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Abstract

Lack of insight into mechanisms governing breast cancer metastasis has precluded development of
curative therapies. Metastasis-initiating cancer cells (MICs) are uniquely equipped to establish
metastases, causing recurrence and therapeutic resistance. Using various metastasis models, we
discovered that certain primary tumors elicit a systemic inflammatory response involving IL-1p-
expressing innate immune cells that infiltrate distant MIC microenvironments. At the metastatic
site, IL-1p 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
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response or IL-1R inhibition relieves the differentiation block and results in metastatic
colonization. Among lymph node-positive breast cancer patients, high primary tumor IL-1p
expression is associated with better overall survival and distant metastasis-free survival. Our data
reveal complex interactions that occur between primary tumors and disseminated MICs that could
be exploited to improve patient survival.

RESULTS

Breast cancer patients often exhibit no evidence of disseminated disease at initial diagnosis,
yet ~20% of patients ultimately relapsel. Metastatic dissemination often begins at early
stages? 3, yielding many latent micrometastases. By some estimates, less than 0.02% of
those disseminated tumor cells will form secondary tumors, indicating that successful
metastatic colonization is rare?® and ascribed to only specialized minority cancer cells,
termed metastasis-initiating cells (MICs)’.

The seemingly simultaneous emergence of clinically detectable metastases has led to the
notion that reactivation of secondary lesions from dormancy is triggered systemically®: ©.
Pre-clinical modeling has revealed that primary tumors influence metastasis by modulating
both systemic and secondary tumor microenvironments before and after dissemination10-15,
The role of the immune system during these processes is particularly complex18. Little is
known about immune system impact on MIC colonization or the context in which primary
tumor-driven pathophysiology will prove pro- or anti-metastatic.

Successful metastatic colonization is also largely dependent upon tumor cell inherent
biology. 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 (CSC) models!’. Once MICs reach a distant tissue,
the necessity of cellular plasticity to developing overt metastatic lesions remains to be
determined. Clinical and pre-clinical findings thus provoke the question of whether the
success of disseminated MICs is influenced by overall disease pathophysiology.

Identification of Primary Tumors that Inhibit Metastatic Colonization

To determine whether primary tumors influence colonization of disseminated metastasis

initiating cells (MICs), we first employed a polyclonal metastatic mammary carcinoma cell

line, Met1, derived from a spontaneous lung metastasis in an FVB/N-Tg(MMTV-PyMT)
18

mouse-°,.

Metl cells or PBS vehicle control were injected orthotopically into FVB mice. After two
weeks, when primary tumors reached ~100 mm?3 (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 analyzed after a subsequent 2-week period.

In three independent experiments, the control cohort developed overt pulmonary metastases
while no macrometastases were observed in mice bearing orthotopic Metl primary tumors
(Fig. 1b, ¢). Importantly, orthotopic Metl primary tumors did not inhibit Metl secondary
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tumors that were injected subcutaneously (Supplementary Fig. 1b), an injection scheme that
does not provide selection pressure for mMIC subpopulations'®. These results suggested that
Met1 primary tumors specifically inhibit growth driven by their MICs and not the bulk,
heterogeneous population of tumor cells.

We previously generated a series of single cell-derived clones from the parental Met1 line20.
To identify a purified population of Metl murine MICs (mMICs), we tested the metastatic
potential of two of these clones, MT2 and MT3. The MT3 subclone was subsequently
defined as a mMIC population due to its enhanced metastatic potential (~90
macrometastases/field; 100% incidence) compared to poorly metastatic MT2 cells (~1
macrometastasis/field; 66.6% incidence) (Supplementary Fig 1c). Hence, Met1 primary
tumors or control PBS were orthotopically injected into cohorts of FVB mice followed two
weeks later by intravenous injection of the mMIC-MT3 cells (Fig. 1a). At the experimental
end point, mMIC-MT3 pulmonary metastases were reduced ~6-fold in the cohort bearing
Metl primary tumors relative to the control cohort (Fig. 1d, €).

To test whether adaptive immunity was necessary for inhibiting mMIC pulmonary
metastases, we conducted the same experiments in athymic Nude mice. After two weeks,
when primary tumors reached ~200 mm3 (Supplementary Fig. 1d), Met1 cells were injected
intravenously (Fig.1a). Again, Met1 primary tumors 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 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; when compared with other HMLER
subclones, hMIC is uniquely metastatic?1.

Primary HMLER tumors significantly inhibited outgrowth of subcutaneous hMIC secondary
tumors (Fig. 1h-j) as well as hMIC pulmonary metastases (Supplementary Fig. 1e). We also
tested highly metastatic MDA-MB-231 human breast cancer cells, which are enriched for
hMICs?2. These 231-MIC secondary tumors were also significantly inhibited by HMLER
primary tumors (Supplementary Fig. 1f-i).

We ruled out the possibility that the primary tumors inhibited hMIC outgrowth through
release of anti-angiogenic factors23. In fact, hMIC-derived tumors from mice bearing
primary tumors contained ~2.5-fold more blood vessels per section than the control cohort
(Fig. 1k).

Importantly, we discovered that primary tumors from another HMLER derivative
subpopulation, HMLER221, did not inhibit hMIC colonization (Fig. 1l). This finding
suggested there are properties specific to inhibitory primary tumors.

These data established several important principles. First, primary tumors that inhibited MIC
colonization did not prevent outgrowth of heterogeneous tumor cell populations comprised
of MICs and non-MICs, suggesting MIC-specific properties make them susceptible to
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growth inhibition. Second, systemic growth inhibition of MICs is not tissue-specific, since
primary tumors inhibited outgrowth of both subcutaneous and pulmonary MICs. Third,
primary tumors systemically inhibited MICs independently of an adaptive immune system
without affecting MIC vascularization, pointing to innate immune mechanisms. Fourth, not
all primary tumors inhibited distant MIC colonization.

MIC Proliferation and Differentiation are Mechanistically Linked

The histopathology of control cohort hMIC tumors was consistent with that of breast ductal
adenocarcinomas observed in the clinic; in contrast, cancer cells in hMIC tumors from
cohorts bearing primary HMLER tumors appeared mesenchymal-like, resembling breast
spindle cell carcinomas (Fig. 2a). Similarly, mMIC-MT3 metastatic foci in primary tumor-
bearing mice appeared poorly differentiated (Fig. 2b). hMIC and mMIC proliferation was
significantly reduced in cohorts bearing primary tumors relative to their respective control
cohorts (Fig. 2c, d).

Evidence from multiple groups indicates that MICs reside in a partial-EMT state?4, As MICs
generate their non-MIC progeny during secondary tumor formation, mesenchymal properties
are lost and epithelial phenotypes are reacquired?® 7 Our histopathological observations
supported the hypothesis that inhibitory primary tumors 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 tumors
from control cohorts acquired ECAD expression, which was ~5-fold higher in hMICs and
~2-fold higher in mMICs when compared with MICs from primary tumor-bearing mice
(Fig. 2e-h). Epithelial phenotypic plasticity was also manifest when we visualized
cytokeratin and vimentin (Supplementary Fig. 2c, d).

We next asked whether the block in MIC differentiation and growth inhibition were
mechanistically related. We reasoned that these responses should be analyzed from size-
matched MIC-derived tumor 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 tumors 14 days
later (Supplementary Fig. 2e). At this early time point, h(MIC tumors were comparable in
size (~50 mm3) between cohorts, although hMIC tissues from the mice with primary tumors
had ~62% fewer proliferating tumor cells with no significant differences in numbers of
Caspase3-positive cells (Supplementary Fig. 2e-i).

We examined these small secondary tumors for ECAD and the human mesenchymal marker,
ZEB126, which is highly expressed in hMICs in vitro (Supplementary Fig. 2b). In the control
cohort (no primary tumor), 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 tumors largely maintained ZEB1 expression (~90%) with only a small
fraction of tumor cells acquiring ECAD expression (Fig. 2i-I).
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The ZEB1hi 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 control (control hMICs)
(Supplementary Fig. 2j). After 6-weeks, the ZEB1M hMIC tumors were 20-fold smaller than
control hMIC tumors and indeed maintained high ZEB1 protein expression (Fig. 20-p).
Hence, maintaining high ZEB1 expression in hMICs, either in the presence of a primary
tumor or by ZEBI over expression, severely compromises their tumor-forming ability.

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

Myeloid cells in the metastatic microenvironment prevent MIC differentiation and
colonization

Transcriptomic analysis of lung tissues 14 days after control PBS or Met1 primary tumor
initiation — 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 Data Table S2).
The MIC-suppressive lung environment was defined by functionally enriched gene ontology
(GO) terms and pathways involved in leukocyte (myeloid/neutrophil/granulocyte) migration
and chemotaxis and diminished for protein folding responses (Fig. 3a, b).

In agreement with RNAseq results, neutrophils were abundant in the lungs and ~4-fold
higher in the circulation of the tumor-bearing cohort than in the tumor-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 confer either pro- or anti-
tumorigenic functions that are governed in tissue- and microenvironment-specific
contexts10: 11.13.27-29 One particular study reported gene expression signatures of breast
cancer metastasis-promoting, immune-suppressive circulating neutrophils (“KEP”)13,
Analysis of the reported KEP and normal lung neutrophil signatures revealed that the lungs
from mice with Met1 primary tumors had a lower KEP:normal ratio (~1.7) compared to the
control cohort (ratio of ~2.8) (Supplementary Fig. 3f). Similarly, leukotrienes expressed by
pre-metastatic lung neutrophils to expand the MIC pool in a reported study! were not
differentially expressed in the lungs of the tumor-bearing cohort (see GSE111157). These
results suggested that the neutrophils in lungs of Metl tumor-bearing mice are entrained
differently than previously described circulating neutrophils.

Similarly, myeloid cells infiltrated the hMIC tumors from mice bearing inhibitory human
primary tumors (HMLER) but not those bearing non-inhibitory primary tumors (HMLER?2).
In these cases, macrophages were ~4.5-fold more abundant in hMIC secondary tumors from
mice with primary HMLER tumors than either Matrigel controls or HMLER2 tumor-bearing
mice(Fig. 3g, h).
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To determine if 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 tumor growth, and reduced
lung neutrophil infiltration (Supplementary Fig. 3g-I). 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 1gG2a every 2 days; mMIC cells were then
injected intravenously into all cohorts at day 14, and the dosing regimens were continued
(Fig. 3i).

As expected, pulmonary macrometastases were reduced ~4-fold in the primary tumor-
bearing cohort treated with control 1gG2a relative to the control primary tumor-free cohort
(Fig. 3j). However, when the primary tumor-bearing cohort was treated with anti-Ly6G and
circulating neutrophils were reduced to that of the control cohort without affecting primary
tumor mass (Supplementary Fig. 3 m, n), metastatic colonization was no longer inhibited
(Fig. 3j). Neutrophil ablation was associated with significantly larger pulmonary metastases
that displayed ~2-fold more ECAD compared with the control 1gG2a cohort (Fig. 3Kk, I;
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-1B is Sufficient to Prevent MIC Differentiation

We next interrogated candidate DEGs as drivers of MIC suppression. Among the topmost
upregulated DEGs in the lungs of mice with primary tumors, we considered pro-
inflammatory cytokines common to both neutrophils and macrophages (Supplementary Fig.
43)13:30. 31 One of the most highly upregulated DEGs in lungs of primary tumor-bearing
mice was IL-1f (Fig. 4a), which is known to drive ZEB1 expression32: 33, |L-1p was
significantly more abundant in the lungs of both FVB and Nude mice bearing Metl primary
tumors (Fig. 4b, c) and mMICs did not secrete appreciable levels of IL-1f in culture
(Supplementary Fig. 4b). We confirmed that murine Met1 cells and derivative clones, MT2
and MT3, expressed IL-1R and were responsive to IL-1p in a dose-dependent manner
(Supplementary Fig. 4c).

We also assessed IL-1 expression in hMIC tumors from HMLER- and Matrigel-bearing
mice by species-specific qPCR. Human /L-1Band /L-1A expression were not different
between cohorts (Fig. 4d). In fact, hMICs secrete very low levels of IL-1p (<1pg/ml) in
culture (Supplementary Fig. 4d). Relative to Matrigel control mice however, murine /L-1
expression was 2.7-fold elevated in hMIC tumors from mice bearing primary tumors; this
was accompanied by a 3.4-fold increase in human /L-1R1 expression (Fig. 4d). Indeed,
murine IL-1p can efficiently bind and activate human IL-1R134 and 1L-18 induces
expression of /L-1R1, thereby amplifying IL-1 signaling3°: 36,

Tumor-associated macrophages (CD11b+F4/80+) equivalently infiltrated hMIC tumors from
both cohorts at the early time point (Supplementary Fig. 4e). However, macrophages
expressed significantly higher levels of intracellular IL-1p protein per cell in the cohort with
primary tumors than those from the control cohort (Fig. 4e).
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We directly tested effects of IL-1 on MIC plasticity by admixing hMICs with Matrigel
containing either IL-1p (hMIC+IL-1B) or PBS control (hMIC+PBS) (Fig. 4f). After 2
weeks, the hMIC+ IL-1f tumors had significantly fewer ECAD+ tumor cells and more
ZEB1+ tumor cells than the hMIC+PBS tumors (Fig. 4g-h). Importantly, hMIC+IL-1p
tumors displayed significantly 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 Signaling is Necessary for Preventing MIC Differentiation

To test whether IL-1R1 signaling is necessary for preventing MIC differentiation, we first
generated hMIC-IL-1R1 deficient cells (sh-IL-1R1-hMIC) and scrambled shRNA control
cells (sh-Ctl-hMIC). Only 1 of 6 ShRNA constructs provided sufficient suppression of
IL-1R1 without significantly impacting cell proliferation (Supplementary Fig. 5a, b); hence,
we performed all /n vivo experiments with shA-1L-1R1-MIC cells only. Cohorts of mice
bearing primary HMLER tumors or Matrigel control were injected with sh-IL-1R1-MIC or
sh-CtI-MIC 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 tumors from mice with primary tumors 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 tumors from both cohorts
expressed similar levels of ECAD and ZEB1 and the majority of tumor cells from both
cohorts were in ZEB1lIoECADNi state (Fig. 5b-c).

We also treated mMICs in a 3D tumorsphere assay with IL-1p, anakinra (IL-1R1
antagonist), combination IL-1p+anakinra, or vehicle control. IL-1p treatment activated NF-
xB signaling and significantly reduced tumorsphere size whereas anakinra reduced NF-xB
activation and increased both tumorsphere size and ECAD protein levels (Supplementary
Fig. 5d, e).

In addition to dysfunctional adaptive immunity, NOD/SCID mice have an impaired innate
immune system, of which defects in IL-1 signaling are a particular feature3’. Hence, we
injected cohorts of NOD/SCID mice with either Matrigel or HMLER primary tumors. After
10 days, circulating monocytes were not significantly different between cohorts
(Supplementary Fig. 5f). At day 14, we then injected either hMICs or hMICs with rIL-1p
(hMICs+IL-1p) as secondary tumors and harvested tissues of equivalent mass after an
additional two weeks (Fig. 5d, e and Supplementary Fig. 5g).

The majority of hMIC tumor cells in the control NOD/SCID mice were ECADhiIZEB1lo
(Fig. 5f, g). However, unlike Nude mice, HMLER primary tumors failed to lock distant
hMICs in the ZEB1+ state and these hMIC tumor cells were also ECADhiZEB1lo (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
tumor. Finally, addition of rIL-1p maintained hMICs in a ZEB1+ECADIo state (Fig. 5f, g),
indicating that hMICs were still capable of responding to IL-1p in the NOD/SCID mice.
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These observations indicated that the ability of primary tumors to systemically maintain
secondary hMIC tumors in the ZEB1+ECADIo state critically depended on eliciting
systemic inflammation involving IL-1p-secreting innate immune cells and IL-1R pathway
activation in the disseminated MICs.

MIC-inhibitory primary tumors elicit a systemic inflammatory response

Our results thus far suggested that MIC-inhibitory primary tumors elicit a systemic pro-
inflammatory response. Indeed, myeloid cells infiltrated the Met1 and HMLER primary
tumors but not the HMLER?2 primary tumors that did not suppress distant hMIC outgrowth
(Fig. 6a, b; Supplementary Fig. 6a). Circulating neutrophils were significantly increased 10
days after disease initiation (i.e., prior to mMIC implantation) in the Met1 primary tumor-
bearing FVB cohort and there was a 10% increase in circulating monocytes in HMLER
tumor-bearing Nude mice after just 14 days (Fig. 6c, d).

In the bone marrow of FVB mice, short-term hematopoietic stem cells (ST-HSCs), common
myeloid progenitors (CMP) and granulocyte-monocyte progenitors (GMP) expanded 28
days after Met 1 tumor establishment while production of hematopoietic stem cells (HSC),
long-term HSC (HSC LT), common lymphoid progenitors (CLP) and megakaryocyte/
erythroid progenitors (MEP) decreased (Fig. 6€). The shift toward CMPs and GMPs
reflected a skewing toward the production of neutrophil and macrophage precursors.
Circulating neutrophils were still significantly elevated by end-stage in both FVB and Nude
mice (Fig. 6f). Similarly, bone marrow monocytes and their expression of intracellular IL-18
were significantly elevated at end-stage of HMLER primary disease (Fig. 6g). These results
were indicative of a sustained pro-inflammatory response throughout disease progression.

Inhibiting inflammation at primary tumor site results in distant MIC differentiation and

growth

Our results suggested that inhibiting inflammation at the primary tumor site should impact
the systemic cascade of events that resulted in MIC suppression at distant sites. Therefore,
we analyzed the primary tumors for pro-inflammatory factors that we could interrogate.

Expression analysis of Met1 primary tumors relative to control tissues (GSE111157) showed
enhancement of genes terms related to inflammation and neutrophil recruitment; some of
these included IL-1B, LCN2, G-CSF, CCL2, and TNFa (Supplementary Fig. 7a). Cytokine
analysis also revealed a number of pro-inflammatory cytokines that were secreted at
significantly higher levels (=3-fold) by the HMLER cells than the non-inhibitory HMLER?2
cells, including IL-1a and LCN2 (Fig. 7a). A number of these same cytokines, including
IL-1a, LCNZ2, and G-CSF, were secreted at significantly higher levels (=2-fold) by the
HMLER cells than hMICs (Supplementary Fig. 7b).

Our earlier results (Figs. 3-5) established that neutrophil neutralization or IL-1R1
suppression within the metastatic niche affects MIC differentiation and colonization;
therefore, therapeutic approaches designed to systemically inhibit inflammation would not
reveal the necessity or exclusivity of primary tumors in initiating the MIC-inhibitory
cascade. Therefore, we sought strategies to inhibit inflammation proximal to the primary
tumor. Among the various pro-inflammatory cytokines secreted by primary tumors, IL-1a
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stood out due to its prominence as a local initiator of systemic inflammatory responses33.
Importantly, IL-1R activation triggers induction of some of the pro-inflammatory cytokines
that we had observed, including TNFa38, lipocalin 2 (LCN2)3°, and CCL240: 41, Indeed,
IL-1a was >6-fold more abundant in conditioned medium from HMLERs than hMICs (Fig.
7b).

To determine if primary tumor IL-1R1 signaling initiates the pro-inflammatory cascade, we
used a recombinant IL-1 receptor antagonist (IL-1Ra)*2. 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 primary tumor-bearing cohort relative to the Matrigel controls; however, in
the cohort bearing HMLER+IL-1Ra tumors, circulating monocytes were reduced to that of
the control cohort (Fig. 7d). Murine inflammatory plasma cytokines that are commonly
triggered by IL-1R1 signaling (e.g., TNFa, G-CSF, and CCL1) were also elevated in mice
with HMLER primary tumors but not in the cohort bearing HMLER+IL-1Ra tumors
(Supplementary Fig. 7c).

Having confirmed an IL-1-dependent host inflammatory response at day 13, we initiated
hMIC secondary tumors in all 3 cohorts the following day (day 14) and continued the
experiment for another two weeks (Fig. 7¢). Primary tumor masses were equivalent, yet
myeloid infiltration into primary HMLER+IL-1Ra tumors was reduced 6.4-fold compared to
HMLER controls (Fig. 7e and Supplementary Fig. 7d-g). Macrophages were also less
abundant in the secondary hMIC tumors from mice bearing the distant HMLER+IL-1Ra
primary tumors (Supplementary Fig. 7h). Confirming earlier findings, hMICs from mice
bearing primary tumors were predominantly ZEB1+ECADIo; in contrast, when IL-1R1
signaling was inhibited at the primary tumor site, hMIC secondary tumors acquired the
ZEB1IoECADAiI epithelial phenotype (Fig. 7f-g, and Supplementary Fig. 7i, j).

Low IL-1B 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 tumor, compromise MIC colonization at secondary sites by preventing their
differentiation into epithelial progeny, which is essential for forming actively growing
tumors (Fig. 8a). 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-1p; dependent
inflammatory cascade was instigated after MIC dissemination and growth initiation (Fig. 8b-
¢). 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. 8c). 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.
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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*3. Among 508 patients with LN- disease,
IL-1B expression did not stratify overall survival (Fig. 8d). However, among 215 patients
with LN+ breast cancer, those with high IL-1f had improved overall survival relative to
those with low IL-1p expression (Fig. 8e). 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 (Supplementary Fig. 8a).

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. 8f)#4-46.

DISCUSSION

The present work demonstrates that MIC plasticity determines metastatic success and agrees
with a clinical report that mesenchymal markers are down-regulated in metastases relative to
matched primary tumors#’. An important implication of our study is that therapies designed
to prevent disseminated MIC differentiation compromise their ability to form lethal
metastases. Another distinction of our work is that MICs are specifically susceptible to
growth inhibition. Interestingly, a recent report indicates that breast carcinomas enriched for
mesenchymal markers, similar to our MICs, give rise to immunosuppressive tumors, unlike
their more epithelial counterparts*8. 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 immunity must be included in
efforts to improve patient outcome®3: 27:49.51 Tymor-associated lung neutrophils that
suppressed MIC colonization in our study appear to be entrained differently than metastasis-
promoting neutrophils that have been reported in the circulation!3 and pre-metastatic lungs!
in other models. At first glance, the neutrophils in our study may seem anti-metastatic (they
prevented MIC colonization) but at the same time, they may also be considered pro-
metastatic (they fortified the MIC potential to generate lethal metastases and did not limit
primary tumor 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 growth of some primary tumors 33. 52 and facilitates
invasion and extravasation in early stages of metastasis®?, findings that are consistent with
the idea that I1L-1p promotes the EMT. However, by specifically examining the role of
IL-1p after MIC dissemination, we learned that sustained IL-1B-mediated inflammation or
MIC IL-1R signaling prevents colonization and must be shut down for secondary tumor
formation. We thus consider IL-1p both dissemination-supportive and colonization-
suppressive. These findings are consistent with a recent report that IL-1R inhibition, in
combination with paclitaxel, moderately reduced primary breast tumor growth but
significantly increased metastasis®. ldentifying the appropriate setting to inhibit
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inflammation is also necessary. For example, a recent study demonstrated 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 pre-clinical
studies demonstrating primary tumor inhibition®8. Our findings indicate that clinical success
of IL-1R inhibition rests upon understanding its role at various stages of disease progression.
Hence, IL-1R inhibition 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®”-61 or inhibition of breast cancer metastasis
suggests new directions from which to investigate the interactions between primary tumors
and systemic environment during metastatic progression. The fact that inflammatory
hallmarks resolved primary tumors that inhibited secondary disease from those that did not,
suggests that using primary tumor tissue to better predict metastatic behavior may enable
more accurate identification of patients with a high likelihood of relapse. It is therefore
reasonable to think that a primary tumor 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 primary tumor removal might prompt
recurrence. Such concepts are underscored by our clinical finding that among breast cancer
patients with LN+ disease, those whose primary tumor expressed high IL-1f had improved
outcome relative to those with low IL-1p. Moreover, IL-1R1 associates with expression of
mesenchymal factors in our study and a report on patient circulating tumor cells®2, The
implications of our findings for other cancers?® and patients whose disease mimics the
biology we have discovered here remains to be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Primary tumorsinhibit outgrowth of distant metastasis-initiating cellsindependently

of adaptive immune system

a,Schematic modeling early stages of murine metastasis-initiating cell (mMIC) lung
colonization in presence of Metl primary tumor in FVB (b-€) or Nude (f-g) mice. PBS
vehicle is control for primary tumors. Met1 cells (2.5 x 105/mouse) or PBS control (20 ul)
were injected into a single 4™ inguinal mammary fat pad at day 0. On day 14, Met1 cells
(mMIC) or the Metl-derived clone MT3 (MMIC-MT3) were injected intravenously (tail
vein) (7.5 x 10° cells/mouse). Primary tumor growth kinetics were monitored from day 0;
pulmonary metastases quantified at experimental end points. b,d,f, Hematoxylin and eosin
(H&E) images of lungs from mice bearing Met1 primary tumors or PBS control. c,e,g,
Macro-metastases >100 microns quantified from microscopic tissue sections from 4 lung
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lobes/animal for: mMIC metastases in FVB mice (PBS n=7 animals; Met1 n=8 animals) (c);
mMIC-MT3 metastases, FVB mice (PBS n=9 animals, Met1 n=10 animals) (€); mMIC
metastases in Nude mice (PBS n=5 animals, Met1 n=4 animals) (g). h, Schematic modeling
early stages of human metastasis-initiating cell (hMIC) colonization in presence of HMLER
primary tumor (Nude mice). Matrigel vehicle is experimental control for primary tumors.
HMLER cells (5.0 x 105/mouse) or Matrigel control (100 1) were injected subcutaneously
into one flank at day 0. Two weeks later, hMIC (2.5 x 10° cells/mouse) were injected
subcutaneously into the contralateral flank. Growth kinetics were monitored for the
experimental duration. i, H&E images of hMIC from mice bearing HMLER primary tumors
or Matrigel control. j, hMIC tumor growth kinetics in mice bearing Matrigel control (n=9
animals), or HMLER primary tumors (n=10 animals). k, Images: hMIC tumors described in
Figure 1i, opposite Matrigel (n=25 images representing 4 tumors) or HMLER primary
tumors (n=25 images representing 6 tumors), stained—as indicated; Graph: mean vessel
number/microscopic field. I, Tumor growth kinetics of hMIC implanted opposite Matrigel
control or an HMLER?2 primary tumor (n = 10 animals/cohort), per protocol in 1h. All scale
bars=100 um. Source data for c, €, g, j, Kk, | provided in Supplementary Table 1. Welch’s 2-
sided t test (c, e, g, k); Two-way ANOVA followed by Sidak’s multiple comparison test (j,

).
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Figure 2. Primary tumors prevent differentiation and proliferation of distant MICs
a-f, hMIC secondary tumors and mMIC-MT3 pulmonary metastases (per schematics in Fig.

1a, h) stained with: hematoxylin and eosin (H&E) (a, b); Ki67 (brown) and hematoxylin
(nuclei; blue) (c, d); Immunofluorescence for E-cadherin (ECAD, red), Large T antigen to
identify hMICs (LgT, green), and DAPI (nuclei, blue); lung metastases are circled in white
(e, ). g-h, ECAD+ cells as % total number of LgT+ tumor cells (g) or DAPI+ cells (h) per
microscopic field (ECAD in hMIC tumors n=20 images, representing 5 tumors/cohort;
ECAD in mMIC-MT3 metastasis n=52 images, representing at least 18 metastases/cohort).
i, j, Immunofluorescent images of hMIC tumors stained with ECAD (i) and quantified in (j).
Matrigel cohort: n=15 images, HMLER cohort: n=13 images. k, | Immunofluorescent
images of hMIC tumors stained with ZEB1 (k) and quantified in (I). Matrigel cohort: n=13
images, HMLER cohort: n=16 images. (j,I) presented as % Total number of LgT+ hMIC
tumor cells. m, n, hMIC tumors (per Fig. 1a). Immunofluorescent images (m) and
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quantification (n) of ZEB1 staining (red) in hMIC tumors (positive for LgT antigen, green),
as a percentage of total LgT+ cells. DAPI (nuclei, blue). Control n=20 independent images
representing 3 tumors; HMLER cohort n=20 independent images representing 3 tumors. o,
ZEB1 (red) and LgT+ tumor cells (green) in hMIC tumors from tumors in (p). DAPI (nuclei,
blue). p, Final mass of hMIC tumors expressing either doxycycline-inducible control
(Control hMIC; n=6 tumors) or ZEB1 cDNA (ZEB1" hMIC; n=6 tumors). Scale bars=100
um. Source data for g, h, j, I, n, p provided in Supplementary Table 1. 2-sided Mann-
Whitney test (g, 1); Welch’s 2-sided t test (h, n); 1-sided Welch’s t test (j,p).
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Figure 3. Myeloid cells are necessary for preventing M1 C differentiation and outgrowth
a, Gene ontology (GO) terms found in differentially expressed genes (DEG; DESeq2

adjusted p-value<0.05) between normal or Met 1primary tumour-bearing lungs (n=4 mice/
cohort). Y-axis: top 11 enriched (padj<0.01) categories, low (red), high (blue) adjusted p-
value; dot size: number of DEGs within GO term; X-axis: ratio of DEGs to total gene
number within GO term. b, Connectivity map of top 10 enriched GO terms and DEGs
within them. GO term nodes (beige), fold-change (red, up; green, down) between Metl
primary tumor-bearing and control lungs. c, Images: pulmonary neutrophils
(myeloperoxidase, MPO; brown) at day 14 from FVB mice bearing Met1 tumor or PBS
control. Hematoxylin (nuclei, blue). Graph: circulating neutrophil counts/microliter blood
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(hemavet). d, Pulmonary neutrophils (MPO; brown) at day 28 from FVVB mice bearing PBS
control or orthotopic Met1 primary tumors. Hematoxylin (huclei, blue). e, f, Quantification
of pulmonary neutrophils from FVB mice: Control cohort n=21 independent images
representing 7 lungs; Met1 primary tumor cohort n=24 independent images representing 8
lungs (€); or Nude mice: Control n=15 independent images representing 5 lungs; Met1
primary cohort n=12 independent images representing 4 lungs (f). g, h Representative
immunohistochemistry (g) and corresponding quantification (h) of hMIC tumors grown
opposite Matrigel, HMLER, or HMLER2 tumors (per Fig. 1h). Tissues stained with F4/80
(macrophages, brown); hematoxylin (nuclei, blue). Control n=28 independent images
representing 7 tumors; HMLER n=24 independent images representing 7 tumors; HMLER2
n=16 independent images representing 4 tumors. (i) Schematic of neutrophil depletion
experiments using 100 ug either anti-Ly6G or 1gG control. j, Macroscopic pulmonary
metastasis incidence (control IlgG2a n=4 mice/cohort; anti-Ly6G n=8 mice/cohort). k,
ECAD+/PyMT+ staining (% total PyMT+ area) in mMIC lung metastases. |, average mMIC
lung metastasis size. mMIC opposite Control PBS: anti-lgG2a n=40 independent images
representing 4 mice; anti-Ly6G n=39 independent images representing 4 mice. mMIC
opposite Metl primary tumor: anti-lgG2a n=3 independent images representing 5 mice; anti-
Ly6G n=33 independent images representing 4 mice. Scale bars=100 um. Source data for c,
e f, h,j, k,Iin Supplementary Table 1. 1-sided Welch’s t test (c, k); 2sided Welch’s t test
(f); 1-sided Mann-Whitney test (h, I); 2-sided Mann-Whitney test (€); 2way- ANOVA with
Sidak’s multiple comparison test (j).
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Figure 4. Myeloid cell-derived IL-1B; is sufficient to prevent MIC differentiation
a, Top 10 differentially up-regulated genes (RNA-seq) in lungs from Met1 primary tumor

bearing FVB mice relative to control lungs at day 14 (n=4 mice/cohort). b,qPCR on lungs 14
days following tail vein injection of mMICs into FVVB mice bearing Met1 primary tumors or
PBS control (per Fig. 1a, b). IL-1p; normalized relative to B-actin; (n=3 lungs/cohort,
triplicate). ¢, Flow cytometric analysis of intracellular IL-1p in CD45+ cells from subset of
lungs of Nude mice bearing Met1 primary tumors (n=3 animals) or PBS control (n=5
animals). d,gPCR on hMIC tumors at d28 using indicated human- and mouse-specific
primers. n=3 tumors/cohort analyzed in triplicate.e, Flow cytometric analysis of intracellular
IL-1B in CD11b+F4/80+ cells harvested from hMIC tumors grown opposite Matrigel control
(n=8 tumors) or HMLER primary tumors (n=7 tumors); per Supplementary Fig. 2e. f,
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Schematic showing single injection xenograft model; applies to (g-i). g, Merged
immunofluorescence images of hMIC tumors injected in Matrigel containing PBS (hMIC
+PBS) or 10pg/ml IL-1p (hMIC + IL-1p) representing 2 independent experiments. Block
arrows: examples of ZEB1+ tumor cells; long arrows: examples of ZEB1-tumour cells;
arrowheads: ZEB1+ stromal cells). h, ECAD+LgT+ cells (hnMIC+PBS n=10 independent
images representing 7 tumors; hMIC+IL-1p n=9 independent images representing 6 tumors)
or ZEB1+LgT+ cells (hMIC+PBS n=15 independent images representing 5 tumors; hMIC
+IL-1p n=21 independent images representing 7 tumors) as % total number LgT+ tumor
cells/microscopic field. i,Representative tumors stained with Mac2 (macrophages, brown) or
hematoxylin (nuclei, blue), representing 2 independent experiments. All scale bars = 100
um. Source data for b, c, d, €, h provided in Supplementary Table 1. 1-sided t test (b); 2-
sided Mann- Whitney (c, h); 2-sided Welch’s t test (€); 2-way ANOVA followed by Sidak’s
multiple comparison test (d).
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Figure5. IL-1R1 signaling is necessary for preventing MIC differentiation
a, Experimental schematic: hMICs with or without IL-1R1 suppression (sh-1L-1R1-hMIC

and sh-Ctl-hMIC) injected opposite Matrigel control or HMLER primary tumor in Nude
mice; applies to (b-c).b, Immunofluorescence images of hMIC tumors. Long arrows:
examples of ZEB1-negative tumor cells; block arrows: ZEB1+ tumor cells; arrowheads:
ZEB1+ stromal cells. Scale bar=50 pm. sh-Ctl-hMIC opposite Matrigel control, n=7 tumors;
opposite HMLER primary tumor, n=8 tumors. Sh-IL-1R1-hMIC opposite Matrigel control
and HMLER primary tumor, n=8 tumors/cohort. ¢, Quantification of ECAD+LgT+ cells (sh-
Ctl-hMIC: Matrigel n=8 and HMLER n=7 independent images representing 3 tumors/
cohort, sh-1L-1R1-hMIC: Matrigel n=10 and HMLER n=14 independent images
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representing 5 tumors/cohort) or ZEB1+LgT+ cells (sh-Ctl-hMIC: Matrigel n=6 and
HMLER n=5 independent images representing 3 tumors/cohort, sh-1L-1R1-hMIC: Matrigel
n=11 and HMLER n=15 independent images representing 5 tumors/cohort) as % of total
number of LgT+ human tumor cells /microscopic field. d, e, Experimental schematic
modeling early stages of hMIC secondary tumor formation in NOD/SCID mice with
HMLER primary tumors or PBS control; secondary injections involve hMICs or hMICs
+10pg/ml rIL-1B. (d); Indicated cohorts: Group 1 (n=7 animals); Group 2 (n=7 animals);
Group 3 (n=6 animals) (e). f, g,Images: immunofluorescence of hMIC tumors; arrows:
ZEB1-negative tumor cells; block arrows: ZEB1+ tumor cells; arrowheads: ZEB1+ stromal
cells. Graphs: ECAD+LgT+ cells in hMIC tumors (4 tumors/cohort) opposite Matrigel
control (n=12 independent images), HMLER (n = 9 independent images) or h(MIC+IL-1
tumors opposite Matrigel (n=12 independent images) (f); or ZEB1+LgT+ cells in hMIC
tumors (3 tumors/cohort) opposite Matrigel (n=18 independent images), HMLER (n=9
independent images), or hMIC+IL-1f tumors opposite Matrigel (n=9 independent images)
(9). Positive staining represented as % of total number of LgT+ human tumor cells /
microscopic field; scale bars=100 pm. Source data for c, f, g provided in Supplementary
Table 1. 1-sided Welch’s t test (c -left); 2-sided Mann-Whitney test (c-right); 2-sided
Welch’s t test (f, g).
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Figure 6. Primary tumorsinitiate a sustained systemic inflammatory response
a-b, Met1 primary tumors (Fig. 1a schematic) stained for myeloperoxidase (MPO; brown) to

detect neutrophils, Mac2 to detect macrophages (Mac2; brown); hematoxylin (nuclei, blue)
(a). HMLER and HMLER2 tumors (Fig. 1h schematic) stained for F4/80 (macrophages,
brown) and Hematoxylin (nuclei, blue); quantified in adjacent graph (HMLER n=5 tumors;
HMLER2 n=6 tumors) (b). Scale bars=100 pm. ¢, Absolute blood counts (hemavet) in
circulation (FVB mice) 10 days after orthotopic injection of Met1 primary tumors (n=5
animals) or PBS control (n=12 animals). WBC, Whole blood cells; NE, neutrophils; LY,
lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils. d, Flow cytometric analysis
of circulating monocytes (CD11b*Ly6ChiLy6G!°), Nude mice, 14 days after injection of
Matrigel control (n=16 independent images representing 8 tumors) or HMLER primary
tumors (n=14 independent images representing 7 tumors), representing 2 independent
experiments. e, Fold changes (% parental population) in bone marrow of FVB mice bearing
orthotopic Met1 primary tumors (n=8 animals) or PBS control (n=10 annimals) after 28
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days. HSC, hematopoietic stem cells; LT-HSC, long-term hematopoietic stem cells; ST-
HSC, short term hematopoietic stem cells; MPP, multipotent progenitors; CLP, common
lymphoid progenitors; MP, myeloid progenitors, CMP, common myeloid progenitors; GMP,
granulocyte-monocyte progenitors; MEP, megakaryocyte/erythroid progenitors. 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 tumors or PBS control. (FVVB mice: Control n=7 animals; Met1
primary n=8 animals); Nude mice: Control n=5 animals; Met1 primary n=3 animals).
Representative of 3 (FVB) and 1 (Nude) experiments. g, Monocytes (CD11b*Ly6ChLy6G!©,
n=27 samples/cohort representing 11 tumors, 3 independent experiments) as % total CD11b
+ cells in the bone marrow of Nude mice bearing hMIC tumors grown opposite Matrigel
control or HMLER primary tumors after 28 days (left). Intracellular IL-1p in bone marrow
monocytes (n=16 samples/cohort, representing 8 tumors, 2 independent experiments) (right).
Source data for b, c, d, e, f, g provided in Supplementary Table 1. 1-sided Welch’s t test (b,
g-right); 2-sided Welch’s t test (d, f-right, g -left); 2-way ANOVA Tukey’s multiple
comparison test (c, €); 2-sided Mann-Whitney test (f-left).
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Figure 7. Inhibiting inflammation at primary tumor siteresultsin differentiation of disseminated

MICs.

a, Inflammatory cytokine array analysis of conditioned media from HMLER and the non-
inhibitory primary tumor, HMLER?2 cells, 3 days in culture (n=2 biological replicates, 3
technical replicates each). Results are fold change (Log2) HMLER/HMLER?2. 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 modeling early stages of
hMIC colonization (Nude mice) with Matrigel control, HMLER primary tumor, or HMLER
primary tumor + IL-1Ra. d, Flow cytometric analysis of CD11b*Ly6C*Ly6G!" circulating
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monocytes (day 13), prior to contralateral injection of hMIC cells, in mice bearing Matrigel
control (n=9 animals), HMLER tumors (n=7 animals), or HMLER+IL-1Ra (100ng/ml)
tumors (n=6 animals).e, Images: HMLER and HMLER+IL-1Ra tumors stained with F4/80
(macrophage, brown) and hematoxylin (nuclei, blue). Scale bars=100 um. Graph: area
positively stained for F4/80+ macrophages in HMLER and HMLER+IL-1Ra tumors (n=12
independent images representing 4 tumors/cohort). f, g, Images: Indicated
immunohistochemical staining of various hMIC tumors. Arrows: ZEB1-negative tumor
cells; block arrows: ZEB1+ tumor cells; arrowheads: ZEB1+ stromal cells; scale bars=100
um. Graphs: Quantification of ECAD+LgT+ cells in hMIC tumors opposite Matrigel (n=9
independent images), HMLER (n=10 independent images), HMLER+IL-1Ra (n=9
independent images), 3 tumors/cohort (f) or ZEB1+LgT+ cells in hMICs tumors opposite
Matrigel (n=9 independent mages), HMLER (n=9 independent images), HMLER+IL-1R
(n=7 independent images) 3 tumors/cohort) (g) as % of total number of LgT+ human tumor
cells/microscopic field. Source data for a, b, d, e, f, g provided in Supplementary Table 1.
Multiple 2-sided t tests (a); 2-sided Welch’s t test (b); 1-sided Welch’s t test (d, f, g); 2-sided
Mann-Whitney test (€).
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Figure 8. Low primary tumor IL-1B correlateswith reduced overall survival in breast cancer
a, Model illustrating systemic mechanism by which primary tumors elicit an IL-1p-

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-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
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,
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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 /L 1B 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) (€)
disease. Logrank p values are shown. Data and analysis obtained from the GOBO database
(http://co.bme.lu.se/gobo/gsa.pl). f,Correlation between IL-1R1 and Zeb1 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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