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A tumor-myeloid cell axis, mediated via interleukin 1a and TSLP,
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Abstract

Tumors actively manipulate the immune response through the production of factors that attract
immune cells and subsequently alter their ability to recognize and effectively remove the tumor.
While this immune evasion mechanism is an important aspect of tumor survival, the factors that
serve as primary growth factors for the tumor are less understood. Here, we demonstrated a novel
mechanism by which breast cancer cells manipulate tumor-infiltrating myeloid cells to maintain
their survival. Tumor-derived interleukin 1a (IL-1a), acting on infiltrating myeloid cells, induced
the expression of a critical tumor survival factor, the cytokine thymic stromal lymphopoietin
(TSLP). TSLP promoted the survival of the tumor cells through induction of Bcl-2 expression.
TSLP signaling was also required for metastasis to the lung. These studies define a novel IL-1a—
TSLP-mediated crosstalk between tumor-infiltrating myeloid cells and tumor cells in the control
of metastatic breast cancer.
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Introduction

Thymic stromal lymphopoietin (TSLP), a key cytokine that initiates and promotes the
development of type-2 immunity?, has been implicated in the progression of several human
cancers, including breast, pancreatic, gastric, cervical cancer, and B cell lymphoma and
myeloma?~’. In breast cancer, TSLP can be produced by both human and murine tumor cells
to promote tumor progression by generating type 2-biased inflammation in the tumor
microenvironment?8. However, a recent study showed that TSLP expression by human
breast tumors was not universal, suggesting the possibility of alternative sources of TSLP in
breast cancer®. The possible source of TSLP in these tumor microenvironments was not fully
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investigated, and the identity of critical TSLP-responding cells was also not clear. Although
TSLP has been suggested to play a role in promoting some human cancers mentioned above,
several studies have pointed to an anti-tumor role of TSLP in skin, colon, and early stage
breast cancers in murine models, emphasizing the need to understand the impacts of TSLP
on various cell types in tumor microenvironments®-13, The TSLP receptor (TSLPR),
composed of TSLPR chain and the interleukin 7 receptor a chain (IL-7Ra), is widely
expressed on various immune cells, including B cells, mast cells, macrophages, dendritic
cells (DCs), basophils, CD4*, CD8*, and regulatory T cells1415, TSLP signaling in different
immune cell types has been reported to affect various immune responses in mice, and to
control related human diseases?. Furthermore, TSLPR expression on non-hematopoietic
cells has also been seen, including airway and colonic epithelium, with expression regulated
by local inflammation13:16.17,

TSLP is expressed primarily by epithelial cells during homeostatic conditions, and
expression is induced upon inflammatory stimuli4. TSLP expression in epidermal
keratinocytes and lung epithelial and smooth muscle cells results in pathological symptoms
in atopic dermatitis and asthmal8-20, Hematopoietic cells can also express TSLP as DCs can
express TSLP upon Toll- like receptor (TLR) ligand or allergen challenge?22, TSLP
expression is up-regulated in lung epithelial cells when the transcription factor NF-xB is
activated by IL-1, tumor necrosis factor (TNF) or TLR ligands23.

IL-1a is a pleiotropic pro-inflammatory cytokine that is broadly associated with many
inflammatory responses. Upon binding to its receptor IL-1R1, IL-1a triggers signaling
cascades that activate NF-xB and MAPKSs. IL-1a can be secreted constitutively or upon cell
damage or stimuli by various cell types. IL-1a., produced by tumor cells or by adjacent
stromal cells, has been associated with the development of many different human cancers
through stimulation of tumor cell growth and induction of vasculogenic factors?4. In breast
cancer, IL-1a has been reported expressed by human breast tumor cells and expression an
active form of IL-1a in a human breast tumor cell line MCF-7 leads to increased tumor
growth /n vivo in a xenograft breast tumor model25:26,

We employed both orthotopic and autochthonous murine models of metastatic breast cancer
to study the role of TSLP in tumor progression. We showed here that TSLP serves as an
essential growth and survival factor for breast tumor cells through its ability to induce
expression of the anti-apoptotic molecule Bcl-2. Lack of TSLP signaling in breast tumor
cells led to profound regression of primary tumor growth and reduced metastasis to lungs
due to increased tumor cell death. TSLP expression by myeloid cells, induced by tumor-
derived IL-1a., was required for the survival of tumor cells. We also showed TSLP
expression in the lung, regardless of the source, was essential for the establishment and
growth of metastases. The data provide novel mechanistic insights into the role of TSLP in
breast tumor progression and suggest that TSLP blockade as a novel therapeutic strategy for
breast cancer.
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Results

TSLP signaling in breast tumor cells is required for their growth in vitro and in vivo

It is still controversial whether TSLP can be directly produced by human breast tumor
cells29. To directly examine the role of tumor cell-derived TSLP regulating breast tumor
progression, we generated TSLP-deficient 4T1 cells (a TSLP-expressing mouse breast tumor
cell line that gives rise to a disease resembling human metastatic breast cancer)&27
(Supplementary Fig. 1a). Interestingly, we found no difference in the primary tumor size in
mice transplanted with 4T1- 7s/g~/~or control 4T1 (4T1-M1) cells (Fig. 1a), indicating TSLP
produced by breast tumor cells is not critical for primary tumor progression /in vivo.
Although TSLP deficiency did not affect tumor growth in mice, we found decreased survival
in vitro, suggesting that a non-tumor source of TSLP regulated tumor survival /in vivo (Fig.
1b). To test this hypothesis, we examined TSLP receptor (TSLPR) expression on breast
tumor cells and found expression of both TSLPR and IL-7Ra (Fig. 1c). Importantly, human
breast tumors from stage | to stage 11 patients, but not non-tumor breast tissue, also
expressed TSLPR (Fig. 1d and Supplementary Fig. 1b). Similar to primary human breast
tumor cells, the human breast tumor cell line MDA-MB 468 expressed TSLPR, while a non-
tumor human breast epithelial cell line (MCF10A) did not (Supplementary Fig. 1c). To
assess the requirement for TSLP signaling for tumor cell progression /7 vivo, we generated
TSLPR-deficient 4T1 (4T1- 7s/or’™) cells (Supplementary Fig. 1d). Mice transplanted with
4T1-Tslpr !~ cells displayed greatly reduced primary breast tumor size, showing that direct
TSLP signaling by the tumor was required to maintain their growth /n vivo (Fig. 1e). These
data demonstrated a critical role of TSLP signaling in breast tumor cells for their
progression /n vivo.

Non-tumor derived TSLP from hosts is critical to regulate breast tumor progression in vivo

To confirm the need of non-tumor-derived TSLP for tumor cell progression /n vivo, we
transplanted TSLP-sufficient 4T1 tumor cells to TSLP-deficient mice (TSLP-KO) and found
smaller primary breast tumors in these mice, confirming the critical role of non-tumor
derived TSLP to maintain primary tumor growth (Fig. 2a). To exclude the possibility that the
lack of TSLP in non-tumor cells alters tumor infiltrating T cells for tumor elimination, we
examined the frequency of various T cell populations in the tumor. We found no differences
in total T cell frequency, proportion of CD4* and CD8* T cells, or PD-1 expression in CD4*
or CD8™ T cells in the primary tumors in TSLP-KO tumor-bearing mice, indicating
increased tumor cell death is not due to increased T cell recruitment to the tumor site
(Supplementary Fig. 2a—c). We next used an autochthonous breast cancer model, MMTV-
PyMT mice (referred to here as MTAG)28 to test our hypothesis. Unlike 4T1 cells, AT3 cells
(a breast tumor cell line generated from an MTAG primary tumor)22, or tumor cells from
MTAG primary tumors, expressed very low amounts of TSLP (Fig. 2b,c and Supplementary
Fig. 2d,e for gating strategy for tumor cells in the primary tumors of 4T1-GFP tumor-
bearing mice3? and MTAG mouse primary tumors3L). However, systemic TSLP
concentrations were elevated in MTAG mice, implying a non-tumor source of TSLP was
involved in regulating tumor progression in this model (Fig. 2d). In addition, tumor growth
in TSLP-deficient MTAG (MTAG/TSLP-KO) mice was reduced as compared to MTAG
mice (Fig. 2e). Systemic TSLP blockade with a TSLP antibody, begun when tumors were
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palpable, significantly reduced primary breast tumor growth in MTAG mice (Fig. 2f). These
results demonstrated that TSLP produced by non-tumor cells is critical for tumor
progression.

TSLP signaling in breast tumor cells regulates tumor cell survival

We next investigated how TSLP signaling directly influenced tumor cells. We found in in
vitro conditions both 4T1- 7sjpr”~ and 4T1- 7sjg™'~ cells displayed reduced tumor cell
viability (Fig. 1b and Fig. 3a); whereas treating parental 4T1 cells with TSLP enhanced their
viability through up-regulation of anti-apoptotic molecules Bcl-2 and Bcl-x_ (Fig. 3b,c). We
observed similar results when treating AT3 cells with TSLP (Supplementary Fig. 3a,b).
Next, we explored tumor cell survival in the primary tumor in tumor-bearing mice (gating
strategy shown in Supplementary Fig. 3c). Interestingly, we only observed decreased 4T1-
7slpr'= but not 4T1- 7s/p™/~ cell survival in the primary tumor when transplanted into wild-
type mice, indicating TSLP from non-tumor derived sources maintained tumor cell survival
in vivo (Fig. 3d). Importantly, 4T1 cells transplanted into TSLP-KO mice displayed greatly
reduced tumor cell survival in the primary tumor with increased cleaved caspase 3 and
reduced Bcl-2 and Bcl-x,_ expression in the tumor cells (Supplementary Fig. 3d and Fig.
3e,f). Furthermore, breast tumor cells from MTAG/TSLP-KO mice displayed decreased
Bcl-2 and Bcl-x_ expression (Supplementary Fig. 3e). Human breast tumor cell line, MDA-
MB-468, showed enhanced cell viability and increased Bcl-2 expression when cultured in
the presence of TSLP; whereas non-tumor breast epithelial cell line, MCF10A, was not
affected (Supplementary Fig. 3f,g). Although TSLP signaling affects breast tumor survival
by regulating anti-apoptotic molecules, it does not affect breast tumor cell proliferation, as
deprivation of TSLP /n vitro (TSLP- or TSLPR-deficient 4T1 cells) or /n vivo (TSLPR-
deficient 4T1 cells in wild-type host or TSLP-deficient 4T1 cells or TSLP-deficient host) did
not change Ki67 expression in tumor cells (Supplementary Fig. 3h). Taken together, TSLP
signaling is important to maintain breast tumor cell survival, likely through induction of
anti-apoptotic molecules /in vitroand in vivo.

Myeloid cell-derived TSLP is the critical source to maintain tumor cell survival

Next, we sought to identify the TSLP-producing cell types during tumor progression. 4T1
cells were transplanted into bone marrow chimeric mice that lacked either hematopoietic
cell- or stromal cell-derived TSLP. Surprisingly, we found mice with TSLP deficiency in
hematopoietic cells, but not in stromal cells, displayed smaller primary tumors and increased
tumor cell death, indicating a role of hematopoietic cell-derived TSLP for tumor cell
survival /in vivo (Fig. 4a,b). We further found neutrophils, Ly6C" monocytes, and tumor-
associated macrophages (TAMS), the three dominant hematopoietic cell populations in
primary tumors, all expressed TSLP (Fig. 4c,d, and Supplementary Fig. 4a for gating
strategies in these myeloid cell populations in the primary tumor). As is seen in human
breast cancer patients32:33, neutrophils and Ly6CM monocytes were markedly expanded in
tumor bearing m ice and also expressed TSLP. In contrast, these populations in tumor-free
mice did not (Supplementary Fig. 4b—e) Similarly, neutrophils derived from MTAG mice
displayed increased TSLP expression compared to tumor-free mice (Supplementary Fig. 4f).
We further examined TSLP expression in classical monocytes in humans (equivalent to
mouse Ly6CN monocytes)34 and found expression was increased in breast cancer patients
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compared to healthy subjects (Fig. 4e, Supplementary Fig. 4g,h). To determine whether
TSLP from myeloid cells was involved in tumor progression, we transferred neutrophils
isolated from wild-type or TSLP-KO tumor-bearing mice into TSLP-KO tumor-bearing
mice. We found that neutrophils from wild-type, but not TSLP-KO, tumor-bearing mice
were able to restore primary breast tumor size in TSLP-KO hosts (Fig. 4f). The increase in
primary tumor volume in TSLP-KO hosts receiving neutrophils from wild-type donors was
associated with increased tumor cell survival (Fig. 4g). To confirm decreased tumor cell
death was directly due to TSLP produced from transferred neutrophils, sorted wild-type or
TSLP-KO neutrophils derived from tumor-bearing mice were co-cultured with 4T1 cells.
Wild-type neutrophils, but not TSLP-KO neutrophils, decreased 4T1 cell death, while
TSLPR-KO 4T1 cells had no response to either source of neutrophils. Co-culturing Ly6Chi
monocytes to 4T1 or TSLPR-KO 4T1 cells showed a similar result (Supplementary Fig. 4i).
Taken together, these data demonstrated myeloid cells in tumor setting as critical sources of
TSLP for tumor survival in vitro and in vivo.

Breast tumor cell-derived IL-1a regulates TSLP expression in neutrophils

As these myeloid cell populations from naive mice did not express or expressed low
amounts of TSLP, we hypothesized that a tumor-cell derived factor induced TSLP
expression. It has been reported that IL-1 induces TSLP expression in epithelial cells23. We
then focused on IL-1a as it has been reported to be expressed in human breast tumors2°. To
explore the role of tumor-derived IL-1a in regulating TSLP expression by myeloid cells in
vivo, we generated 1L-1a-deficient 4T1 cells (4T1-//1a”/") (Supplementary Fig. 5a). We
observed not only decreased TSLP expression in neutrophils in tumor-bearing mice
transplanted with 4T1-//1a7~ cells but also increased cell death with reduced Bcl-2 and Bcl-
X|_ expression in 4T1-//1a7"~ cells in the primary tumor even though IL-1a deficiency did
not alter 4T1 cell death /n vitro (Fig. 5a—c and Supplementary Fig. 5b). Primary tumor size
in these mice also showed smaller compared to mice transplanted with control 4T1 cells
(Fig. 5d). To test if IL-1a directly affected TSLP expression in neutrophils, neutrophils
sorted from D21 tumor-bearing mice were stimulated with recombinant IL-1a. We found
IL-a stimulation increased TSLP expression in neutrophils in a dose-dependent manner
(Fig. 5e). Consistent with a report showing IL-1a recruited neutrophils to lungs during viral
infection3°, we observed a decrease in neutrophil recruitment to primary tumors in mice
transplanted with 4T1-//7a7/~ cells (Fig. 5f). These results demonstrated IL-1a produced by
tumor cells, can induce TSLP production by myeloid cells that infiltrate the tumor and
maintain tumor cell survival and lead to primary tumor progression.

TSLP is critical for maintaining metastasis survival in the lung

Having shown that TSLP derived from myeloid cells served as a survival factor for tumor
cells at the primary tumor site, we then investigated if it also played a role in lung
metastasis, which is the leading cause of cancer associated mortality in breast cancer36:37,
Indeed, 4T1 transplanted TSLP-KO mice not only showed reduced primary tumor size but
also fewer lung metastases (Fig. 6a,b). To exclude the possibility that the reduction in lung
metastases was due to a smaller primary tumor, we injected 4T1 cells into TSLP-KO mice
intravenously (i.v.) and found these mice still had fewer lung metastases (Supplementary
Fig. 6a). We found no difference in the number of lung metastases in the bone marrow
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chimeric mice with TSLP deficiency in stromal or hematopoietic cells, suggesting that lack
of either TSLP source can be compensated by another one (Fig. 6¢). Although 4T1- 7s/p™/~
cells transplanted to wild-type mice displayed similar primary tumor size as control 4T1
cells, they developed fewer lung metastases (Fig. 6d). We further confirmed these results in
MTAG mice and found lung metastases were also reduced in MTAG/TSLP-KO mice (Fig.
6e). Taken together, these results suggested TSLP present in lungs, regardless its source, was
able to promote metastasis. Breast cancer patients with a history of asthma experienced
increased lung metastases, implying that increased TSLP production associated with asthma
can increase metastasis38:39, To test this, we transplanted 4T1 cells into a mouse strain that
has increased amounts of lung-specific TSLP (SPC-TSLP mice)*0. We found 4T1
transplanted in these mice showed increased lung metastases at both D21 and D28 post
tumor injection, with no difference in primary tumor size (Fig. 6f and Supplementary Fig.
6b). We also found that mice given 4T1- 7s/or~'~ cells, either transplanted in the 4t
mammary gland or injected i.v. showed reduced lung metastases (Fig. 6g,h). SPC-TSLP
mice injected i.v. with 4T1- 7s/or'~ cells displayed a similar reduction of lung metastases as
wild-type mice (Fig. 6h). Furthermore, we observed a decrease in proliferating (Ki67-
positive) 4T1- 7sjpr”'~ cells in lungs of transplanted mice (Fig. 6i). Treating 4T1-
transplanted mice with a neutralizing TSLP antibody specifically in lungs (via intranasal
administration) after lung metastasis had begun (D14 post-transplant) reduced lung
metastases while having no effect on the growth of the primary tumor (Fig. 6j and
Supplementary Fig. 6¢). TSLP blockade in lungs not only reduced tumor cell survival by
reducing Bcl-2 expression, but also reduced their proliferation abilities (Fig. 6k). Taken
together, these data demonstrated TSLP derived from either tumor cells or non-tumor cells
enhances tumor cell survival and proliferation in lungs and local TSLP blockage efficiently
reduced tumor metastases.

Discussion

A role for TSLP in tumor development was first suggested by studies in human breast and
pancreatic cancer, where TSLP was found to skew the tumor microenvironment toward a
type 2 T helper (T2) inflammation that favors tumor protection2341, The current study
revealed an unexpected, but critical, role for TSLP as an essential survival factor for breast
tumor cells. We further demonstrated that tumor-derived IL-1a was important to induce
TSLP expression from tumor-infiltrating myeloid cells. Importantly, treating tumor-bearing
mice with a neutralizing TSLP antibody after tumor growth had initiated inhibited
subsequent tumor growth. In addition, lung-specific blockade of TSLP following the
initiation of metastasis reduced the number of tumor metastases, demonstrating a role for
TSLP throughout the life of the tumor and providing a potential therapeutic target for all
stages of breast cancer.

TSLP signaling has been shown to increase cell survival through induction of Bcl-2 or
increased proliferation of responder cells, likely through phosphorylation of signal
transducer and activator of transcription 5 (STAT5)642-44_ Our findings support this idea as
we found TSLP-induced expression of Bcl-2 in the breast tumor cells. As TSLP also has
been reported to be up-regulated in other human cancers3->7 it is worth exploring if this
pathway is also operative in other cancer types. The functional TSLPR complex was
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expressed on breast tumor cells, but not normal breast tissue, suggesting TSPR expression is
induced during neoplastic transformation. How TSLPR and IL-7Ra expression is regulated
during this process remains unknown. A similar finding was reported in colon cancer, where
the tumor, but not normal tissues expressed functional TSLPR13,

Consistent with its role in the survival of the primary tumor, we also showed that TSLP is
critical for the lung metastasis. However, in the lung TSLP from any source is sufficient to
promote metastasis. Taken together with the finding that TSLPR-deficient 4T1 cells failed to
grow in the lung following i.v. administration, these data support our model for TSLP as an
obligate survival factor for the tumor cells. However, a recent study using the MTAG model
suggested that skin-derived TSLP, induced prior to breast tumor initiation, might have an
inhibitory effect on early breast tumor development!2. One possibility for TSLP inducing
different outcomes in the same tumor model is that increased TSLP from skin, prior to tumor
induction, promotes local inflammation that leads to tumor elimination. As previous studies
have found that elevated TSLP concentrations in the skin can inhibit local tumor
growth!0.1145 it may be acting differently in the skin as compared to other sites. These data
suggest that elevated expression of TSLP, especially in the skin, prior to tumor initiation can
inhibit tumor progression through activation of local T cells, while TSLP induced following
the establishment of a tumor is protective and promotes tumor growth. These data suggest
that the role of TSLP in tumorigenesis can be complex and is determined by the specific
TSLP-responding cell type(s) involved and their importance in regulating tumor
development.

Myeloid cell production of TSLP was surprising as previous work has shown that TSLP is
predominantly expressed by epithelial cells2C. It is of note that only neutrophils from tumor-
bearing mice, but not tumor-free mice, expressed TSLP, while Ly6C"i monocytes from naive
animals expressed low amounts of TSLP, which was significantly increased in the tumor-
bearing mice. In addition, classical monocytes derived from human breast cancer patients
showed increased TSLP producing capacity, suggesting that signals from the tumor promote
the expression of TSLP by myeloid-lineage cells. Indeed, these myeloid cells in tumor
settings have been reported to be functionally distinct from those in tumor free condition“®.
Up-regulation of TSLP expression might be one of the new features that favor tumor
progression. It will be interesting to understand whether TSLP produced by myeloid cells is
a universal feature of other tumor models or human cancers. We identified tumor-derived
IL-1a as one important factor capable of inducing TSLP expression in neutrophils.
Interestingly, we observed a less robust increase in TSLP expression from naive neutrophils
(neutrophils sorted from tumor free mice) stimulated with IL-1a /n vitro (data not shown).
Although these data imply other stimuli act coordinately with IL-1a to enhance TSLP
expression, our data demonstrate that IL-1a is essential for neutrophil-derived TSLP. It will
be interesting to explore if IL-1a induction of TSLP expression in neutrophils is universal or
specific to breast cancer as IL-1a can be released by many other cancer types?4.

A previous study using the 4T1 model also suggested a role for TSLP in supporting tumor
growth via direct signaling by CD4* T cells8. While our results support a role for TSLP in
4T1-mediated tumor progression, our data demonstrated that TSLP exerted its pro-tumor
properties by acting on tumor cells. Interestingly, we observed that TSLPR deficiency in all
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T cells did not affect tumor growth; in fact, primary tumor growth was somewhat greater in
these mice (data not shown), in agreement with the notion that TSLP signaling in T cells
may inhibit tumors1%-12, Finally, the rescue of tumor growth by transfer of TSLP-sufficient,
but not TSLP-deleted, neutrophils demonstrates that TSLP from non-tumor cells is the
primary driver in overall tumor progression.

In summary, our data demonstrate that breast tumors produce IL-1a, which then acts to
induce subsequent TSLP production from tumor-infiltrating myeloid cells, with TSLP then
acting as a critical survival factor for the tumor. These data suggest TSLP or IL-1a blockade
may be an effective therapeutic intervention in metastatic breast cancer to not only block the
growth of the primary tumor but also inhibit metastasis to the lung.

Mice and cell lines

All 4T1 experiments were performed in 8- to10-week-old female BALB/c mice. CD45.2*
WT mice were purchased from Charles River Laboratories. TSLP-KO#7, and SPC-TSLP#0
mice were all backcrossed to BALB/c background for more than 10 generations. MTAG in
C57BL/6 background mice were provided by S. Abrams (Roswell Park Cancer Institute).
MTAG/TSLP-KO mice were generated from crossing MTAG mice to TSLP-KO mice in
C57BL/6 background mice. All experiments were performed as approved by Benaroya
Research Institute animal facility IACUC and in compliance with all relevant animal use
guidelines and ethical regulations. All mice were bred and housed in specific-pathogen free
conditions in Benaroya Research Institute animal facility.

The cell lines 4T1 (ATCC® CRL-2539™), MDA-MB-468 (ATCC® HTB-132™), and MCF
10A (ATCC® CRL-10317™) were all purchased from ATCC and cultured according to
ATCC guidelines. AT3 cell line was generous provided by S. Abrams (Roswell Park Cancer
Institute).

Murine breast tumor models

Orthotopic: female BALB/c mice were injected with 104 4T1 mammary carcinoma cells at
the 41" mammary gland at DO. Some experiments used 4T1 cells expressing eGFP following
lentivirus infection or transduced with lentivirus containing CRISPR-Cas9-GFP that targeted
to genes of interest. Mouse breast tumor size was measured in 3 dimensions (length x width
x height) by digital caliper (Mitutoyo). To evaluate breast tumor metastasis to lungs, mouse
lungs were injected with 15 % Indian ink via trachea after sacrifice and then fixed with
Fekete’s solution. Lungs that were not seeded with lung metastases were black after India
ink infusion but tumor metastases part displayed in white. Number of lung metastases was
counted as white nodules on the lung surface.

LLung homing model of metastasis: 4T1 cells (5 x 10%) were injected i.v. via tail vein at DO.
Tumor burdens in lungs were evaluated at D19 using the India ink method and lung
metastases were counted as described above.
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Autochthonous breast tumor model: Breast tumor growth of MTAG mice were monitored
and measured from 10- to 20-weeks old. Because MTAG mice could develop up to 10
discrete mammary gland tumors, total tumor volume in female MTAG mice was determined
as the sum of each distinct tumor volume within an individual mouse. Each breast tumor was
measured in 3 dimensions (length x width x height) by digital caliper (Mitutoyo) weekly to
16-week old and then twice a week afterwards. To evaluate tumor metastasis to lungs, the
left lobe of mouse lungs was fixed, embedded in paraffin, and serial sectioned. Lung
sections were picked every 200 um and lung metastases in each section were counted under
microscope. Total lung metastases were the sum from all picked sections.

All tumor-bearing mice were monitored as approved by the Benaroya Research Institute
Institutional Animal Care and Use Committee.

BM chimeras

Recipient mice were lethally irradiated with twice 450 Rads within the same day, followed
by 5 x10% BM cells via i.v. injection. Mice were then used 8 weeks after transplant.

TSLP blockade in mice

To deplete TSLP in mouse lungs in 4T1 model, 25 pg of TSLP antibody (M702)*8 or rat
IgG2a (BioXCell) in 40 pl of 1x PBS (Sigma-Aldrich) was intranasally delivered into mice
at D14, D17, D19, D21, D23, D25, and D27 post 4T1 tumor cell transplant.

To deplete TSLP systemically in MTAG mice, 500 pg of TSLP antibody (M702) or rat
IgG2a in 200 pl of 1x PBS was intraperitoneally delivered into MTAG mice weekly, starting
from W14 to W20.

In vitro co-culture of 4T1 cells with neutrophils or Ly6Ch monocytes

Sorted neutrophils or Ly6CN monocytes from spleens of tumor-bearing mice were co-
cultured with 4T1 cells at the same number as 4T1 cells were seeded a day before, which
makes the cell number ratio of 4T1 to neutrophils or Ly6CN monocytes about 2 at the time
of starting co-culturing. 4T1 cell viability and Ly6CM monocyte differentiation were
evaluated 2 days post-co-culturing.

CRISPR/Cas9 gene targeting

Lentivirus vector for CRISPR-Cas9-GFP targeting was generous provided by D.B. Stetson
(University of Washington)#°. In brief, 4T1 cells were transduced with lentivirus containing
CRISPR-Cas9-GFP-TSLP or CRISPR-Cas9-GFP-TSLPR or CRISPR-Cas9-GFP-IL-1a to
deplete TSLP or TSLPR or IL-1a, respectively. CRISPR-Cas9-GFP-M1 (M1 is a non-
targeting gRNA) was used as control. Cells were then selected in puromycin for 7 days.
Several GFP* clones were selected to test MRNA expression of target genes. mMRNA
expression of other genes, including Mmp9, Gmcst, Ccl2, Ccl5, Tnf, Cxcll, Ccl17, were
also tested to confirm selected clones have similar expression as parental 4T1 cells. Protein
expression encoded by the selected target genes was determined by flow cytometric analysis
or ELISA. Primer sequences for these genes are in the supplementary experimental
procedures.

Nat Immunol. Author manuscript; available in PMC 2018 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuan and Ziegler

Page 10

gRNA sequences:
non-targeting M1 gRNA: 5'-GCGAGGTATTCGGCTCCGCG-3’.
Tslpr 4-6 gRNA: 5'-GGAGACGGTGGAGGTCACGT-3".
7slp 2-3 gRNA: 5'-TCCGGGCAAATGTTTTGTCG-3'.
//122-1 gRNA: 5'-CCTCAACCAAACTATATATC-3’.
//124-4 gRNA: 5'-AAATCACTCTGGTAGGTGTA-3".

Human samples

All human samples were collected after approval by Benaroya Research Institute IRB and
with written informed consent acquired through VM-BRITE program. Frozen PBMC
samples, fresh breast tumors, adjacent non-tumor breast tissue, and unidentified information
from breast cancer patients were provided by VM-BRITE program. Healthy control frozen
PBMC samples and unidentified donor information were provided by Benaroya Research
Institute Healthy Control Registry and Biorepository. Breast cancer patient PBMC samples
were age and sex matched with healthy controls.

Enzyme-linked immunosorbent assay

TSLP protein abundance was measured by Mouse or human TSLP DuoSet kit (R&D
Systems).

Immunohistochemistry staining

Tissues were collected and fixed in 10% formalin and then were dehydrated and embedded
in paraffin for sectioning. Sections (5 um) were then deparaffinized and rehydrated for
immune-histochemical staining with the primary or isotype control antibodies, followed by
DAB substrate for visualization. All sections were counterstained with hematoxylin for
nuclei staining. Information on all antibody reagents used is provided in Supplementary
Note 1. Images were taken by Leica DME brightfield microscope and processed by Leica
Las EZ imaging software. To quantify cleaved caspase 3 staining in mouse tumors, 5
different fields were randomly picked from each mouse tumor and staining intensity was
quantified by Fiji software (Fiji.sc).

Preparation of single-cell suspensions and flow cytometry

Mouse breast tumors or lungs were chopped with scissors and then digested with 50 pg/ ml
of Liberase TM (Roche) and 20 units/ml of DNase | (Sigma-Aldrich) on shaker at 1500 rpm
at 37 °C for 30 min. Cells were then lightly pressed through 100-um cell strainers (Falcon)
and erythrocytes were lysed by 1x BD Pharm Lyse (BD Biosciences). Cells were washed,
counted, and stained for flow cytometric analysis. For intranuclear staining, cells were fixed
and permeabilized by using Transcription Factor Staining Buffer Set (eBioscience). Dead
cells were excluded by Live/Dead fixable dead cell stain (eBioscience).

Acquisition of samples was performed using a FACS LSR Il or FACS Canto (BD
Biosciences) instrument, and data were analyzed with Flowjo software (version X). Cell
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sorting was performed in FACS Aria Il or FACS Aria Fusion (BD Biosciences). Information
on all antibody reagents used for flow cytometry is provided in Supplementary Note 1.

Primer sequences for quantitative real-time PCR in mouse cells were as follow

Bel2forward, 5 -CATGTGTGTGGAGAGCGTCAA-3’
Bcl2reverse, 5’ -GTCTTCAGAGACAGCCAGGA-3’
Bclx/forward, 5" -CAGAGCTTTGAGCAGGTAGAG-3’
Bclx/reverse, 5'-GAAGAGTGAGCCCAGCAGAA-3’
7slp forward, 5'-TACTCTCAATCCTATCCCTGGCTG-3’
Tslpreverse, 5" -TGTGAGGTTTGATTCAGGCAGATG-3’
/l1aforward, 5'-TCCAGATCATGGGTTATGGACTG-3’
Il1areverse, 5'-AGTATCAGCAACGTCAAGCAA-3’
Tslprforward, 5" -TGACGTCACGGGGTGATGTC-3’
Tslprreverse, 5" -GAGGATGCACCCGGAAGTGA-3’
Gapah forward, 5"-TGCACCACCAACTGCTTAG-3’
Gapah reverse, 5 -GGATGCAGGGATGATGTTC-3’
Mmp9 forward, 5'-CAGACGTGGGTCGATTCCA-3’
Mmp9reverse, 5 -CATCTCTCGCGGCAAGTCTT-3’
Ccl2forward, 5'-GCATCCACGTGTTGGCTCA-3’
Ccl2reverse, 5'-CTCCAGCCTACTCATTGGGATCA-3’
Ccl5forward, 5" -AGATCTCTGCAGCTGCCCTCA-3’
Ccl5reverse, 5" -GGAGCACTTGCTGCTGGTGTAG-3’
Cx3cl1 forward, 5" -AGACTCCAGCCACACTCC-3’
Cx3cl1 reverse, 5'-TGACAGCGCAGCTCATTG-3’
Ccl17forward, 5" -CACCAATGTAGGCCGAGAGT-3’
Ccl17reverse, 5'-GTTGAAACCATGGACAGCAGC-3’
Gmesfforward, 5'-GGCCTTGGAAGCATGTAGAGG-3’
Gmcsfreverse, 5 -GGAGAACTCGTTAGAGACGACTT-3’
Tnfforward, 5'-CTGTAGCCCACGTCGTAGC-3’
Tnfreverse, 5'-TTGAGATCCATGCCGTTG-3’

Primer sequences for quantitative real-time PCR in human cells were as follow

Human GAPDH forward, 5 -GGATTTGGTCGTATTGGG-3’
Human GAPDH reverse, 5 -GGAAGATGGTGATGGGATT-3’
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Human 7SLPforward, 5-TCTCCTCTTCTTCATTGCCTG-3’
Human 7SLPreverse, 5’ -TCGCCATGAAAACTAAGGCT-3’
Human 7SLPR forward, 5'-CTGATGCCACGAAAATCTCA-3’
Human 7SLPRreverse, 5'-TTCTCCATCAGGAATGGGAC-3’
Human BCL2forward, 5’ -GATTTTATTTCGCCGGCTC-3’
Human BCLZreverse, 5 -TGATGTGAGTCTGGGCTGAG-3’
Human /L 7R forward, 5"-AGGCACTTTACCTCCACGAG-3’
Human /L 7R reverse, 5'-AATGGATCGCAGCACTCACT -3’

Quantitative real-time PCR

Total RNA was extracted by Nucleo Spin RNA kit (Macherey-Nagel). First-strand cDNA
was synthesized using PrimeScript Reverse Transcriptase (Takara). To amplify cDNA, 2x
SYBR Premix Ex Taq Il (Takara) was used, and then real-time quantitative PCR was carried
out by using the ABI 7900HT instrument an analyzed by SDS 2.4 software. PCR cycling
conditions were 95 °C for 30 s for polymerase activation, then amplification for 40 cycles:
95 °C for 55, 60 °C for 30 s. Relative expression levels were calculated using Gapadh as
endogenous control. All primer sequences used are listed in the Supplemental experimental
procedures.

Statistical analysis

All data are presented as mean values * standard error of the mean (s.e.m.). The statistical
significance of differences in mean values was analyzed with the unpaired, two-tailed #test
with 95 % confidence intervals. Pvalues less than 0.05 were considered significant. All
statistical analyses were performed by using Prism 7 (GraphPad) and Excel 2013
(Microsoft).

Life Sciences Reporting Summary

Further information on experimental design and reagents is available in the Life Sciences
Reporting Summary.

Data availability

All data that support the findings of this study are available from the corresponding author
upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TSLPR is expressed by breast tumor cells and TSLP signaling in breast tumor cells is
critical for tumor progression in the primary site

Primary breast tumor size (left) from D0-D28 and weights of primary tumor (right) at D28
of 4T1-M1 (M1 is a non-target gRNA used as control for CRISPR-Cas9-GFP targeting) vs.
4T1-Tslp™'~ 2-3 cells in wild-type (WT) mice (), 4T1-M1 vs. 4T1- Tsfor’! =~ 4-6 in WT
mice (e). n=4/group. b, Representative flow plots and quantification of total dying (Annexin
V*) 4T1-Tslp™! ~ 2-3 cells in vitro culture. n=3/group. ¢, Representative flow histogram
plots of TSLPR and IL-7Ra expression on 4T1 tumor cells (solid black line). Isotype
control antibody staining in grey (IC). d, Representative images of TSLPR expression on
human breast tumors from stage I, 11, and |11 breast cancer patients. Right: Isotype control
(IC) antibody staining. Scale bar, 10 um. n=12 patients. Each symbol in (a, €) represents an
individual mouse and in (b) represents individual cell culture. Data are represented as mean
+ standard error of the mean (s.e.m.). Statistical analysis by unpaired, two-tailed ztest with
95 % confidence intervals. Results in (a, b, e) and (c) are representative of three and two
independent experiments, respectively.
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Figure 2. TSLP derived from non-tumor sources is critical for tumor progression in both
transplanted and autochthonous murine breast tumor models

a, Primary breast tumor size (left) from D0-D28 and weights of primary tumor (right) at
D28 of 4T1 cells transplanted into WT vs. TSLP-KO mice. n=5 /group. TSLP mRNA
expression in AT3 vs. 4T1 (b) and tumor cells sorted from primary tumors of 4T1-GFP
tumor-bearing mice at D28 or MTAG mice at week 20 (c). n=3/group. d, TSLP
concentrations in serum of MTAG (n=8) or tumor-free WT mice (n=5) at week 20.
Measurements of total primary breast tumor growth from week 10-20 (left) and weights of
total primary breast tumor mass at week 20 (right) in of MTAG/WT (n=33) vs. MTAG/
TSLP-KO (nh=11) mice (e) or MTAG mice treated with anti-TSLP or control antibodies
weekly from week 14-20 (f) (n=8/group). Each symbol in (a, c, d, e right, f) represents an
individual mouse and in (b) represents individual cell culture. Data are represented as mean
+ standard error of the mean (s.e.m.). Statistical analysis by unpaired, two-tailed #test with
95 % confidence intervals. Results in (a, d, e, f) represent pooled data; others are
representative of two independent experiments.
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Fli)glqr_e 3. TSLP signaling in breast tumor cells regulates their survival and TSLP producing
abilities

Percentage of dying (Annexin VV*) 4T1-7slpr™ ~ cells in vitro (a) (n=3 /group) or 4T1 cells
treated with TSLP for 2 days (b) (n=4/group). (c) mMRNA expression of Bc/2and Bcl2/1,
examined by gPCR, in 4T1 cells treated with TSLP. Expression values normalized to Gapdh
expression. n=3/group. Representative flow plots and quantification of percentage of dying
(viability dye*) 4T1-M1 vs. 4T1-Tslpr =/ = 4-6 vs. 4T1-Tslp~' ~ 2-3 cells in the primary
tumor in WT-tumor bearing mice (d), or dying 4T1 cells in the primary tumors from WT vs.
TSLP-KO tumor-bearing mice at D28 (). n=4/group. f, mMRNA relative expression of Bc/2
and Bc/2/1in sorted 4T1 cells from the primary tumors in (e); measurements as described
for panel c. WT, n=15; TSLP-KO, n=13. Each symbol in (d right, e right, f) represents an
individual mouse and in (a, b, c) represents individual cell culture. Data are represented as
mean = standard error of the mean (s.e.m.). Statistical analysis by unpaired, two-tailed #test
with 95 % confidence intervals. Results in (a—d) and (e) are representative of two and three
independent experiments, respectively. Results in (f) represent pooled data.
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Figure 4. TSLP produced by myeloid cells is an important source for breast tumor progression
a, Primary breast tumor growth, and D28 primary breast tumor weights in BM chimeric

mice. WT->WT and KO->WT, n=8/group; WT->KO and KO->KO, n=6/group. b,
Percentage of dying tumor cells in the primary tumor in (a). n=8/group. ¢, Frequencies of
different hematopoietic cell populations within the primary tumor of WT mice at D28
examined by flow cytometric analysis n=3/group. 75/o mRNA expression, examined by
gPCR, in sorted neutrophils, Ly6C" monocytes, or TAMs from the primary tumors (d). WT,
n=7; KO, n=4. e, TSLP mRNA relative expression, examined by gPCR, in sorted classical
monocytes from breast cancer patients vs. healthy controls. Expression values normalized to
Gapah expression. Ctrl, n=11; breast cancer, n=6. f—g, Neutrophils from WT or TSLP-KO
tumor bearing mice at D28 post tumor injection were sorted and then transfer into recipient
TSLP-KO tumor-bearing mice at D5 and D15 post tumor injection. Primary tumor
progression and tumor weights at D28 of TSLP-KO recipient tumor-bearing mice (f) and
percentage of dying tumor cells in the primary tumor at D28 (g) were examined. +WT, n=5;
+KO, n=4; +PBS, n= 3. Each symbol represents an individual mouse or human donor. Data
are represented as mean + s.e.m. Statistical analysis by unpaired, two-tailed #test with 95 %
confidence intervals. Results in (a, b, d, €) represent pooled data and rests are representative
of three independent experiments.
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Figure 5. 4T1 derived IL-1a induces TSLP expression in neutrophils
TSLP mRNA expression in sorted splenic neutrophils (left) (M1, n=9; //1a” = 2-1, n=9, //1a

=/~ 4-4, n=4) and tumor-infiltrating neutrophils (right) (M1, n=6; //1a” ~ 2-1, n=5, //1a

=/~ 4-4, n=5) (a), percentage of dying tumor cells in the D28 primary tumors (n=5/group)
(b), Bel2and Bcl2/1 mRNA expression in sorted tumor cells (M1, n=9; //1a™/ = 2-1, n=6,
/l1a7! = 4-4, n=5) (c) in the primary tumor at D28, and primary tumor progression and tumor
weights (n=5/group) at D28 (d) in WT mice transplanted with 4T1-M1, 4T1-//1a =/ ~ 2-1,
and 4T1- //1a = = 4-4 for 28 days. Expression values normalized to Gapadh expression. e,
Fold increase of TSLP mRNA expression, examined by gPCR, in splenic neutrophils treated
with IL-1a from D21 post 4T1 transplanted into WT mice. n=7/group. f, Percentage of
neutrophils in the primary tumors (D28) of WT mice transplanted with IL-1a-KO 4T1 cells.
n=5/group. Each symbol in (a, b, c, d, f) or line in (e) represents an individual mouse. Data
are represented as mean + s.e.m. Statistical analysis by unpaired, two-tailed #test with 95 %
confidence intervals. Results in (a, ¢, €) represent pooled data and rests are representative of
three independent experiments
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Figure 6. TSLP is also critical for breast tumor metastasis in lungs
a, Representative images of India ink-injected lungs from WT- vs. TSLP-KO-tumor-bearing

mice at D28 post 4T1 or 4T1-GFP transplantation. Counts of tumor metastases in lungs at
D21 or D28 in mice injected with 4T1 cells (b, c, d, f, g, j). n=5/groups (b); WT->WT and
KO->WT, n=8/group; WT->KO and KO->KO, n=6/group (c); n=5/group (d); D21 WT, n=7,
D21 SPC-TSLP, n=8, D28 WT, n=8, D28 SPC-TSLP, n=9, D29 TSLP-KO, n=7 (f), n=4/
group (g). Counts of tumor metastasis in lungs (h) (4T1-M1 in WT mice, n=5; 4T1- 7s/pr”’ -
in WT mice, n=5, 4T1- 7s/or”’ ~ in SPC-TSLP mice, n=3) and percentage of Ki67* tumor
cells in lungs (i) in mice at D19 received 4T1 via i.v.injection (n=5 /group). e, Counts of
tumor metastasis in lungs from MTAG/TSLP-KO vs. MTAG mice at W20, examine by serial
sections of the left lobe. MTAG, n=12; MTAG/TSLP-KO, n=5. j, The schematic summary
and counts of tumor metastases in lungs at D28 of lung TSLP blockade in 4T1-tumor
bearing mice. n=6/group. k, Representative flow plots of Bcl-2 expressions on live (viability
dye™) 4T1 cells and quantification of frequencies of live (viability dye™/Bcl-2%) and Ki67
expression in live 4T1 cells in lungs at D28 in mice in (j). n=6/group. Each symbol
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represents an individual mouse. Data are represented as mean + s.e.m. Statistical analysis by
unpaired, two-tailed #test with 95 % confidence intervals. Results in (c, e, f) represent
pooled data. Results in (a, b, d, g) and (h, i, j, k) are representative of three and two
independent experiments, respectively.
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