel (n=9 independent images), HMLER (n=9 independent images), HMLER +IL-1R (n="7 independent images) 3 tumours per cohort) as
the percentage of the total number of LgT* human tumour cells per microscopy field (g). Source data for a, b, d, e, f and g are provided in Supplementary
Table 1. Multiple two-sided t-tests (a); two-sided Welch's t-test (b); one-sided Welch's t-test (d,f,g); two-sided Mann-Whitney test (e).
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Fig. 8 | Low primary tumour IL-1p correlates with reduced overall survival in breast cancer. a, Model illustrating the systemic mechanism by which primary
tumours elicit an IL-1B-dependent inflammatory response to suppress MIC colonization. Top: Primary tumours that secrete high levels of pro-inflammatory
cytokines, for example, IL-1, elicit a systemic innate immune response that expands bone marrow (BM) and circulating myeloid cells, culminating in increased
immune infiltrate into tissues where MICs disseminate. In the metastatic microenvironment, IL-1p acts in a paracrine fashion on IL-1R-expressing MICs, causing
the MICs to maintain their mesenchymal phenotype of high ZEB1 and/or low ECAD, thereby preventing MIC differentiation and proliferation. Bottom: Preventing
inflammation at the primary tumour site or inhibiting IL-IR1 with the antagonist IL-1Ra in the metastatic microenvironment causes MICs to differentiate, proliferate
and thereby establish robustly growing secondary tumours and metastases. b, Schematic of experiments to test the effect of primary HMLER tumours on
established hMIC tumours in nude mice. ¢, Growth kinetics of hMIC tumours that were either in latent phase (left) or growth phase (right) at day 17 when Matrigel
control or HMLER tumour cells were injected contralaterally. Latent phase: Matrigel, n=6 tumours; HMLER, n=5 tumours. Growth phase: Matrigel, n=4 tumours;
HMLER, n=5 tumours. One experiment was performed. Two-way ANOVA and Sidak's multiple comparisons test. d,e, Kaplan-Meier analysis using overall survival
(OS) as the end point with 10-year censoring, based on IL1B gene expression (log,, stratified into three indicated quantiles) in primary tumour tissues from

patients with LN~ (n=508 patients) (d) or LN* (n=215 patients) (e) disease. logrank P values are shown. Data and analysis obtained from the GOBO database
(http://co.bmc.lu.se/gobo/gsa.pl). f, Correlation between ILTRT and ZEBT mRNA expression in 818 tumour tissue samples from patients with invasive breast
carcinoma (RSEM, RNA-seq by expectation maximization). Data and analysis obtained from the cBioPortal database (http://www.cbioportal.org/index.do).
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Methods

Cell lines and general reagents. HMLER, HMLER2 and hMIC were derived from
HMECs originally obtained from ATCC. Cell lines were maintained as previously
described”. MDA-MB-231 human breast epithelial tumour cells were originally
obtained from ATCC and maintained in DMEM containing 10% fetal bovine
serum (FBS), and their identity was verified by short tandem repeat analysis
(Molecular Diagnostics Laboratory at Dana-Farber Cancer Institute). Metl murine
mammary carcinoma cells were a gift from J. Joyce, with permission from A.
Borowsky, and maintained as previously described'®. Their murine strain of origin
was confirmed by short tandem repeat analysis (Bioassay Methods Group, NIST).
MT?2 and MT3-Metl derived clones were obtained by expansion of plated 0.5 cells
per well”’. All cell lines were routinely tested to confirm the absence of mycoplasma
contamination. The following reagents were used: recombinant human IL-1ot

and IL-1p (R&D Systems); IL-1Ra (CYT-203; ProSpec); BD Matrigel Basement
Membrane Matrix (CB40230; BD Biosciences), dox-inducible lentiviral ZEB1-
IRES-GFP construct (pTK380).

Animal experiments. Female FVB mice 7 weeks of age and NCR-Nu (nude) mice
6-8 weeks of age were purchased from Taconic Biosciences. Female NOD/SCID
mice were bred in-house. Mice were 8-9 weeks of age at the time of injections.
For orthotopic injections, cells (5.0 X 10° hMICs; 2.5 10° mMICs) were prepared
in PBS (20 pl) and injected into the inguinal mammary fat pads. For intravenous
injections, cells (2.5 % 10° hMICs; 7.5 X 10° mMICs) were prepared in PBS (100 ul)
and injected into the tail vein. For subcutaneous injections, tumour cells (5.0 10°
hMICs; 2.5 % 10°mMICs) were resuspended in 20% Matrigel/ MEGM (100 pl). For
in vivo experiments, sample sizes were determined based on previous experience
with the models utilized, including experience in variabilities in tumour growth.
Animals were randomly assigned to groups. In experiments for which the analysis
of secondary tumour biology was dependent on the growth of primary tumours,
animals were excluded from subsequent analysis if primary tumours did not grow.
Investigators were not blinded to allocation during experiments; however, for
downstream analyses of mouse tissue (immunohistochemistry, image analysis and
flow cytometry), all experiments were performed in a blinded fashion. Tumour
volumes were calculated as follows: (1x w?)/2. Tumours were measured by caliper
2-3 times per week. For tumour growth curve analysis, we performed one-way
ANOVA tests with correction for multiple comparisons using SidaK’s multiple
comparisons test. The study was compliant with all relevant ethical regulations
regarding animal research. All experiments were conducted in compliance with
federal laws and institutional guidelines as approved by the Institutional Animal
Care and Use Committees of the MIT (protocol no. 1005-076-08), the Children’s
Hospital Boston (protocol no. 15-11-3062R), and the Brigham and Women’s
Hospital (protocol no. 2017N000056).

Tumour digests. Tumours were chopped into small pieces in sterile conditions
then incubated at 37 °C for 4h in DME containing collagenase A and
hyaluronidase. Following digestion, tumour cell suspensions were pelleted, the
DME removed and then resuspended in 0.15% trypsin for 3min. Trypsin was
quenched with 10% IFS in DME. Cells were spun down then analysed by flow
cytometry or stored in freezing medium (10% DMSO, 90% calf serum).

Lung metastasis quantification. Pulmonary metastases were scored blindly
using two methods. First, visible metastases were counted on whole lung tissue
under a dissecting microscope. Second, lesions were counted on haematoxylin
and eosin (H&E)-stained tissue sections under high power on a Nikon Eclipse 90i
microscope.

Neutrophil depletion. Mice were injected intraperitoneally with 12.5, 50 or 100 p
g per 20 g body weight of rat anti-mouse Ly6G antibody (clone 1A8, BioXCell)

or rat IgG2a (BioXCell) every other day until indicated experimental end points.
The efficiency of neutrophil depletion in blood and lungs was assessed by flow
cytometry.

RNA extraction for RNA-seq. Approximately 20-mg samples of lung tissue were
excised and immediately snap frozen in liquid nitrogen. Frozen samples were
incubated with 600 pl of lysis buffer (RNeasey Plus Mini Kit, Qiagen) and 20 U of
RNAse inhibitors per sample (Applied Biosystems), and immediately disrupted
and homogenized with a rotor-stator homogenizer. RNA was extracted using the
RNeasey Plus Mini Kit, according to the manufacturer’s instructions. Final RNA
was resuspended in 50 pl of RNase-free water and 20 U of RNAse inhibitors per
sample.

Library preparation and RNA-seq. Purified total RNA samples were evaluated for
quality using an Agilent Bioanalyzer to calculate the RNA integrity number (RIN)
score and percentage of RNA fragments > 200 nucleotides (DV,,,). RNA samples
with a RIN score >7 as well as RNA samples with a RIN score <7 but DV,

score >50% were fragmented at 94 °C for 8 min according to the manufacturer’s
recommendation. RNA samples with a RIN score <7 and DV, score <50% were
not fragmented and reverse transcription (RT) primers were annealed at 65 °C for
1 min. Libraries were prepared using Roche Kapa Biosystems RiboErase and RNA

HyperPrep sample preparation kits from 100 ng of RNA. The finished dsDNA
libraries were quantified using a Qubit fluorometer, a Agilent TapeStation 2200 and
by RT-qPCR using the Roche Kapa Biosystems library quantification kit according
to manufacturer’s protocols. Uniquely indexed libraries were pooled in equimolar
ratios and sequenced on an Illumina NextSeq500 with single-end 75 bp reads by
the Dana-Farber Cancer Institute Molecular Biology Core Facilities.

RNA-seq differential expression and functional enrichment analysis. All
samples were processed and analysed using an RNA-seq pipeline implemented

in the bebio-nextgen project (https://bebio-nextgen.readthedocs.org/en/latest/)
and the bcbioRNASeq R package (https://github.com/hbc/bcbioRNASeq)®.

Reads were aligned to the Genome Reference Consortium Mouse Reference

build number 38 (GRCm38) of the mouse genome (aka mm10) augmented with
transcript information from Ensembl using STAR® with soft trimming enabled

to remove adapter sequences, other contaminant sequences such as poly-A

tails and low Phred quality score sequences. Counts of reads aligning to known
genes were generated by featureCounts® for use in quality control measures. In
parallel, transcripts per million measurements per isoform were generated by
quasialignment using Salmon® for use in clustering and differential expression
analyses. STAR alignments were checked for evenness of coverage, ribosomal
RNA content, genomic context of alignments (for example, alignments to exons
and introns), complexity and other quality checks using a combination of FastQC,
Qualimap®’, MultiQC (https://github.com/ewels/MultiQC) and custom tools.
Samples were clustered in an unsupervised manner by both principal component
analysis and hierarchical means using rlog transformed reads to identify potential
outliers and technical artefacts. Outlier samples with low mapping rates

(<70%) or low RIN values and 5">3’ biases were removed from the analysis. Only
data for Ensembl annotated protein coding and long intergenic noncoding RNA
genes were retained for further analysis. Differential expression at the gene level
was called with DESeq2°, using the counts per gene estimated from the Salmon
quasialignments by tximport® as quantitating at the isoform level has been shown
to produce more accurate results at the gene level. Lists of DEGs were examined
for GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment
with clusterProfiler”. In addition, cut-off-free gene set enrichment analyses
(GSEA) were performed with clusterProfiler, the fast GSEA pre-ranked algorithm™
and the fold change calculations from DESeq2. Functional gene sets were
considered enriched if their false discovery rate-adjusted P value was less than 0.05.

RNA-seq cell signature analysis. For the Coffelt signature’’, DEGs from their
KEP versus wild-type analysis were selected and subset to those with a P value
<0.1. Genes were split into two sets of signature genes: those upregulated in KEP
neutrophils and those downregulated. For each signature’s genes, the geometric
means of expression were determined for samples within our dataset (using

data from the transcripts per million count matrix) and the ratio of these values
determined. Significance was assessed by simple ¢-test. Samples with RIN values
<3 were removed from the analysis.

RNA extraction and RT-qPCR. Fresh tumours (up to 150 mg) were homogenized
in 1ml of TRIzol (Ambion, Life Technologies, catalogue no. 15596018) with a
tissue homogenizer in a 5-ml BD Falcon polypropylene tube. Cultured cells were
collected using a cell lifter (Costar cell lifter, polyethylene, catalogue no. 3008) in

1 ml of TRIzol. Samples were incubated in TRIzol for 5min at room temperature.
Chloroform (0.2 ml; Sigma, catalogue no. 366927) was added to homogenates

and the samples were shaken vigorously for 15s. Samples were incubated at

room temperature for 3 min and centrifuged at 13,000 X g for 15min at 4°C. The
aqueous phase was carefully removed and applied to a genomic DNA elimination
column (approximately 350 ul) (Qiagen RNeasy Plus kit, catalogue no. 74136). The
column was centrifuged for 30s at 13,000 X g. An equal volume of 100% RNA-free
ethanol was added to the RNA in the collection tube and mixed with a pipette

tip. The sample (700 pl) was loaded onto an RNeasy column (Qiagen RNeasy Plus
kit, catalogue no. 74136) seated in a collection tube and centrifuged for 30s at
8,000 % g. Columns were washed with Buffer RW1 (700 ul), then centrifuged for

30s at 8,000 X g, then washed and centrifuged with buffer RPE (500 ul) two times.
To eliminate the remaining buffer, columns were centrifuged again for 1 min at
8,000 x g. The column was transferred into a new 1.5-ml collection tube and 50 pl
of RNase-free water was pipetted directly onto the column membrane. The sample
was incubated for 2 min at room temperature and centrifuged for 1 min at 8,000 x g
to elute RNA. The RNA concentration was measured using a Nanodrop (Thermo
Scientific). RNA was stored at —80°C. The miScript II RT kit (Qiagen, catalogue no.
218161) was used to synthesize complementary DNA from total RNA. Therefore,
a 20-pl reaction was prepared containing 4 ul of 5X miScript Hiflex buffer, 2 ul of
10x miScript Nucleics mix, 2 ul Reverse Transcriptase mix and 1 ug of purified
RNA in 12 ul of RNase-free water. According to the manufacturer’s protocol, the
samples were amplified using a Biorad Mycycler at 37 °C for 60 min, 95°C for 5min
and cooled to 4°C. RNase-free water (80 ul) was added to each cDNA sample (20 u
1) to obtain a concentration of 10-15ngpl™. cDNA was stored at —20 °C. Relative
gene expression was determined using a QuantiFast SYBR Green PCR kit (Qiagen)
and Quantitect Primer Assays (Qiagen). gPCR amplifications were carried out in
384-well plates using a Lightcycler 480 (Roche). The following human-specific
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Quantitect Primer Assays were used: f-actin (ACTB; QT01680476), IL-1A
(QT00001127), ZEB1 (QT01888446), IL-1R1 (QT00081263), IL-1B (QT00021385),
and IL-1RN (QT00014238). The following mouse-specific Quantitect Primer
Assays were used: IL-1p (QT01048355), IL-1a (QT00113505), and Actb
(QT01136772). Other primers used for gene expression quantification were as
follows: murine IL-1f (F: 5-CTTCAGGCAGGCAGTATCACTC-3/,

R: 5'-GCAGTTGTCTAATGGGAACGTC-3’) and murine

B-actin (F: 5'-CCACTGCCGCATCCTCTTCCT-3’,
R:5'-CACACAGAGTACTTGCGCTCAGG-3’). mRNA expression levels were
normalized to the mRNA levels of the housekeeping gene ACTB. All gPCR
reactions were run in triplicate.

Immunofluorescence, immunohistochemistry, image analysis and antibodies.
Dissected tissues were fixed in 4% (w/v) paraformaldehyde for 24h, stored in

70% ethanol for 24 h, embedded in paraffin, and sectioned onto ProbeOn Plus
slides (Fisher Scientific) for immunohistochemistry using Vectastain Elite ABC
kits (Vector Laboratories) as previously described””””. Details and antibodies are
provided in the Reporting Summary. Myeloperoxidase staining was run on a

Leica Bond III autostaining platform using a Bond Polymer Refine Detection kit.
Antigen retrieval was performed using Bond Epitope Retrieval 2 for 20 min. For
immunofluorescence, an Enhancer TSA Plus Cyanine 3 System (Perkin Elmer) was
used for ZEB1, CK14 and ECAD stains. Nuclei were stained and mounted with
ProLong Gold Antifade Mountant with 4,6-diamidino-2-phenylindole (DAPI;
ThermoFisher Scientific). Images were captured under indicated the magnification,
and with identical exposure and gain for any given experiment, using a Nikon
Eclipse 90i microscope. Staining was quantified using NIH Image]J software
(http://imagej.nih.gov/ij/).

ELISA and cytokine array. Cells (1 X 10°) were plated in triplicate into 10-cm
plates with 10 ml of medium. After 72h, media were collected, centrifuged at

413 x g for 10min at 4 °C, and supernatant was used for ELISAs. The number of
cells and viability were measured in each plate in order to normalize the levels of
protein secretion based on the final number of cells. The following ELISAs and
cytokine arrays were carried out according to the manufacturer’s instructions:
human IL-1o/IL-1F1, human IL-1p/IL-1F2, and mouse IL-1B/IL-1F2 Quantikine
ELISA Kits; human XL Cytokine Array Kit ARY022; and mouse cytokine Antibody
Array ARY006 (R&D Systems).

Isolation of blood and bone marrow cells. Blood was collected into EDTA tubes
(BD Microtainer), and red blood cell lysis was performed using BD Pharm Lyse
Lysing Buffer (BD Biosciences) following the manufacture’s protocol. Bone marrow
cells were harvested from donor mice by flushing femurs with PBS-2% FBS. Cells
were washed with PBS, dissociated with 18 gauge needles, and filtered through
70-um nylon mesh**°.

Flow cytometry. Cell suspensions were blocked with anti-CD16/32 F.Y III/II
receptor antibody (BioLegend) used at a concentration of 250 ng per 1 10°

cells for 20 min on ice. After washing, cells were incubated with anti-IL-1p-APC
(clone 166931) used at a concentration of 10 ul per 1 10° cells and rat anti-IgG2B
isotype control-APC (clone 141945; R&D Systems). Anti-mouse CD45-PerCy5.5,
anti-mouse Ly-6C-PE, anti-mouse PE-Gr1, anti-mouse Ly-6G-488 and anti-
mouse CD11b PE-Cy7 (eBioscience) were used at a concentration of 0.2 ug per
1x10° cells. Intracellular fluorescence-activated cell sorting (FACS) staining
required BD Cytofix/Cytoperm Plus (BD Biosciences) and was used according

to the manufacturer’s instructions. Samples were analysed on a BD LSRII using
FACSDiva Software (BD Biosciences). The following antibodies (purchased from
BioLegend unless otherwise stated) were used to characterize haematopoietic
stem and progenitor populations: BV605 Scal (clone D7); BV786 cKit (BD, clone
2B8); APC CD150 (clone TC15); APC Cy7 CD48 (clone HM48-1); AF488 CD34
(eBioscience, clone RAM34); PE Cy7 IL7Ra (clone A7R34); PE FcgRII/III (clone
93); PE Flt3 (clone A2F10); PB Lineage cocktail (catalogue no. 133310); APC Cy7
NKI1.1 (clone PK136); Brilliant violet 785 B220 (clone RA3-6B2); and PE cd11c
(clone N418). Cell populations were characterized using the following cell surface
markers: Lin-, Scal*, cKit*, CD150*, CD48*, CD45™ and Flt3- for HSCs; Lin-,
Scal®, cKit*, CD34- and Flt3- for LT-HSCs; Lin-, Scal*, cKit*, CD34" and Flt3*
for ST-HSCs; Lin~, Scal*, cKit*, CD150- and CD48* for multipotent progenitors
(MPPs); Lin-, Scal*, cKit" and IL-7Ra* for CLPs; Lin-, Scal-, cKit" and IL-7Ra" for
myeloid progenitors; Lin-, Scal-, cKit*, IL-7Ra", CD34* and FCgRII/III- for CMPs;
Lin-, Scal-, cKit*, IL-7Ra", CD34* and FCgRII/IIT* for GMPs; and Lin-, Scal-,
cKit*, IL-7Ra", CD34" and FCgRII/III- for MEPs. Dead cells were excluded using
7AAD (BioLegend). CountBright absolute counting beads (Molecular Probes,
ThermoFisher) were added to samples to determine absolute cell numbers. Flow
cytometry was performed on a LSRII (BD Biosciences), and data were analysed
using FlowJo (TreeStar).

Tumourspheres. Met1 cells (2.0 X 10° or 4.0 X 10°) were plated on ultralow
attachment plates (Corning, Costar) in DMEM/F-12 HAM medium (Sigma)
containing 20 ngml™' basic fibroblast growth factor (Sigma), 20 ngml™!
epidermal growth factor (EGF; Sigma) and B-27 supplement (1:50 dilution,
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Life Technologies), and cultured at 37°C, 5% CO,. Fresh media with or without
IL-1p or anakinra treatments were added every 48 h. Seven days later, spheres
were counted based on size (small considered > 5 <20 cells per sphere; large
considered > 20 cells per sphere). Tumoursphere formation is represented as a
percentage of control.

Western blot analysis. Protein was extracted from cell lysates using RIPA lysis
buffer (sc-24948) or specific lysis buffer for phospho-protein detection (20 mM
Tris-HCl pH7.6, 137 mM NaCl, 1% NP40, 0.5% Na-deoxycholate, 10 mM NaF,
20mM p-glycerophosphate, 1 mM Na-orthovanadate and 1:200 complete protease
inhibitors). A total of 10 pg of proteins and precision plus protein dual colour
standard (Bio-Rad, 161-0374) were run in a 4-12% Bis-Tris gel (Invitrogen).
Proteins were transferred to a polyvinylidene fluoride membrane and incubated
overnight with VIM (diluted 1:500; Dako, clone Vim3B4), ECAD (diluted 1:500;
Cell Signaling, clone 24E10), P-NF-xB p65 (diluted 1:1,000; Cell Signaling, clone
$536), NF-kB p65 (diluted 1:1,000; Cell Signaling, clone D14E12) and GAPDH
(diluted 1:1,000; Santa Cruz Biotechnology) or p-actin (diluted 1:10,000, ab20272).
Horseradish peroxidase-conjugated secondary antibodies (diluted 1:5,000) were
used (Jackson Immunoresearch). Blots were developed using ECL (Dura or Femto,
Pierce). Blots were re-probed after stripping the membranes with 1-min Western
Blot stripping buffer (GN6002, GM Biosciences).

Cell proliferation assay. Cell proliferation was measured using a CyQuant Cell
Proliferation Assay Kit (ThermoFisher Scientific). Cells were plated in triplicate
at a density of 1.0 X 10° cells per well in a 96-well plate. Cells were harvested
daily for 5 days by removing the culture medium and storing at —20°C. All plates
were processed at the end of the experiment on the same day. Cell number was
determined by measuring fluorescence using a microplate reader with ~480nm
excitation and ~520 nm emission.

Suppression of IL-1R using shRNA constructs. IL-1R1-shRNA constructs

were purchased from Openbiosystems (RHS4531-NM_000877). pLenti-based
constructs were packaged with the pMD2.G (VSVG) and psPAX2 plasmids. Viral
infections were performed using 6 pg ml™' protamine sulfate for 8 h.

Statistics and reproducibility. Statistical analyses were performed as described in
the figure legend for each experiment. All statistical tests were two-sided unless
otherwise indicated. D’Agostino Pearson omnibus and Shapiro-Wilk normality
tests were used to test datasets for Gaussian distribution. All data are presented as
the mean +s.e.m. Differences were considered statistically significant at P<0.05.
All data shown are representative of two or more independent experiments, unless
indicated otherwise. All attempts at replication were successful. No data points
were excluded from analysis.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Code availability. Scripts and auxiliary data needed to reconstruct analysis files
are available in a git repository (https://github.com/hbc/sandra_mcallister_lung
distal_tumor) and under a DOI (https://doi.org/10.5281/zenodo.1172004).

Data availability. Transcriptomic data that support the findings of this study have
been deposited in the Gene Expression Omnibus under primary accession code
GSE111157. Previously published RNA-seq data that were re-analysed are available
under the origin accession code GSE55633 (Coffelt dataset). IL1B gene expression-
based outcomes for patients with breast cancer were based on the online tool
GOBO (http://co.bmc.lu.se/gobo/), and correlation studies between IL-1R and
EMT genes on the cBio Cancer Genomics Portal (http://cbioportal.org). Source
data are provided in Supplementary Table 1, and unprocessed blots are provided in
Supplementary Fig. 9. All other data are available from the corresponding authors
upon reasonable request.
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Data collection For RNA library preparation Qubit fluorometer, Agilent TapeStation 2200 was used. For images capture Nikon NIS Elements v4.3 software
was use, for flow cytometric capture FACSDiva software (BD Biosciences) was used.

Data analysis Prism, NIH ImageJ (http://imagej.nih.gov/ij/), FlowJo, CellProfiler, GOBO database (http://co.bmc.lu.se/gobo/gsa.pl), and cBioPortal
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on DOI (https://doi.org/10.5281/zenod0.1172004).
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Study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen based on previous experience with the models and methods used in this study.
Online Methods - Animals

Data exclusions  No data were excluded from analysis
Online Methods - Statistical Analysis.

Replication Biological experiments were repeated at least twice whenever possible. In vitro experiments were run with at least 2 biological replicates and
3 technical replicates. All attempts at replication were successful.
Online Methods - Statistical Analysis.

Randomization  Animals were randomly assigned to groups.
Online Methods - Animals

Blinding The investigators were not blinded to allocation during experiments, however, for downstream analyses of mouse tissue (metastasis
quantification, immunohistochemistry, image analysis, flow cytometry) all experiments were performed in a blinded fashion.
Online Methods - Animals

Materials & experimental systems

Policy information about availability of materials

n/a | Involved in the study
|:| Unique materials
Antibodies
Eukaryotic cell lines
Research animals

|:| Human research participants

XOOOIX

Antibodies

Antibodies used For IHC/IF:
anti-Meca32 (129501, BioLegend)
anti-Myeloperoxidase (A0398, Dako, Dil 1:3500)
anti-MAC-2 (CL8942AP, Cederlane, Dil 1:8000)
anti-ECAD (clone 24E10, Cell Signaling, Dil 1.50, Lot 13)
anti-Zeb1 (sc-25388, Santa Cruz Biotechnology, Dil 1:150, Lot K1615)
anti-SV40TAg (Pab101, Santa Cruz Biotechnology, Dil 1:75, Lot 11212)
anti-Cleaved Caspase3 (9664, Cell Signaling, Dil 1:50, Lot 20)
anti-Ki67 (SP6, ThermoFisher Scientific, Dil 1:200, Lot 9106S)
anti-CK14 (PRP-155P, Biolegend, Dil 1: 50, Lot B237273)
anti-CK8 (TROMA-I, DSHB, Dil 1:50)
anti-human mitochondria (MAB1273, Millipore, Dil 1:50, Lot NG1924059)
anti-PyMT (ab15085, Abcam, Dil 1:50, Lot GR108140-23)
anti-IL-1R (sc393998, Santa Cruz, Dil 1:50, Lot D1117)




Alexa Fluor 488 goat anti-mouse (A11001, Invitrogen, Dil 1:200, Lot 1110070)
Alexa Fluor 594 goat anti-rabbit (A11012, Invitrogen, Dil 1:200, Lot 1745478)
Alexa Fluor 647 goat anti-rat (A21247, Invitrogen, Dil 1:200, Lot 1810934)

For Western blot:

anti-Vimentin (Dil 1:500; Dako clone Vim3B4)

anti-ECAD (Dil 1:500; Cell Signaling clone 24E10, Lot 13)
anti-Phospho-NF-Kappa B p65 (Dil 1: 1000; Cell Signaling clone S536, Lot 16)
anti-NF-Kappa B p65 (Dil 1: 1000; Cell Signaling clone D14E12, Lot 9)
anti-GAPDH (Dil 1:1000; santa cruz biotechnology)

anti-ACTB (Dil 1:10,000, ab20272, Lot GR256141-5)

Validation For Western blot, antibodies were validated as noted on manufacturer's website. Specifically VIM, ECAD, P-NF-Kappa B p65, NF-
Kappa B p65, GAPDH and ACTB were demonstrated to work for western blot by previous publications of others and our own
groups in the species tested. Positive and negative controls were included, when possible.

For flow cytometry and immunofluorescence, antibodies were validated as noted on manufacturer's website, and most of
antibodies specificity was confirmed in the literature. In addition, the stainings were consistent with the predicted cellular
localization of the protein.

Antibodies were further validated by using positive and negative controls in our studies.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HMLER, HMLER2 and hMIC were derived from human mammary epithelial cells (HMEC) originally obtained from ATCC. MDA-
MB-231 were obtained from ATCC. Met1 cells were a gift from Dr. Johanna Joyce, with permission from A. Borowsky. MT2
and MT3 were Met1 derived clones obtained by expansion of plated 0.5 cells/well. More details about cell lines used in this
study are described in online methods

Authentication The murine strain of origin from Met1, was confirmed by short tandem repeat analysis (Bioassay Methods Group, NIST).
MDA-MB-231 cells were validated by short tandem repeat analysis (Molecular Diagnostics Laboratory at Dana-Farber Cancer
Institute, Boston, MA). HMLER, HMLER2, and hMIC cells were not authenticated.

Mycoplasma contamination All cell lines were routinely tested to confirm the absence of mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Research animals

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Animals/animal-derived materials Female FVB mice 7 weeks of age and NCR-Nu (Nude) mice 6-8 weeks of age were purchased from Taconic Biosciences
(Hudson, NY). Female NOD/SCID mice were bred in-house. All experiments were conducted in accordance with
regulations of the MIT committee on animal care protocol (1005-076-08), Children’s Hospital institutional animal care
and use committee (protocol 15-11-3062R) and Brigham and Women’s Hospital animal care protocol committee
(2017N000056).
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|:| Flow cytometry

|X| |:| Magnetic resonance imaging

Flow Cytometry
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|X| All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation Cell suspensions were blocked with anti-CD16/32 FcY 11/l receptor antibody (BioLegend) used at a concentration of 250 ng/106




Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

cells for 20 minutes on ice. After washing, cells were incubated with anti-IL-13-APC (Clone: 166931) used at a concentration of
10ul / 1076 cells and Rat anti-IgG2B Isotype Control-APC (Clone: 141945; R&D Systems); Anti-Mouse CD45-PerCy5.5, Anti-
Mouse Ly-6C-PE, Anti-Mouse PE-Grl, Anti-Mouse Ly-6G-488, and Anti-Mouse CD11b PE-Cy7 (eBioscience) were used at a
concentration of 0.2ug / 1076 cells). Intracellular FACS staining required BD Cytofix/Cytoperm™ Plus (BD Biosciences) and was
used according to the manufacturer’s instructions. Samples were analyzed on a BD LSRII using FACSDiva Software (BD
Biosciences). Antibodies used to characterize hematopoietic stem and progenitor populations (represented in Table S2) were
purchased from Biolegend unless otherwise noted: BV605 Scal (clone D7), BV786 cKit (BD, clone 2B8), APC CD150 (clone TC15),
APC Cy7 CD48 (clone HM48-1), AF488 CD34 (eBioscience, clone RAM34), PE Cy7 IL7Ra (clone A7R34), PE FcgRII/IlI (clone 93), PE
FIt3 (clone A2F10), PB Lineage cocktail (catalog #133310), APC Cy7 NK1.1 (clone PK136), Brilliant violet 785 B220 (clone
RA3-6B2), and PE cd11c (clone N418). Dead cells were excluded using 7AAD (Biolegend). To determine absolute numbers of
cells, CountBright absolute counting beads (Molecular Probes, ThermoFisher) were added to samples.

BD FACSCanto Il Flow Cytometer (BD Biosciences, Ref.
338960).

FlowJo (TreeStar).

No FACS sorting was performed for this work.

For all experiments, debris was first excluded by a morphology gate based on FSC-A and SSC-A. Then, non-singlets were
eliminated from analysis by a single cell gate based on FSC-H and FSC-A. Next, dead cells were eliminated by an appropriate

viability gate: 7AAD was used to distinguish live/dead cells, except in cases requiring intracellular staining in which case eFluor
450 (eBioscience) fixable viability dyes were used. When appropriate, all lymphocytes were identified using a CD45+ gate.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Abstract

The presence of disseminated tumor cells in breast cancer
patient bone marrow aspirates predicts decreased recurrence-
free survival. Although it is appreciated that physiologic,
pathologic, and therapeutic conditions impact hemato-
poiesis, it remains unclear whether targeting hematopoiesis
presents opportunities for limiting bone metastasis. Using
preclinical breast cancer models, we discovered that
marrow from mice treated with the bisphosphonate zole-
dronic acid (ZA) are metastasis-suppressive. Specifically,
ZA modulated hematopoietic myeloid/osteoclast progeni-
tor cell (M/OCP) lineage potential to activate metastasis-
suppressive activity. Granulocyte-colony stimulating factor
(G-CSF) promoted ZA resistance by redirecting M/OCP
differentiation. We identified M/OCP and bone marrow

Introduction

The majority of patients with breast cancer have no evidence
of metastatic disease at the time of diagnosis, yet approximately
30% of patients experience recurrent breast cancer in the form
of metastasis, of which the most prominent site is bone (1).
Moreover, bone is the most frequent site of de novo metastasis
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transcriptional programs associated with metastasis sup-
pression and ZA resistance. Analysis of patient blood
samples taken at randomization revealed that women with
high-plasma G-CSF experienced significantly worse out-
come with adjuvant ZA than those with lower G-CSF levels.
Our findings support discovery of therapeutic strategies to
direct M/OCP lineage potential and biomarkers that stratify
responses in patients at risk of recurrence.

Significance: Bone marrow myeloid/osteoclast progeni-
tor cell lineage potential has a profound impact on breast
cancer bone metastasis and can be modulated by G-CSF
and bone-targeting agents. Cancer Res; 78(18); 5300-14. ©2018
AACR.

for all breast cancer molecular subtypes (2). At present, little
is known about what promotes tumor cell survival and out-
growth into incurable disease in the bone (1, 3). Disseminated
tumor cells (DTC) are frequently detected in bone marrow
aspirates of patients with breast cancer, regardless of breast
cancer subtype and even in those who have early-stage disease,
and are predictive of decreased recurrence-free survival (4).
These and other such findings support the idea that DTCs find
a hospitable niche in the bone marrow (4-6).

Bone metastatic niches in which DTCs reside have been
defined as microdomains within the bone that support tumor
cell seeding and outgrowth and are predominantly comprised of
hematopoietic cells, mesenchymal stromal cells, osteoblasts,
osteoclasts, and/or vascular cells (5, 6). Paracrine interactions
between DTCs and these various stromal cells disrupt bone
homeostasis, which is normally tightly controlled, to fuel met-
astatic progression. For example, it is well established that DTCs
secrete a variety of cytokines that promote osteoclast activity,
which in turn, causes release of a variety of tumor-promoting
growth factors from the bone, thus propagating a vicious cycle
of tumor outgrowth and osteolytic bone breakdown (6).

Although results from studies that focused on mesenchymal
stromal cells, osteoblasts, osteoclasts, and vascular cell activity
have yielded significant insights into cellular and molecular
processes that influence DTC outgrowth and dormancy in the
bone (5, 6), surprisingly little is known about whether or how
hematopoietic cells in the marrow compartment impact bone
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metastases. Clinical studies indicate that the presence of DTCs in
patient with breast cancer bone marrow correlates with metastatic
relapse and poor outcome (7). In the preclinical setting, it is
becoming increasingly apparent that various physiologic and
pathologic processes as well as certain drugs and chemotherapies
alter hematopoietic cells in the marrow in ways that impact cancer
progression (7-10); however, it is not yet clear how DTCs are
impacted when they first encounter such hematopoietic cells in
the marrow.

Hematopoiesis relies on precise regulation of quiescence,
proliferation, and differentiation of hematopoietic progenitor
cells within specialized niches (11, 12). For example, within the
osteoblastic niche, mature osteoclasts influence hematopoiesis
by releasing bone-matrix proteins essential for hematopoietic
cell maintenance (13, 14). It is reasonable therefore to hypoth-
esize that modulating osteoclast activity would have an impact
on hematopoiesis in ways that affect DTC behavior.

We previously established that bisphosphonate treatment,
which is a widely used osteoclast inhibitor therapy for effective
treatment of osteolytic diseases, induces subclinical changes in the
composition of bone marrow hematopoietic progenitor popula-
tions (15). We reported that bone marrow cells isolated from
zoledronic acid (ZA)-treated animals suppress mammary carci-
noma formation in the absence of a direct effect of ZA on tumor
cells, indicating that thebone marrow harbors the majority of ZA's
tumor-suppressive capacity (15). However, whether such modu-
lation of the marrow affects breast cancer bone metastasis inde-
pendently of the effects on mature osteoclasts in the endosteal
niche and whether a specific subpopulation of hematopoietic
cells has metastasis-suppressive capacity remained undetermined.
A better understanding of the bone marrow microenvironment
and processes that influence tumor cell maintenance and growth
in the bone should present opportunities for targeting hemato-
poietic cell populations as part of anticancer therapy.

Materials and Methods

Cell lines

MDA-MB-231 B1 cells (gift from Dr. Gabri van der Pluijm,
Leiden University Medical Centre, Leiden, South Holland, Neth-
erlands), a clonal bone-tropic human breast cancer cell line
expressing luciferase, was maintained under selection in 1 mg/
mL gentamicin, (G418, Life Technologies, 15750060) in DMEM
with 10% FBS. MDA-MB-231 B2 bone-tropic human breast
cancer cells (gift from Dr. Penelope Ottewell, Department of
Onocology and Metabolism, University of Sheffield, Sheffield,
United Kingdom) were transfected with luciferase and main-
tained in 10% FBS in DMEM. Cells were not used beyond
passage five post-thawing. All cells tested negative for Mycoplas-
ma (Lonza Kit: LT07-118) every 6 months (last test: June 2017)
and were validated using short tandem repeat (STR) profiling
(Molecular Diagnostics Laboratory at Dana-Farber Cancer Insti-
tute, Boston, MA).

Mice

Six to 7-week-old female CrTac:NCr-Foxn1™ (nude) female
mice were purchased from Taconic Laboratories. C57BL/6] female
mice were purchased from The Jackson Laboratory. All animal
procedures were performed in accordance with the ethics and
regulations of Brigham & Women's Hospital Institutional Animal
Care and Use Committee (protocol approval 2017N000056),
Boston Children's Hospital Institutional Animal Care and Use
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Committee (protocol approval 12-11-2308R), and Massachusetts
General Hospital (protocol approval 2017N000023).

Drug administration

ZA [1-hydroxy-2-(1H-imidazole-1-yl)ethylidene-bisphospho-
nic acid] (Novartis Pharmaceuticals) was dissolved in 1x Hank
balanced buffer solution (Gibco) and stored at 4°C until use.
ZA was administered to mice at a dose of 100 pug/kg (i.p.).
Recombinant human granulocyte-colony stimulating factor
(G-CSF; carrier-free, BioLegend #578604) was administered to
nude mice each day for 3 days at a dose of 50 ug/kg (i.p.)
beginning one day after administration of ZA, and C57BL/6
mice each day for 3 days at a dose of 50 ug/kg (i.p.) beginning 2
days after administration of ZA. For G-CSF depletion experi-
ments, nude mice were treated with 100 pg/kg (i.p.) G-CSF
antibody (R&D Systems, MAB414100) or the 100 pg/kg (i.p.)
isotype control IgG (R&D Systems, MAB0O5) 6 hours prior to
intracardiac injection of tumor cells.

Blood and plasma

At experimental endpoints, blood was collected by intracardiac
puncture with a 27-gauge needle into ethylenediaminetetraacetic
acid (EDTA) Microtainer tubes (BD Pharmingen). Complete
blood counts were obtained using a HEMAVET hematology
analyzer (Drew Scientific). Plasma was prepared by centrifugation
of whole blood at 1.5 g x 1,000 for 8 minutes at 4°C.

Experimental bone metastasis

Mice were anesthetized with isoflurane, and 1 x 10° luciferase-
tagged bone-tropic cell lines (B1, B2, B1-G, B2-shG) were sus-
pended in 100 uL of PBS and injected into the left cardiac
ventricle. Tumor growth was monitored by bioluminescence
imaging, and by Vybrant CM-Dil cell-labeling solution by flores-
cence imaging (Life Technologies, V22888). For intratibial injec-
tions, mice were anesthetized with isoflurane and 5 x 10* cells in
10 puL of PBS were injected directly into both tibiae. Tumor growth
was monitored by bioluminescence imaging. In indicated experi-
ments, mice were treated with 100 pg/kg of ZA or equivalent
volume of vehicle control 72 hours prior to injection of tumor
cells.

Bone marrow cell preparations

Femora and tibiae were dissected free into 2% FBS in PBS and
centrifuged at 6.0-7.0 g x1,000 for 4 minutes at 4°C to collect
whole bone marrow cells (BMC; WBM). Cells were then incu-
bated with red blood cell (RBC) lysis solution (BioLegend,
420301) for 5 minutes on ice, washed once with 2% FBS in PBS,
resuspended in 0.5 mL of sterile BMC buffer, and passed
through a 5-mL polystyrene round-bottom tube with a cell-
strainer cap (Corning, 352235).

Flow cytometry and FACS

BMCs were prepared for flow cytometry by suspension in sterile
PBS containing 2% FBS. Cells were labeled with appropriate
antibodies for 30 minutes at 4°C. Gating was used to exclude
debris, cell clumps, and dead cells (using 7-aminoactinomycin D;
7-AAD Viability Staining Solution (BioLegend, 420404). Mye-
loid/osteoclast progenitor cell (M/OCP) populations were
defined as Lineage” CD115". Antibody panel includes Pacific
Blue anti-mouse Lineage Cocktail (BioLegend, 133310: CD37, Ly-
6G/Ly6-C~, Cd11b~, CD45R™, TER1197) and Alexa Fluor 488
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anti-mouse CD115 (CSF-1R; BioLegend, 135511). Cells were
acquired on a FACSCanto II or a FACSAria IIu/FACSDiva (BD
Biosciences). At the endpoint of the osteoclast differentiation
assays, macrophages were defined as MHCII"/F4/80%/Cd11b™
(MHCII: APC-Cy7 (BioLegend 107627), F4/80: PE-Cy-7
(BioLegend 123113), Cdl1b:Alexa Fluor-488 (BioLegend
101205) and dendritic cells were defined as MHCII"/
Cd11b*/Cd11c" [MHCI: APC-Cy7 (Biolegend 107627),
Cdllc: PE (Biolegend 117307), Cdllb:Alexa Fluor-488
(BioLegend 101205)]. Analyses were performed using FlowJo
software (FlowJo, LLC). CountBright Absolute Counting Beads
(Life Technologies, C36950) were used to quantify absolute
cell numbers. For cell sorting of the M/OCP populations and
for isolation of Lin~ and Lin* populations, the Murine Direct
Lineage Cell Depletion Kit (Miltenyi Biotec Inc., 130-110-470)
was used to enrich for Lin~ populations, which was confirmed
by flow cytometry for the markers in the lineage cocktail.

Bone marrow tumor support functional assay

Donor mice were treated via intraperitoneal injection with
vehicle (1x HBBS) or ZA (100 pg/kg) and sacrificed 3 days
(nude mice) or 5 days (C57BL/6 mice) following treatment.
BMCs were harvested as described above. For WBM assays, 7.5
x 10° donor BMCs were mixed with 2.5 x 10° of the appro-
priate tumor cells in 100 pL DMEM with 10% basement
membrane matrix, Corning Matrigel Growth Factor Reduced
(low growth; Westnet Inc., 354230) immediately prior to
injection. To test the tumor support function of various
FACS-isolated marrow subpopulations, 2.5 x 10° tumor cells
were mixed with either 2.5 x 10° Lin~ BMCs, 7.5 x 10° Lin™
BMCs, or 1 x 10°> M/OCPs. Admixtures were injected subcu-
taneously into host nude mice. During the 14-day time courses,
no graft versus host disease was observed for nude mice
receiving C57BL/6 donor marrow. Each donor BMC sample
was distributed into a minimum of 3 host nude mice. Tumor
growth was monitored by bioluminescent imaging.

Osteoclast differentiation assay

Bone marrow cells were prepared as previously described, and
1,000 WBM cells or 250 M/OCP cells were plated in 24-well plates
with 15% FBS in aMEM with 10 ng/mL of recombinant M-CSF
(R&D Systems, 416ML010). After 3 days, recombinant RANKL (5
ng/mL R&D Systems, 462TEC010CF) or vehicle control were
added to the assay. At the 5-day endpoint, Tartrate Resistant Acid
Phosphatase, Leukocyte (TRAP) Kit (Sigma Aldrich, 387A) was
used and TRAP-positive osteoclasts were counted and flow cyto-
metry was performed to quantify the numbers of macrophages
and dendritic cells in the resultant cultures. To test phagocytic
function of the resulting cultures, tumor cells were stained with
Vibrant CM-Dil (Life Technologies) at a concentration of 5 uL. CM-
Dil solution per 1 million cells/mL for 5 minutes at 37°C. Cells
were washed twice with PBS, and then 1,000 tumor cells were
added into the wells at the endpoint of the osteoclast differen-
tiation assay. After two hours, wells were washed with PBS and
prepared for flow cytometry. Cells within the macrophage gate
that were CM-Dil* were reported as a percentage of the total
macrophage population.

Patient plasma samples

Breast cancer patient plasma samples (n = 392) were
obtained from the AZURE clinical trial sample database

Cancer Res; 78(18) September 15, 2018

(ISRCTN79831382, University of Sheffield, Sheffield, United
Kingdom; ref. 16). The AZURE study was performed in accor-
dance with the Declaration of Helsinki, and was performed
after approval by an institutional review board (West Midlands
Research Ethics Committee). Patients were randomized to
either standard adjuvant therapy alone (control, Ctl) or with
ZA (Novartis Pharmaceuticals) and written informed consent
was received from all patients prior to inclusion in the study.
To reduce possible imbalances in tumor and treatment char-
acteristics, a minimization process was used that took into
account the number of involved axillary lymph nodes, clinical
tumor stage, estrogen receptor status, type and timing of
systemic therapy, menopausal status, statin use, and treating
center. Eligible patients were randomized to receive (neo)
adjuvant chemotherapy and/or endocrine therapy + ZA 4 mg
i.v. every 3-4 weeks for 6 doses, then 3 monthly x8 and
6 monthly x5 to complete 5 years of treatment. Secondary
prophylaxis with G-CSF to prevent neutropenic sepsis or treat-
ment delays due to neutropenia was allowed but primary
G-CSF prophylaxis was not used. Both the use of adjuvant
systemic treatments and locoregional radiotherapy were given
in accordance with standard protocols at each participating
institution. The date of recurrence was defined as the date on
which relapse was first suspected. Subjects were followed up
on an annual basis after completion of the 5-year treatment
phase (ZA or Ctl) for both disease and relevant safety end-
points (16). Patient samples to be used in this study were
selected on the basis of: (i) menopausal status [postmeno-
pausal women (n = 164); non-postmenopausal women
(n = 226); unknown menopausal status (n = 2)], (ii) whether
or not the patient had recurrence of breast cancer (disease-free
or recurrence in bone only or bone as well as other distant
sites), and (iii) whether or not the patient received adjuvant
ZA treatment. These three parameters were used to power
the sample size estimation using the reported HR of 0.81, and
a standardized effect size of 0.80 (16). Plasma G-CSF levels
were analyzed by ELISA.

Statistical analysis

All experiments were performed with three independent
replications, unless otherwise indicated. Sample size for in vivo
experiment was based on outcomes from pilot experiments and
was calculated at a statistical significance level of 0.05, and
powered at 0.80. All data were analyzed with the use of
GraphPad Prism Software (Version 7). Data are expressed as
mean + SEM with n denoting the number of independent data
points (i.e.,, mice, cell wells, etc.). Statistics were determined
using the unpaired, two-tailed Student ¢ test unless otherwise
indicated. Results were considered statistically significant if
P <0.05 (*), P<0.01 (**), and P < 0.001 (***).

ELISAs and cytokine array

Plasma was obtained from the mice as previously described,
and ELISA assays were performed according to manufacturer's
instructions: Murine G-CSF ELISA Kit (R&D Systems, MCS00);
Murine RANKL ELISA Kit (Innovative Research, IRKTAH5466);
Murine NTX ELISA (Biotang Inc., 50154363). For the human
cytokine array, 1 x 10° cells of B1 or B2 were plated and
conditioned media from 5 different wells was obtained 24 hours
after plating, was pooled and then assessed using Human Cyto-
kine Array, Panel A per manufacturer's instructions (R&D Systems,
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ARYO005). For the patient plasma samples, 100 puL of sample
was used and ELISA assays were performed according to manu-
facturer's instructions (Human G-CSF QKIT HS ELISA; R&D
Systems, HSTCSO0). Plates were analyzed using Softmax Pro7
Software (Molecular Devices).

Data and software availability
RNA-Sequencing data will be available using the Gene Expres-
sion Omnibus (GEO; GSE108250) database.

Results

Identification of therapeutically induced tumor-inhibitory
hematopoietic bone marrow cells

We and others have reported that primary cancers, physio-
logic aging, and drug treatments all affect bone marrow hemato-
poietic cells in ways that influence disease progression (8-10,
15, 17). To understand whether therapeutic modulation
of the bone marrow microenvironment would provide an
effective approach for treating breast cancer bone metastasis,
we used the nitrogen-containing bisphosphonate, ZA in both
immunocompromised and immunocompetent preclinical
models of breast cancer.

We treated tumor-free cohorts of C57BL/6 and nude mice
with a single dose of either ZA or vehicle control and harvested
their bone marrow 5 days (C57BL/6 mice) or 3 days (nude
mice) following treatment. These are time points at which
osteoclast activity is inhibited by ZA (15). We then used our
well-established hematopoietic cell functional assay (15-18) to
test the bone marrow for effects on growth of a bone-metastatic
human breast tumor cell line, MDA-MB-231-B1 (B1), (Fig. 1A).
This assay is designed to test any effects on tumor growth that
are exclusively mediated by bone marrow hematopoietic cells
and is based on the notion that the outgrowth of DTCs would
be affected by any ZA-induced changes to hematopoietic cells.
Importantly, mature osteoclasts are of hematopoietic origin but
localize to the endosteal niche upon maturation (19). TRAP
staining of the bone marrow plugs confirmed that osteoclasts
were absent from the bone marrow samples used in these
experiments (Supplementary Fig. S1A).

WBM from both strains of Ctl-treated donor mice had no
significant effect on subcutaneous B1 tumor growth when
compared with B1 tumor cells injected alone—in these cohorts,
tumors formed with approximately 80% incidence in both
strains of mice (Fig. 1B; Supplementary Fig. S1B). However,
WBM from both strains of ZA-treated mice significantly reduced
B1 tumor incidence to <30% (Fig. 1B; Supplementary Fig. S1B),
indicating that tumor suppression occurred independently of a
functional adaptive immune system.

To begin to understand whether tumor-suppressive function
is enriched in a particular subpopulation of hematopoietic
cells, we sorted the marrow from Ctl or ZA-treated mice into
lineage-negative (Lin~) progenitor populations and mature
lineage-positive (Lin") populations and assessed B1 tumor
growth using the bone marrow functional assay. As before,
WBM from the ZA-treated mice suppressed B1 tumor formation;
tumor incidence was only 50% of that from the respective Ctl
cohort (Fig. 1C). The Lin" subpopulation from ZA-treated mice
had no effect on tumor incidence, which was equivalent to that
of the respective Ctl subpopulation (Fig. 1C). In striking con-
trast, Lin~ cells from ZA-treated donors significantly reduced B1
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tumor incidence to only 14.3% relative to Lin~ cells from the Ctl
mice (Fig. 1C).

Osteoclasts differentiate from Lin™ myeloid-committed cells
in the marrow (19-21); therefore, we wondered whether
ZA imparted its tumor-suppressive effect via osteoclast precur-
sor cells. There is currently no clear consensus on the cell-surface
markers that delineate osteoclast precursors (21). However,
given our previous report that ZA, in addition to inhibiting
osteoclast activity, significantly expands numbers of bone
marrow common myeloid progenitor populations (15), we
reasoned that an effort to capture functional activity should
include multipotent progenitors of the myeloid/osteoclast
lineage. We therefore utilized the markers CD3 B220 Ly6G~
Ly6C CD11b Terl19 CD115" to define a population we
termed "myeloid/osteoclast progenitors" (M/OCP; Supplemen-
tary Fig. S1C). We confirmed that this sorted population from
Ctl-treated donors gives rise to macrophages, dendritic cells,
and osteoclasts in a standard in vitro differentiation assay
(Supplementary Fig. S1D and S1E; ref. 20).

We treated tumor-free C57BL/6 mice with a single dose
of ZA and quantified the numbers of CD37B220 Ly6G~
Ly6C CD11b Ter119 CD115" M/OCPs in the marrow over
an experimental time course of 15 days. ZA treatment signi-
ficantly increased the number of bone marrow M/OCPs in a
time-dependent manner (Fig. 1D).

We then investigated M/OCP tumor-suppressive function
by sorting CD3 B220 Ly6G Ly6C CD11b Ter119 CD115"
M/OCPs, as well as the M/OCP-depleted population, from the
marrow of Ctl or ZA-treated cohorts and subjecting them to the
bone marrow functional assay. As a control, we confirmed that
WBM from the ZA-treated cohort significantly suppressed
tumor growth as expected (Fig. 1E; Supplementary Fig. S1F).
M/OCPs isolated 5 days after ZA treatment significantly inhib-
ited tumor incidence and mass relative to the same number of
M/OCPs from the Ctl-treated cohort (Fig. 1E; Supplementary
Fig. S1F). In contrast, the M/OCP-depleted marrows from Ctl
and ZA-treated mice were not significantly different in their
tumor-modulating capacity (Fig. 1E).

The results from the in vivo BMC functional assays suggested
that M/OCPs from ZA-treated mice are qualitatively different
than their control counterparts. Hence, we performed RNA
sequencing on M/OCPs from Ctl and ZA-treated cohorts.
Computational analyses revealed a list of significantly differ-
entially expressed genes (DEG; GEO, GSE108250; Supplemen-
tary Table S1). Functionally enriched gene ontology (GO)
terms and gene set enrichment analyses (GSEA) among the
DEGs revealed biological and cellular processes that were
enriched in the ZA-treated M/OCPs. Of these, "organic cyclic
compound metabolic process," "cellular aromatic compound
metabolic process," "oxidative phosphorylation," "phagosome,"
"lysosome organization," and "lipid transport" pathways (Fig. 1F;
Supplementary Table S2A and S2B) were particularly interesting,
as these processes are important for monocyte differentiation and
macrophage function (22, 23).

Collectively, these results established that M/OCP transcrip-
tional programs are altered in the marrow and correlate with
tumor-suppressive function in response to the bone-targeting
agent, ZA, independently of a functional adaptive immune sys-
tem. Moreover, these results are in agreement with preclinical
findings that ZA reduces the risk of breast cancer recurrence
independently of its direct action on osteoclast apoptosis (24)
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Figure 1.

Identification of therapeutically induced tumor-inhibitory hematopoietic bone marrow cells. A, Experimental scheme for assay to test BMC tumor support
function. WBM or various FACS-isolated bone marrow populations were harvested from ZA- or vehicle-treated control (Ctl) donor mice at either 5 days
(C57BL/6) or 3 days (nude) and mixed with tumor cells immediately prior to injection into recipient mice and tumor incidence and growth kinetics
measured over time. B, Incidence (%) of subcutaneous tumor formation in nude recipient mice at experimental endpoint (d14) resulting from 2.5 x 10° MDA-
MB-231-B1 (B1) cells admixed with Matrigel (NA, no donor BMCs included) or 7.5 x 10° WBM cells from Ctl or ZA-treated nude and C57BL/6 donors (n = 4-7
injections per cohort; statistics representative of two biological replicates). C, Incidence (%) of subcutaneous tumor formation in nude recipient mice at
experimental endpoint (d14) resulting from 2.5 x 10> MDA-MB-231-B1 (B1) cells admixed with 7.5 x 10®> WBMs, 7.5 x 10° Lin™ BMCs, or 2.5 x 10° Lin-
BMCs from Ctl- or ZA-treated nude donors. Data for each ZA-treated cohort are represented relative to its respective Ctl-treated cohort; (n = 20-24 injections
per cohort). Lin~ populations were sorted by gating on CD3~ Ly-6G/Ly6-C~ Cd1lb~ CD45R ™, and TER119™ and all of the remaining BMCs were used as the Lin*
populations. D, Number of M/OCPs (Lin"CD115™) in the bone marrow of C57BL/6 mice at indicated time points after ZA treatment (n = 4-5 mice per cohort,
representative of three biological replications). E, Incidence (%) of tumor formation in nude recipient mice at experimental endpoint (d14) resulting from
2.5 x 10° B cells admixed with 7.5 x 10° WBM cells, 10° sorted M/OCPs, or 6.5 x 10°> M/OCP-depleted BMCs from Ctl- or ZA-treated C57BL/6 donors
(n = 6 injections per cohort; statistics representative of two biological replications). Controls from different cohorts were not compared due to the fact that
different numbers of BMCs were admixed with tumor cells in each case. F, GSEA analysis [clusterProfiler tool using Kyoto Encyclopedia of Genes and Genomes
(KEGG) gene sets] and gprofileR (GO) analysis of the differentially expressed genes in M/OCPs isolated from ZA-treated mice as compared with M/OCPs
isolated from Ctl-treated mice. Significance was determined as described in Materials and Methods: RNA-sequencing. Error bars, mean + SEM; two-tailed ¢
tests (unpaired) were used to determine statistical significance (*, P < 0.05; ***, P < 0.001). n.s., nonsignificant.
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and that bone tumor burden can be modulated in an osteoclast-
independent manner (25).

ZA skews lineage potential of myeloid/osteoclast progenitor
cells toward macrophages

Our RNAseq analyses suggested that M/OCPs are enriched
for transcriptional programs consistent with those of the
monocyte/macrophage lineage in response to ZA. Although
it is well known that ZA inhibits mature osteoclasts, whether
ZA affects myeloid/osteoclast lineage bias is not understood;
therefore, we tested the lineage potential of bone marrow
samples from control and ZA-treated mice using in vitro dif-
ferentiation assays (20; Fig. 2A). In these assays, macrophage-
colony stimulating factor (M-CSF, CSF1) is necessary for
sustaining M/OCP populations (26) and in the absence of
receptor activator of nuclear factor kappa-B ligand (RANKL),
these progenitors normally differentiate into macrophages
and dendritic cells (DC) whereas in the presence of RANKL,
they differentiate into osteoclasts (27).

Interestingly, when WBM samples from ZA- and Ctl-treated
mice were subjected to M-CSF and RANKL in vitro, the marrow
cells from ZA-treated donors gave rise to significantly fewer
numbers of osteoclasts as compared with those of Ctl-treated
donors (Fig. 2B), despite having more M/OCPs (Fig. 1D).

Modulating Bone Marrow to Prevent Breast Cancer Metastasis

Instead, the resulting cultures from the ZA-treated cohort had
significantly increased numbers of macrophages (Cd11b*/
F4/80"/MHCII") and DCs (Cd11b*/MHCII*/Cd11c") as
compared with those of the Ctl-treated cohort (Fig. 2C; Sup-
plementary Fig. S2A and S2B). In fact, these numbers of
macrophages and DCs were comparable with those of bone
marrow samples treated only with M-CSF (Fig. 2C).

We next tested the lineage potential of M/OCPs isolated
from ZA-treated animals. Thus, we sorted M/OCP populations
from the marrow of mice treated with Ctl or ZA and subjected
them to the differentiation assay. In the presence of RANKL,
M/OCPs from ZA-treated mice gave rise to significantly more
macrophages than those of controls and these numbers were
comparable to those from cultures that had not been treated
with RANKL (Fig. 2D). Although DCs were detected in the
resulting cultures, there were no significant differences in their
numbers between ZA and Ctl treated mice (Fig. 2D; Supple-
mentary Fig. S2B).

Collectively, these findings indicated that ZA inherently
changes the lineage potential of M/OCPs by skewing their differ-
entiation potential toward macrophages, even in the presence of
RANKL. Moreover, the marrow of ZA-treated cohorts harbor
significantly more of these differently poised M/OCPs than that
of the control counterparts.

»
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ZA inhibits breast cancer metastasis in a manner that is
counteracted by G-CSF

The ability to therapeutically generate tumor-suppressive
bone marrow has important implications for bone metastasis;
therefore, we tested whether pretreating nude mice with ZA
three days prior to intracardiac injection of breast tumor cells
would affect subsequent bone metastasis (Fig. 3A). We used
two derivative bone-tropic subpopulations, B1 (28) and B2
(29), of the parental MDA-MB-231 breast cancer cell line.

Interestingly, while B1 bone metastatic burden was signifi-
cantly lower following ZA pretreatment (63.7% lower than
the control cohort, P < 0.05), B2 metastatic burden was un-
affected (Fig. 3B and C; Supplementary Fig. S3A). Likewise, ZA
pretreatment decreased outgrowth of B1, but not B2, bone
tumors when cells were directly injected into the tibia (Sup-
plementary Fig. S3B). Moreover, WBM from ZA-treated mice
did not suppress B2-derived tumor growth in the bone marrow
functional assay (Supplementary Fig. S3C), indicating that
the B2 cell line is resistant to the tumor-suppressive effect of
ZA-treated bone marrow.

Comparative cytokine analysis revealed that the ZA-resistant
B2 cell line expressed higher levels of G-CSF, GM-CSF, CXCL1,
and IL18 than the ZA-responsive B1 cell line (Supplementary
Fig. S3D). Various tumor-derived factors have been previously
shown to induce osteoclastogenesis and osteoclast activity,
including cell surface ligand Jaggedl and secreted factors
RANKL, G-CSF, GM-CSF, MIP-1a, PTHrP, IL8, IL6, ICAM1
(30, 31). In particular, elevated plasma levels of G-CSF have
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been correlated with poor prognosis for patients with triple-
negative breast cancer (32) and enhanced osteoclast activity
has been reported in mice with elevated G-CSF levels (33-35).
Although it is well established that G-CSF leads to increased
numbers of myeloid cells in the bone marrow (35), whether
G-CSF directly affects osteoclastogenesis or response to ZA is
not well understood.

To assess whether G-CSF plays a role in resistance to ZA
treatment that we had observed, we overexpressed G-CSF in
the B1 cell line, which has endogenously low G-CSF expression,
to generate a G-CSF-high cell line (B1-G) (Supplementary
Fig. S3E). Unlike the B1 bone metastases that were significant-
ly reduced following ZA pretreatment (~3-fold reduction;
P < 0.05), the B1-G metastatic burden was no different from
that of the control cohort and significantly higher than that
of B1 cells treated with ZA (Fig. 3B and C). ZA also failed to
suppress B1 metastases when G-CSF was administered system-
ically (Supplementary Fig. S3F), even though the systemic
efficacy of G-CSF was confirmed by an expected increase in
peripheral neutrophil counts (Supplementary Fig. S3G). Of
note, neutrophil numbers in the bone marrow of B1 tumor-
bearing mice was unchanged after ZA, G-CSF, or ZA+G-CSF
administration (Supplementary Fig. S3H) and G-CSF did not
alter osteoclast activity relative to Ctl treatment, as measured
by plasma NTX (Supplementary Fig. S3I).

To determine whether G-CSF suppression is sufficient to
confer ZA response, we used two different shRNA constructs
to suppress G-CSF in the B2 cell line, which has endogenously
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high G-CSF expression, to generate G-CSF-low cell lines
(B2-shG1 and B2-shG2; Supplementary Fig. S3E). At this
time point, metastatic burden was not significantly affected
following ZA pretreatment regardless of G-CSF status in the
B2 cells (Fig. 3B and C; Supplementary Fig. S3J). Likewise,
neutralizing G-CSF in vivo prior to IC injection of the B2 cell
line did not significantly reduce metastases following ZA
pretreatment (Fig. 3D).

Together, these findings demonstrated that elevating G-CSF
levels is sufficient to confer ZA resistance, but that suppression of
G-CSF is not sufficient to induce ZA response. Moreover, these
data indicated that G-CSF alone does not necessarily enhance
metastatic burden above that of controls, but suggested that in the
context of ZA treatment, G-CSF increases metastatic burden.

G-CSF prevents generation of tumor-suppressive M/OCPs

We next wondered whether resistance to ZA under G-CSF-high
conditions was due to counteracting effects of G-CSF on bone
marrow hematopoietic cells. We started by analyzing the function
of WBM harvested from C57BL/6 mice 5 days following admin-
istration of ZA, G-CSF, combination ZA+G-CSF, or vehicle con-
trol (Fig. 4A).

As we observed repeatedly, WBM from ZA-treated mice
inhibited B1 tumor formation in vivo (Fig. 4B; Supplementary
Fig. S4A). We also confirmed that, as expected, ZA decreased
osteoclast activity in these mice (Supplementary Fig. S4B).
While WBM from mice treated systemically with G-CSF did
not significantly alter tumor growth relative to that of the
control cohort, when mice were treated systemically with
combination ZA+G-CSF, their WBM was no longer tumor
suppressive (Fig. 4B; Supplementary Fig. S4A). Importantly,
both WBM and M/OCPs harvested from ZA-treated mice, which
inhibited outgrowth of B1 tumor cells, were unable to inhibit
growth of B1 tumor cells that overexpressed G-CSF (B1-G;
Fig. 4C; Supplementary Fig. S4C).

In concordance with our findings from the in vitro differen-
tiation assays (Fig. 2C and D), ZA significantly increased the
numbers of macrophages in the marrow relative to vehicle
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control in vivo (Fig. 4D). In contrast, WBM from mice treated
systemically with G-CSF or with ZA+G-CSF contained similar
numbers of macrophages as those of the Ctl cohort (Fig. 4D).

These results suggested that G-CSF itself does not generate a
marrow environment that enhances tumor growth relative to the
control cohorts. Instead, G-CSF appeared to render ZA ineffective
to generate tumor-suppressive marrow.

G-CSF counteracts ZA's ability to push differentiation of
myeloid/osteoclast progenitors toward phagocytic
macrophages

Our results thus far established that ZA alters the lineage
potential of M/OCPs and renders them tumor-suppressive, while
G-CSF mediates resistance to their tumor-suppressive effect. We
therefore wished to know whether G-CSF alters the lineage
potential of the M/OCP population.

We first isolated WBM from Ctl-, ZA-, G-CSF, and ZA+G-
CSF-treated mice and then treated the cells in vitro with M-CSF
and RANKL (Fig. 5A). As we repeatedly observed, in the absence
of G-CSF, WBM from the ZA-treated cohort gave rise to signif-
icantly fewer osteoclasts than those from the control cohorts
(Fig. 5B). However, WBM from G-CSF-treated animals gave
rise to significantly more osteoclasts, even in the context of
ZA treatment (Fig. 5B).

We also isolated M/OCPs from Ctl- or ZA-treated mice and
then treated the cells in vitro with M-CSF and RANKL in the
presence or absence of G-CSF (Fig. 5C). In the presence of
G-CSF, M/OCPs from both Ctl- and ZA-treated mice gave rise
to increased numbers of osteoclasts and decreased numbers
of macrophages in vitro relative to M/OCPs in the absence of
G-CSF (Fig. 5D and E; Supplementary Fig. S5A and S5B).

Our RNAseq analyses of M/OCPs from Ctl and ZA-treated
mice (Fig. 1F) had suggested that ZA induces transcriptional
changes consistent with monocyte/macrophage lineage bias.
Therefore, to test potential functional consequences of altered
M/OCP lineage potential, we added fluorescently labeled B1
tumor cells to the cultures resulting from M/OCP differentia-
tion under various conditions, thus enabling us to assess
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G-CSF counteracts ZA's ability to push differentiation of myeloid/osteoclast progenitors toward phagocytic macrophages. A, Experimental scheme for
in vitro osteoclast differentiation assay using bone marrow from Ctl-, ZA-, G-CSF- or ZA+G-CSF-treated C57BL/6 donors. B, Quantification of
osteoclasts (OC; TRAP™, multinucleated cells) at endpoint (d5) of in vitro osteoclast differentiation assay with 1,000 WBM per well from Ctl-, ZA-, G-CSF-, or
ZA+G-CSF-treated C57BL/6 donors (n = 4 donor samples/cohort; representative of three biological replicates). C, Experimental scheme for in vitro
osteoclast differentiation assay using bone marrow from Ctl- or ZA-treated C57BL/6 donors that were subsequently treated with Ctl or recombinant
hG-CSF in vitro at d3. D, Quantification of osteoclasts (TRAP", multinucleated cells) at endpoint (d5) of in vitro osteoclast differentiation assay with 250 M/
OCPs per well from Ctl- or ZA-treated C57BL/6 donor mice; M/OCPs were treated in vitro with RANKL 4+ G-CSF (n = 4 donor samples per

cohort; representative of three biological replications). E, Flow cytometric quantification of macrophages (Cd1lb™/F4/80 MHCII™) at endpoint of in vitro
osteoclast differentiation assay (d5) using sorted M/OCPs from Ctl- or ZA-treated C57BL/6 mice; M/OCPs were subsequently treated in vitro with M-CSF and
RANKL + G-CSF (n = 4 donor samples per cohort; representative of three biological replicates). F, Percent of phycoerythrin (PE)-positive M/OCP-derived
macrophages (Cd1lb™ F4/80" MHCII™) at endpoint (d5), indicating phagocytosis of Did-Cm (PE)-labeled B1 tumor cells (n = 4 donor samples per
cohort; representative of three biological replicates). Error bars, mean 4+ SEM; two-tailed t tests (unpaired) were used to determine statistical significance

(*, P < 0.05; **, P < 0.0N).
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macrophage phagocytic capacity by scoring their uptake of
fluorescence. In the absence of G-CSF, macrophages derived
from M/OCPs of ZA-treated mice had significantly enhanced
phagocytic capacity relative to those from Ctl-treated mice,
irrespective of adding RANKL to the culture (Fig. 5F). In
contrast, G-CSF significantly decreased the phagocytic capacity
of the resulting culture from ZA-treated M/OCPs in both the
undifferentiated (without RANKL) and differentiated (with
RANKL) cultures (Fig. 5F). Consistent with the phagocytic
phenotype, numbers of F4/80 MHCII+ macrophages in the
bone marrow of ZA-treated mice was approximately 3-fold
higher than in the control cohort, and G-CSF prevented this
increase (Supplementary Fig. S5C).

Collectively, these findings suggested that G-CSF counteracts
the effect of ZA on M/OCP function and lineage potential at
least in part by preventing ZA from inducing M/OCP differen-
tiation toward phagocytic macrophages. Moreover, these
results provide additional evidence to suggest an association
between lineage potential and the tumor-inhibitory function of
the bone marrow.

Bone marrow transcriptome and gene ontology processes
that correlate with function

The results from our preclinical metastasis models thus far
indicated that the status of the bone marrow at the time
metastatic tumor cells encounter it has a profound influence
on metastatic success. As such, we wanted to gain insights into
how the whole bone marrow hematopoietic microenviron-
ment is affected by ZA and how G-CSF may alter the ZA
signature. We therefore characterized transcriptional programs
(RNA-seq) on whole bone marrow from mice treated with Ctl,
ZA, G-CSF, or combination ZA+G-CSF (GSE108250).

We first analyzed the RNA-seq data by identifying enriched
gene ontology processes (36) within the lists of DEGs from
each treatment condition (ZA, G-CSF, or ZA+G-CSF) as com-
pared with Ctl-treated bone marrow (Supplementary Fig. S6A-
S6C; Supplementary Table S3A-S3F). In the ZA-treated cohort,
significantly enriched processes were related primarily to met-
abolic process whereas in the G-CSF-treated cohorts, as well as
in the ZA+G-CSF-treated cohorts, significantly enriched pro-
cesses were dominated by immune processes (Supplementary
Fig. S6C).

A global analysis of gene expression differences between
each of the 3 treatment cohorts (ZA, G-CSF, and ZA+G-CSF)
and the control cohort (Ctl) provided insights into the effect of
each treatment on WBM and M/OCPs. For WBM, the compar-
isons identified 56, 1,445, and 1,054 DEGs (modified BH
adjusted P value <0.01) in the ZA, G-CSF, and ZA+G-CSF
cohorts, respectively (Fig. 6A; Supplementary Fig. S6A and
S6B; Supplementary Table S4A-S4C). A total of 779 DEGs
were common to both the G-CSF and ZA+G-CSF comparisons,
only 28 of which were also shared with the ZA comparison
(Fig. 6A). The 28 DEGs that were affected by all 3 treatments
were the only DEGs shared between the ZA and ZA+G-CSF
comparisons (Fig. 6A). Importantly, 16 DEGs were affected
exclusively by ZA treatment (i.e., not identified in the combined
treatment comparison) and included genes involved in phago-
cytosis such as Slc15a4, Usp37, and Ipo13 (Fig. 6A; Supplemen-
tary Table S4A). Interestingly, approximately 25% of the DEGs
resulting from combination ZA+G-CSF were unique to that
treatment cohort (Fig. 6A).
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In the M/OCPs, 165 DEGs resulted from ZA treatment, 314
from G-CSF treatment, and 151 from combination ZA+G-CSF
(Fig. 6A; Supplementary Table S5A-S5C). As observed with WBM,
a number of DEGs (~38%) were unique to the combination
treatment. 103 DEGs were affected exclusively by ZA treatment
(Fig. 6A). Interestingly, Mapk8ip2 was one of the most significantly
upregulated DEGs in the ZA-treated cohort (P = 3.39 x 10™'%),
butwas down-regulated in both G-CSF-treated (P<8.48 x 10™%),
and ZA+G-CSF-treated cohorts (P = 4.31 x 107°). Mapk8ip2
is involved in monocyte differentiation into macrophages
when activated (Supplementary Table S5A; ref. 37).

These analyses revealed that both G-CSF and ZA significantly
and uniquely affect transcriptional programs in the WBM and
that combined treatment yields yet a different transcriptional
profile from either treatment alone. Moreover, ZA treatment
appeared to have a larger impact on M/OCPs than on WBM,
while G-CSF appeared to dominate the effect on WBM.

Effects of ZA that are lost or significantly changed in the
presence of G-CSF

We considered the transcriptional effects we observed with
each treatment and the fact that ZA treatment generated metas-
tasis-suppressive marrow while G-CSF alone had no effect on
metastatic burden, yet G-CSF induced resistance to ZA and
increased metastatic burden in the context of ZA treatment. In
doing so, we speculated that ZA and G-CSF either affect the
marrow in opposing directions or that the effects of combina-
tion treatment cannot be explained by contributions of either
treatment alone.

Our comparative analysis revealed that the DEGs upon com-
bination treatment were not equivalently significant in either the
ZA or G-CSF cohorts (Fig. 6A). In other words, none of these
genes was expressed in an opposing manner. Indeed, 263 DEGs
were unique to WBM and 58 genes unique to the M/OCP
population in the ZA+G-CSF cohorts (Fig. 6A). Hence, we
employed a regression approach with an interaction term and
identified genes for which the effects of G-CSF and ZA statistically
interact (Fig. 6B; Supplementary Table S6A and S6B).

GO analysis of these nonadditively differentially expressed
genes from WBM revealed processes significantly enriched by
the combination treatment that described the difference in
response to ZA in the presence of G-CSF (Fig. 6C; Supplementary
Table S7). The enrichment list represents gene sets that were either
enhanced or ablated relative to the cumulative effects expected
from adding together the effects of ZA and G-CSF treatments
alone, including those newly emerging with combination treat-
ment. Of these, "immune response" and "phagocytosis" were
particularly intriguing to us, as these were predominantly sup-
pressed by combination treatment. For example, a number of
genes involved in antigen processing and lymphocyte activation,
including B2m, Vav2, and a number of histocompatibility genes
(H2-K1, H2-D1, H2-Q5, H2-Q7) were uniquely suppressed
with ZA+G-CSF combination treatment relative to Ctl treatment
(Supplementary Table S6A). Moreover, Axl, which suppresses
myeloid cell immune function and dampens NK-cell activity
(38), was significantly suppressed by ZA treatment [log, (fold
change) = —1.20, P = 1.25 x 10™*] but significantly enhanced
with ZA+G-CSF treatment [log, (fold change) = 1.68, P =2.7 x
10~7; Supplementary Table SGA].

Together with our preclinical modeling, these analyses indi-
cated that in the marrow of animals treated with combination
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Figure 6.

Bone marrow transcriptome and gene ontology processes that correlate with function. A, Venn diagrams for distinct and nondistinct differentially
expressed genes in the bone marrow (left) or M/OCPs (right) from mice treated with ZA (blue), G-CSF (red), or ZA+G-CSF ("Both"; yellow), as normalized
to Ctl-treated bone marrow or M/OCPs (modified BH adjusted P value less than 0.01). B, Heatmap of expression levels of genes identified from a
regression analysis of the interaction between G-CSF and ZA effects on gene expression for WBM (left) or M/OCPs (right). Individual sample expression levels
are shown for genes with a modified BH-adjusted P value of less than 0.01 from the regression. Values represent normalized counts after centering on the
mean expression levels of the control samples and scaling to the range of gene expression across all samples (so that —1 represents the lowest expression
level for all samples and 1 the highest). C, Enriched gene ontology categories for genes for which the simultaneous effects of G-CSF and ZA treatment on
expression were not additive in a comparative analysis model for WBM. Categories for each indicated cohort were compared with control using the
nonadditive genes (as ordered by absolute log,-fold change; modified BH-adjusted P value less than 0.01). A list of the statistically enriched GO terms for
biological processes was generated using the methods described in A.
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ZA + G-CSF, the transcriptional effects of ZA are negated and/or
significantly changed by G-CSF in a manner that associates with
metastatic progression.

High plasma G-CSF correlates with worse outcome for patients
with breast cancer treated with adjuvant ZA

Our preclinical data established that G-CSF mediates resis-
tance to ZA, and in fact, ZA4G-CSF combination treatment had
unexpected effects on the metastatic microenvironment, result-
ing in enhanced metastasis relative to ZA treatment alone.
Hence, we sought to understand whether patient plasma G-CSF
levels correlate with response to ZA. In the clinical setting,
bisphosphonates have suggested benefit, as demonstrated by
results from a meta-analysis in which patients who had received
adjuvant bisphosphonate treatment observed a significant
reduction in breast cancer recurrence in the bone (39). Never-
theless, responses have been limited for unknown reasons
and biomarkers that can be used to guide treatment decisions
are lacking.

We analyzed patient plasma samples (n = 392) from the
AZURE clinical trial in which women with stage II/III breast
cancer were randomized to receive standard systemic treatment
(>95% of the patients received chemotherapy) with or without
adjuvant ZA (Fig. 7A; ref. 16). In the AZURE trial, postmeno-

A

- 4 Standard therapy
/

3,600 Stage
/11l breast
cancer .| Standard therapy +
patients 4 zoledronic acid 4 mg
(duration 5 years)
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obtained

DFS by optimum G-CSF cut point
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Figure 7.

Modulating Bone Marrow to Prevent Breast Cancer Metastasis

pausal (natural or induced with ovarian suppression) patients
observed a significant decrease in overall breast cancer recur-
rence (16). Importantly, primary G-CSF prophylaxis was not
used in these patients. We verified that the magnitude of effect
of ZA in reducing the development of bone metastasis at any
time during the 10-year follow-up in our patient subset was
similar to that of the overall trial [trial total n = 3,360, HR =
0.81, 95% confidence interval (CI) 0.68-0.97 (16); our subset
n =392, HR = 0.89, 95% CI 0.62-1.3; Fig. 7A].

We utilized an analytic approach that adjusts for an optimal
plasma G-CSF concentration cut-off point and enables us to
accurately determine DFS and significance levels in an unbiased
fashion (See Materials and Methods, Supplementary Fig. S7A-
S7D; ref. 40). On the basis of these previously published
methods, we determined that a plasma G-CSF concentration
of 23 pg/mL was the optimum cut-off point for assessing
disease-free survival (DFS) events in ZA-treated patients (40).

Patients receiving adjuvant ZA whose plasma G-CSF levels
were > 23 pg/mL at the time of randomization had significantly
reduced DFS when compared with patients with plasma G-CSF
levels < 23 pg/mL (P,gjusted = 0.02) as assessed over a 10-year
period (Fig. 7B). However, in the cohort that did not receive
ZA, plasma G-CSF levels did not predict a significant differ-
ence in DFS (Supplementary Fig. S7B). Cox model analysis

Subgroups analyzing log (1+G-CSF) using Cox
proportional hazards model: results for DFS
Group Chi-square P value
Overall 0.05 0.82
ctl 3.85 0.050
ZA 8.99 0.0027*
Postmenopausal 0.13 0.72
Nonpostmenopausal 0.00 0.96
Ctl, Postmenopausal 0.89 0.35
ZA, Postmenopausal 5.09 0.024*
Ctl, Nonpostmenopausal  2.88 0.090
ZA, Nonpostmenopausal  3.53 0.06
¢ ZA ZA
\ ‘/ +G-CSF
Myeloid/osteoclast G-CSF
\ / Metastatic
progenitor ’ - < Ve Q\ breast
/, \ J tumor cell
) —eme
I/‘ 3—"43 :
[ J C@®>
N R /
¢, \ /
;s 4 >
I/‘ -
4
o
N
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High plasma G-CSF correlates with worse outcome for patients with breast cancer treated with adjuvant ZA. A, AZURE clinical trial randomization scheme
from Coleman and colleagues, 2014 (16) and Cox proportional hazards model analysis of subgroup from AZURE trial (n = 392) for DFS by Ctl and ZA cohorts,
menopausal status, and by menopausal status for treatment group (*, P < 0.05). B, DFS outcome (derived from cut-off point analysis—see Materials
and Methods) defined in terms of number of DFS events avoided/saved over the 10-year period post randomization among ZA-treated patients; optimal cut-
off point was at 23 pg/mL G-CSF. C, Proposed model. ZA inhibits mature osteoclasts and also increases the numbers of M/OCPs in the bone marrow,
altering their gene expression profile to drive them toward tumor suppressive phagocytic macrophages. Tumor-derived or systemic G-CSF counteracts the
effects of ZA by driving the lineage potential of M/OCPs toward osteoclasts.
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demonstrated that the relationship between high plasma G-CSF
levels and DFS in ZA-treated patients could not be explained
by imbalances in other key prognostic variables, namely num-
ber of involved lymph nodes affected, tumor size (T stage),
and breast cancer receptor status (ER/PR/Her2). Moreover, in
support of the retrospective analyses demonstrating that post-
menopausal patients observed significant benefit with adjuvant
ZA, plasma G-CSF levels were significantly lower in postmen-
opausal patients than premenopausal patients in our cohort
(P=1.14 x 107%).

Discussion

This work revealed that bone marrow hematopoietic cell
states, particularly M/OCP lineage potential, have a profound
impact on breast cancer bone metastasis and that the hemato-
poietic microenvironment, which serves as a niche for dissem-
inated tumor cells, can be modulated by bone-targeting agents
and cytokines to alter disease outcome. Specifically, the bispho-
sphonate, ZA, directs M/OCP lineage potential toward tumor-
suppressive macrophages and prevents metastatic growth in the
bone; systemic or tumor-derived G-CSF promotes resistance to
the metastasis-suppressive effect of ZA by skewing M/OCP
differentiation toward osteoclasts and away from the phago-
cytic myeloid lineage (Fig. 7C).

Further mechanistic investigation into the newly identified
biology that we report here is warranted to understand how
best to capitalize on bone marrow and M/OCP function and
differentiation potential to prevent or limit metastatic disease
in the bone. The novel, perhaps unexpected effect of ZA on
the bone microenvironment may provide one such avenue.
From a clinical perspective, targeting osteoclast activity with
bone-modifying agents, such as bisphosphonates or the
RANK-ligand inhibitor denosumab, has significantly reduced
skeletal-related events patients with metastatic breast cancer to
the bone (i.e., bone fractures, bone pain requiring radiother-
apy, spinal cord compression, and hypercalcemia; ref. 41).
Thus, current NCCN guidelines support the administration of
these agents in combination with chemotherapy or endocrine
therapy for patients with bone metastases (category 1 recom-
mendation; refs. 42, 43). Results from a meta-analysis of
individual patient data from 18,766 women—enrolled over
26 randomized trials that evaluated the benefits of adjuvant
bisphosphonate treatment—showed a significant reduction in
bone recurrence and improvement in breast cancer-specific
survival (44).

Subgroup analyses have suggested that postmenopausal
status, but not hormone receptor (ER/PR) or growth factor
receptor (Her2) expression, predisposes patients who are more
likely to benefit from bisphosphonates, and this is reflected in
the recently published guidelines by Cancer Care Ontario and
the American Society of Clinical Oncology that recommend
consideration of ZA or clodronate for postmenopausal (nat-
ural or induced with ovarian suppression) patients deemed
candidates for adjuvant systemic therapy (43). Other meta-
analyses revealed that adjuvant therapy with ZA increases
overall survival in early-stage breast cancer (44). In addition,
ZA decreased the number of DTCs in the bone marrow of stage
II/TII patients with breast cancer in a randomized clinical trial
(45). ZA has also been demonstrated to increase disease-free
survival when it is administered with neoadjuvant chemother-
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apy, particularly in postmenopausal patients (46). Neverthe-
less, an underlying biological explanation for the protective
effect of bisphosphonates in breast cancer, in terms of reduc-
tion of disease recurrence, had remained elusive.

Although meta-analyses of the clinical studies highlighted
efficacy of ZA, no overall survival benefit has been reported
to date in individual randomized controlled trials in breast
cancer. Consequently, even considering pre- or post-meno-
pausal status, it remained unclear how to identify which
patients would observe benefit with ZA (16). Our findings
provide new insights into why certain patients may not see
reduction in breast cancer recurrence with ZA. Our preclinical
findings are underscored by the fact that patients in the
AZURE trial (16) with higher plasma G-CSF levels experi-
enced worse outcome from adjuvant ZA treatment and pro-
vide preliminary evidence to caution against the use of ZA in
patients with high plasma G-CSF. High plasma G-CSF, how-
ever, has been correlated with poor prognosis in patients with
breast cancer, specifically those with triple-negative breast
cancer (32). However, in our study, plasma G-CSF levels
alone, in the absence of ZA treatment, did not predict worse
survival.

Unfortunately, our findings provide a preliminary indica-
tion that suppression of G-CSF may not be an effective strategy
for improving responses to ZA, as neither genetic nor phar-
macologic inhibition of G-CSF was sufficient to confer
response. It is possible that the balance between tumor-pro-
moting (8) and tumor-suppressive cells in the marrow, or
other cytokines (such as GM-CSF) must be considered in the
appropriate contexts. Further studies to evaluate our findings
will therefore require well-designed preclinical and clinical
trials to determine patient benefit with adjuvant ZA in the
presence or absence of G-CSF administration. Our analyses
suggest other ways to achieve this goal may be to include
combinations with other bone-targeting agents or immu-
notherapies. Further studies based on results of our gene
expression profiling under these various conditions may reveal
factors, pathways, and processes that are necessary and/or
sufficient for the tumor-inhibitory function of the bone mar-
row. Some of the newly identified gene products presented
here may be considered as candidate targets for future com-
bination therapies and preclinical research.

Likewise, additional work will be necessary to determine
the translatability of G-CSF as a biomarker for selection of
patients who should/should not receive ZA treatment, given
that many patients also receive G-CSF at the time of chemo-
therapy and adjuvant ZA treatment (the patients in our study
did not receive primary G-CSF prophylaxis and less than 10%
received secondary G-CSF treatment). Identifying biomarkers
that better stratify patient risk and responses to ZA hold the
potential of using bone-modulating drugs to improve patient
outcomes.

Identification of a tumor-suppressive population in the bone
marrow provides opportunities for exploring new therapeutic
strategies that could generate such cells to halt metastatic
progression or overcome the adverse effects of G-CSF. The
ability to use relatively safe bone-modulating therapeutics to
capitalize on the tumor-suppressive function of the bone mar-
row, particularly M/OCP populations, provides a foundation
for potentially curative treatments during the time when met-
astatic breast cancer can still be controlled.
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