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ATF3 Reprograms the Bone Marrow Niche in Response to

Early Breast Cancer Transformation

Check for
updates

Milena Perrone', Claudia Chiodoni', Mara Lecchi?, Laura Botti', Barbara Bassani', Annamaria Piva',
Elena Jachetti', Matteo Milani', Daniele Lecis', Elda Tagliabue®, Paolo Verderio?, Sabina Sangaletti', and

Mario P. Colombo'

N

Cancer is a systemic disease able to reprogram the bone
marrow (BM) niche towards a protumorigenic state. The impact
of cancer on specific BM subpopulations can qualitatively differ
according to the signals released by the tumor, which can vary on
the basis of the tissue of origin. Using a spontaneous model of
mammary carcinoma, we identified BM mesenchymal stem cells
(MSC) as the first sensors of distal cancer cells and key mediators
of BM reprogramming. Through the release of IL1B, BM MSCs
induced transcriptional upregulation and nuclear translocation
of the activating transcription factor 3 (ATF3) in hematopoietic
stem cells. ATF3 in turn promoted the formation of myeloid
progenitor clusters and sustained myeloid cell differentiation.
Deletion of Atf3 specifically in the myeloid compartment reduced
circulating monocytes and blocked their differentiation into
tumor-associated macrophages. In the peripheral blood, the
association of ATF3 expression in CD14* mononuclear cells
with the expansion CD11b* population was able to discriminate
between women with malignant or benign conditions at early
diagnosis. Overall, this study identifies the ILIB/ATF3 signaling
pathway in the BM as a functional step toward the establishment of a
tumor-promoting emergency myelopoiesis, suggesting that ATF3
could be tested in a clinical setting as a circulating marker of early

Introduction

Chronic and acute immune stimulations such as infection, trauma,
autoimmunity, and tumors generate a hematopoietic demand that is
sensed by the bone marrow (BM) mesenchymal stem cells (MSC).
Indeed, the modulation of MSC activity influences lineage differen-
tiation of hematopoietic stem cells (HSC) reprogramming the BM
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transformation and offering the rationale for testing the therapeutic
benefits of IL1B inhibition in patients with breast cancer.

Significance: Bone marrow mesenchymal stem cells respond to
early breast tumorigenesis by upregulating IL1B to promote ATF3
expression in hematopoietic stem cells and to induce myeloid cell
differentiation that supports tumor development.
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Breast cancer cells reprogram the bone marrow stroma to increase ATF3 activation in hematopoietic stem cells sustaining
their differentiation towards CD14*ATF3* monocytes.

niche to sustain the new hematopoietic spur. In this context, we have
previously shown that chronic immune stimulation mimicking lupus-
like autoimmunity modifies the BM extracellular matrix (ECM)
composition, inducing downregulation of secreted protein acidic and
rich in cysteine (SPARC) and collagen-I also subverting the BM
tolerogenic microenvironment (1), a condition that induces pathologic
myeloproliferation if applied to preleukemic mice (2).

In the case of neoplastic conditions, tumor-derived factors
educate the BM stromal compartment to support the expansion
of myeloid cells that sustain tumor growth and metastasis, also
suppressing immune cell responses (3-6). A feature of this tumor-
induced emergency myelopoiesis is the development of GMP
clusters, which are induced in the BM by stromal-derived signals,
particularly IL1B (7-9). Using a spontaneous model of mammary
carcinoma (MMTV-NeuT, NeuT hereafter), we demonstrated that
an incipient tumor was able to promote detectable BM stromal
changes, which, in our model, consisted in the down-modulation of
ECM proteins and up-modulation of the CXCL12/CXCR4 axis,
suggesting that stromal rearrangements of the BM niche could
represent a very initial step during mammary transformation (10).
The gene expression profile (GEP) analysis performed on total BM
cells at different stages of transformation highlighted activating
transcription factor 3 (Atf3) among the top up-modulated genes in
the BM of NeuT mice at a preinvasive stage of disease. Its expression
in immature cells of the BM such as common myeloid progenitors
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(CMP) suggested the involvement of this transcription factor in the
regulation of HSC skewing toward the myeloid cell lineage, par-
ticularly monocytes (11). In line with this notion, ATF3 over-
expression in BM cells limits neutrophil development (12). Despite
these pieces of evidence, little is still known about the molecular
mechanisms promoting ATF3 activation in the BM niche and its
role in driving cancer-adapted myelopoiesis.

In this work, we demonstrate that IL1B released by tumor-primed
BM-MSCs induces ATF3 activation in the HSCs and promotes the
formation of myeloid progenitor clusters, a necessary step toward
myeloid cell differentiation. The cross-talk between distant tumors and
the BM ultimately leads to a release of tumor promoting ATF3-
expressing myeloid cells into the circulation, which were also detected
in the peripheral blood (PB) of patients with breast cancer. Notably, the
evaluation of ATF3-expressing myeloid cells can be used to discrim-
inate among patients with malignant versus benign disease, not clearly
defined at radiographic examination.

Materials and Methods

Animal studies

All animal studies and technical procedures, executed in accordance
with National Law (D.Lgs 26/2014), were approved by the Institutional
Committee for Animal Welfare and by the Italian Ministry of Health
(Authorization number 443/2016-PR; 548/2019-PR; 297/2020-PR).
MMTV-NeuT (NeuT, BALB/c background) female mice were sacri-
ficed at 12 and 24 weeks of age, two time points representing
preinvasive and invasive stages of mammary transformation, respec-
tively (10, 13, 14). Aged-matched control BALB/c mice were used as
wild-type counterparts.

The PyMT41c mouse mammary cancer cell line, obtained in our
laboratory starting from transgenic MMTV-PyMT mice (C57BL/6
background; ref. 15), was used as transplantable models. The PyMT41c
and the PyMT41c-NPMc+ cell line (overexpressing the mutated
human NPMc protein able to induce CD8-mediated T-cell responses;
ref. 16) were injected in the mammary fat pad of A#f3" LysMCre™/~
mice (C57BL/6 background), carrying a specific deletion of the ATF3
in the myeloid compartment, and in A#3"" control mice.

Cell lines are routinely checked for Mycoplasma negativity using
MycoAlert Mycoplasma Detection Kit (Lonza). Mycoplasma test is
usually performed at time of thawing before using cells in vivo or for
in vitro experiments.

Experiments with chronic lipopolysaccharide (LPS) administra-
tion were performed in female BALB/c mice, purchased from
Charles River Laboratories. Mice were injected intraperitoneally
with 10 ug of LPS (O111:B4, Sigma-Aldrich) or PBS, 3 times per
weeks for 4 weeks (chronic administration) and sacrificed the day
after the last treatment.

Anti-IL1B neutralizing antibody (B122, BioXCell) and relative
isotype control (Hamster IgG, BioXCell) were used for in vivo
studies. The B122 monoclonal antibody was injected in NeuT mice
starting from 12 weeks of age. C57BL/6 mice started anti-IL1B
treatment 3 days after the injection of the PyMT41c tumor-cell line.
In both mouse models, mice were treated two times a week for
4 weeks with anti-IL1B and relative isotype control. Antibodies were
injected intraperitoneally with a dose of 50 g per mouse in 200 uL of
physiologic saline solution.

Key research resource
All key research resource used in this work are listed in the key
resource table included in the Supplementary Materials and Methods.
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Flow cytometry and cell sorting

Femurs of mice were used to obtain BM fresh cells for flow cyto-
metry analysis and cell sorting. Single-cell suspensions were incu-
bated with specific antibodies and acquired using a BD LSRFortessa
Flow Cytometer. Progenitors and myeloid cells were sorted with a
FACSAria BD instrument.

Multiparametric flow cytometry analysis on PB mononuclear
cells (PBMC) was performed using the BD FACSCelesta Flow
Cytometer. Monocytes were isolated from the PBMCs using CD14"
MicroBeads human (Miltenyi Biotec) according to the manufac-
turer’s instructions.

Analyses were performed with Flow]Jo software (version 10.4.2).

Confocal microscopy analysis

Immunofluorescence analyses were performed on frozen OCT-
embedded BM samples. For ATF3 intracellular staining, 4-um thick
sections were fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton X-100. For cell membrane staining, sections were fixed
with cold acetone. Sections were blocked in PBS1X with 5% BSA and
incubated with primary antibody for 2 hours and secondary antibody
for 30 minutes. Anti-rat and anti-rabbit (Alexa Fluor 633- and 555-
conjugate) secondary antibodies were used for fluorescence detection
(Life Technologies). Nuclei were counterstained with the 4',6-diami-
dino-2-phenylindole (DAPI) stain. All confocal microscopy analyses
were performed using a Leica TCS-SP8-X confocal laser scanning
microscope.

Immunostaining analysis

Four-micrometer thick tissue sections of tumors were deparaffi-
nized, rehydrated, and unmasked using Novocastra Epitope Retrieval
Solutions in a thermostatic bath at 95°C for 15 minutes. Next, the
sections were brought to room temperature and washed in PBS. After
neutralization of the endogenous peroxidase with H,O, and Fc
blocking by a specific protein solution, samples were incubated
overnight with primary antibodies overnight at 4°C. Staining was
revealed using IgG (H&L) specific secondary antibodies (Life Tech-
nologies) and 3-3' diaminobenzidine chromogenic substrate. The
slides were counterstained with Harris hematoxylin (Novocastra).
Sections were analyzed using a Leica DM4 B optical microscope
equipped with a Leica DFC450 digital camera.

Isolation of hematopoietic and MSCs from the BM

HSCs were isolated from the BM of mice by immunomagnetic beads
(Lineage Cell Depletion Kit, Miltenyi Biotec). Cell suspension was
expanded in StemSpan SFEM medium (STEMCELL Technologies)
supplemented with SCF (50 ng/mL), TPO (15 ng/mL),IL3 (30 ng/mL),
FLT3 ligand (50 ng/mL), and IL6 (20 ng/mL).

MSCs were purified from the bone and the trabecular fraction.
Initially cells were incubated with collagenase I (Sigma-Aldrich;
1 mg/mL) for 1 hour at 37°C. Then, cell suspension was incubated
with the following PE-conjugated antibody: CD45, B220, CD3,
CD11b, CDl1c, Grl, F4/80, Ter119 (all markers of hematopoietic
cells). After separation with anti-PE microbeads (Miltenyi Biotec),
MSCs were phenotypically characterized by flow cytometry analysis
with the following markers: CD45, Ter119, CD31, Sca-1, CD29,
CD44.

For in vitro experiments, BM-derived mesenchymal cells were
expanded and differentiated with MesenCult MSC Basal Medium
supplemented with Mesenpure cocktail (STEMCELL Technologies).

HSCs were stimulated for 24 hours with 25 ng/mL of recombinant
IL1B (211-11B, PeproTech). Anti-IL1B neutralizing antibody (B122,
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BioXCell) and relative Isotype control (Hamster IgG, BioXCell)
were added to the medium prior to coculture experiments at the
dose of 5 ug/mL. HSCs were also differentiated toward monocytes
in the presence of macrophage colony-stimulating factor (M-CSF;
40 ng/mL).

RNA extraction and gene expression analysis

RNA was extracted from cells using Direct-zol RNA Microprep Kit
(ZymoResearch) following the manufacturer’s instruction and quan-
tified with NanoDrop2000/2000c Spectrophotometers (Thermo
Fisher).

For qPCR, RNA was reverse transcribed with SuperScript IV VILO
Master Mix with exDNase Enzyme or with High-Capacity cDNA
Reverse Transcription Kit. qPCR was performed with ABU Prism 7900
HT (AB) using the TagMan Fast Advanced PCR MasterMix (Applied
Biosystem). Gene expression levels were normalized with B-actin
expression (see Supplementary Material and Methods for list of
oligonucleotides).

Microarray analysis was performed with Clariom S Assay, mouse
(Thermo Fisher). Raw data were preprocessed using the sst-RMA
algorithm implemented in the Transcriptome Analysis Console soft-
ware (Thermo Fisher) and analyzed using R software. Differentially
expressed genes were identified using the limma package (17). P values
were adjusted for multiple tests using the Benjamini-Hocheberg FDR.
Functional overrepresentation analysis of differentially expressed
genes was carried using the topGO package with Gene Ontology
(GO) biological process terms, and Qiagen’s Ingenuity Pathway
Analysis (IPA, Qiagen).

Graph and statistical analysis
As regards in vitro and in vivo experiments:

- Descriptive statistical analysis was performed reporting means
with SD in the graphical representations of data.

- Differences between groups of interest were assessed through the
nonparametric Permutation (P), or Wilcoxon (W)/Kruskal-
Wallis (KW) tests by estimating P values through exact test or
Monte Carlo approach.

- Two-way ANOVA was fitted in the presence of design involving
more than one factor and in case of an interaction effect, the main
effect was single investigated.

- Friedman two-way nonparametric ANOVA was fitted to jointly
consider observations obtained from experiments performed at
different times.

- Spearman rank correlation coefficient (rs) and its 95% confidence
interval (CI) were used to quantify the strength of association
between two continuous variables.

- Mixed model (with a compound symmetry covariance matrix)
was fitted to assess the tumor growth as a function of time and
experimental group (fixed factors) with mice considered as
random factor. The same approach was used to compare the
percentage of CD11b" cells in the PB during different time
points.

Graph analyses were performed using GraphPad Prism Software
(Version 9.0).

Public human dataset analysis was performed using R software. PB
mononuclear cell raw data were downloaded from GSE27562 with the
GEOquery package and then normalized with RMA function from affy
package. Data were collapsed with the maxRowVariance method
imported from WGCNA package. Class comparison between normal
initial mammograms and patients with malignant breast cancer were
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performed through limma package and P value obtained from com-
parison was corrected with Benjamini-Hochberg method. Genes with
a FDR < 0.05 were considered significant. ATF3 variation between
normal and malignant samples was charted through a boxplot for a
graphical purpose.

Regarding the analysis of human expression data collected at
Fondazione IRCCS Istituto Nazionale dei Tumori di Milano (18):

- The association between the tumors diagnosis (malignant vs.
benign tumors) and the ATF3 gene expression, normalized to
RPLPI gene, was assessed by resorting to the nonparametric
Kruskal-Wallis test.

- Differences in percentage of immune cells populations between
groups of interest (malignant vs. benign tumors) were evaluated by
applying a t test.

- Spearman rank correlation coefficient and its 95% CI were used
to quantify the correlation between the percentage of CD11b™ cells
and ATF3 expression levels.

The predictive capability of CD11b™ cells was calculated as the area
under the receiver operating characteristic ROC curve (AUC) and its
corresponding 95% CI generated by resorting to a logistic regression
model.

All the above analyses were performed using SAS software
(Version 9.4.; SAS Institute, Inc.) by considering a significance level
of alpha = 0.05.

Data availability

Expression data derived from mouse MSCs were deposited in the
NCBI Gene Expression Omnibus database with the accession number
GSE194032.

Results

The nuclear translocation of ATF3 in myeloid progenitor
clusters is an early event of cancer-adapted hematopoiesis

GEPs of normal human and mouse hematopoiesis show ATF3
expression almost restricted to monocytes (Supplementary Fig. SIA
and S1B). IHC analysis of BM sections from transgenic BALB-NeuT
(NeuT hereafter) shows increased ATF3 expression in NeuT com-
pared with nontransgenic sibling BALB/c female mice, suggesting a
role for ATF3 in cancer-adapted hematopoiesis (Supplementary
Fig. S1C). To gain information on which BM cell upregulate ATF3,
megakaryocyte/erythroid progenitors (MEP), CMPs, GMPs and
mature cells (granulocytes and monocytes) were sorted (Supplemen-
tary Fig. S1D for the gating strategy) from the BM NeuT and control
mice of 12 and 24 weeks of age, representative of early and late stages of
breast cancer tumorigenesis, respectively (10, 19). qPCR analysis
showed increased expression of Atf3 in myeloid progenitors (CMPs,
CD34"CD16/32-, and GMP, CD34"CD16/32") at early but not late
stage of disease (Fig. 1A-D). On the contrary, ATF3 was upregulated
in monocytes (Ly6C™¢") at late but not early stage of transformation
(Fig. 1A-D; Supplementary Fig. SID for gating strategy). The
increased early expression of Atf3 in CMPs was confirmed in the
41c transplantable model of breast cancer (originally derived from
transgenic PyMT mice; ref. 15) in which the BM was analyzed when
tumors were barely palpable (9 days post injection: Supplementary
Fig. SIE).

As the translocation of ATF3 into the nucleus is a hallmark of its
functional activation, we evaluated ATF3 by confocal microscopy on
BM sections. Figure 1E and the relative quantifications (Fig. 1IF and G)
shows an increased nuclear translocation of ATF3 in NeuT in
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comparison to controls at both early and late stages of disease. To
identify which cell had ATF3 translocated into the nucleus, we
performed a triple immunofluorescence for ATF3 (red), FcyR,
(blue) and lineage (Lin) markers (green) on the same BM samples
(Fig. 1H and I). In NeuT mice of 12 weeks of age, the analysis
showed nuclear localization of ATF3 in cells negative for lineage
markers (Lin) but positive for FcyR, suggesting their belonging to
myeloid precursors (Fig. 1I). At this time point, the nontransgenic,
tumor free, BALB/c siblings have limited ATF3 nuclear transloca-
tion in the same cell subset, suggesting that this event is stimulated
by the peripheral transformation (Fig. 1H and I). At 24 weeks, both
NeuT and siblings controls show increased nuclear localization of
ATF3 although in different compartments, which are the mature
myeloid cells (Lin"/FcyR") in NeuT mice (Fig. 1H and I) and the
Lin /FcyR™ precursors in siblings controls (Fig. 1H and I). Fur-
thermore, immunofluorescence analysis for ATF3 and Ly6C iden-
tified Ly6C* monocytes as the cell subset mostly enriched for ATF3
nuclear translocation in NeuT but not in sibling controls (Fig. 1J
and K).

Notably, at early time point of tumorigenesis, the activation of
ATF3 in myeloid progenitors was paralleled by the formation of
GMP/CMP clusters (Lin_/c—Kit+/FcyR+), identified by confocal
microscopy analysis. Differently from nontransgenic siblings, which
show GMPs/CMPs organized in small clusters, mainly located close
to the osteoblastic niche (Fig. 1L), the GMPs/CMPs clusters of
NeuT mice were larger, composed by higher number of cells and
localized in the whole BM parenchyma (Fig. 1L), a clear feature of
the emergency hematopoiesis.

Finally, to assess whether ATF3 expression and nuclear transloca-
tion in BM myeloid progenitors was a feature of cancer-related
myelopoiesis or a more general mechanism induced by stress condi-
tions (20), we analyzed ATF3 activation in the BM of mice chronically
treated with LPS. In this setting, we observed ATF3 nuclear translo-
cation that, differently from tumor-bearing mice, was confined to
stromal cells localized nearby the osteoblastic niche, without involving
myeloid progenitors (Supplementary Fig. S2A). In line, no changes
were observed in the fraction of HSC precursors, as evaluated by FACS
(Supplementary Fig. S2B).

Collectively, these findings indicate that the induction of ATF3
expression and its nuclear translocation in immature myeloid cells
(CMP/GMP) and Ly6C* myeloid cells are specific feature of
tumor-induced myelopoiesis. The distinct temporal activation of
ATF3 in precursors versus Ly6C" myeloid cells might suggest a
different role of ATF3 at early and late stages of disease, possibly
involved in progenitor cell expansion and monocytes differentia-
tion, respectively.

ATF3 Is an Early Event of Cancer-Adapted Hematopoiesis

BM mesenchymal stroma cells sense peripheral tumor and in
turn activate the NLRP3 inflammasome pathways and the
release of IL1B

Stroma-derived BM niche signals have been largely involved in
driving emergency hematopoiesis (21, 22). To evaluate whether the
release of soluble mediators from MSCs was responsible for Atf3
induction in progenitor cells, naive HSCs were cocultured, using a
transwell assay, with MSCs isolated from the bone of either NeuT or
nontransgenic siblings mice. qPCR analysis shows that the expression
of Atf3 was upregulated in HSCs cocultured with MSCs isolated from
NeuT mice (Fig. 2A; Supplementary Fig. S3A for purity check). To
identify the upstream regulator of Atf3, we applied the IPA to a GEP
performed on the BM of NeuT mice (GSE117071), by which we
initially identified A#f3 among the top up-modulated genes at the
preinvasive stage of disease (10). Among the upstream regulator of
Atf3 results indicated IL1B (Fig. 2B), a proinflammatory cytokine
able to stimulate HSCs proliferation, GMP clustering and myeloid
differentiation (8). Considering that the above-mentioned dataset
accounts for total BM cells, we performed a GEP analysis restricted
to BM-MSC:s collected at 12 and 24 weeks from the bone of NeuT mice
and sibling BALB/c controls, for comparison. BM-MSCs were purified
from the femurs and tibias of mice by immunomagnetic beads and
phenotypically characterized by flow cytometry prior transcriptome
analysis (CD45", Ter119~, CD31, CD29"; CD44t; Supplementary
Fig. S3B and S3C).

GEP analysis identified 367 genes significantly up-modulated
(FDR < 0.05) and 71 genes down-modulated (FDR < 0.05) at early
time points (Fig. 2C), whereas 17 genes were up- and 7 genes down-
modulated at late time points (Fig. 2C) compared with age-matched
BALB/c mice. Nirp3 and Nlrplb, two well-known inflammasome
gene member of the nod-like receptor (NLR) family, were com-
monly upregulated in BM-MSCs from NeuT mice at early and late
time points, compared with controls (Supplementary Table S1A and
S1B). GO indicated III and Il1b expression significantly enriched
in BM-MSCs isolated from NeuT mice (Fig. 2D and E). Although
NLR gene family was upregulated in the MSCs of NeuT mice col-
lected at both early and late time points, some key genes belonging
to the NLR inflammasome activation, including Nlrp3, and Ii1b
were significantly upregulated only in MSCs isolated from NeuT
mice at early time points (Fig. 2F and G). The upregulation of Il1b
and of Nirp3 expression in early MSCs was validated also through
qPCR analysis performed on 12 weeks BM-MSCs (Fig. 2H and I)
and in another cohort of ex vivo isolated BM-MSCs in which we
compared early and late time points for Il1b expression (Fig. 2J).

To check whether soluble factors were responsible for the induc-
tion of Il1b in BM-MSCs, naive MSCs were treated with the sera

Figure 1.

ATF3 expression and nuclear translocation is a hallmark of tumor-promoted myelopoiesis. A=D, Evaluation of Atf3 expression by gPCR in FACS-sorted cells isolated
from the BM of BALB/c and NeuT mice at early and late points: BM precursors at 12 weeks (P test; MEP, P value: 0.2121; CMP, P value: 0.0281; GMP, P value: 0.0238; A)
and at 24 weeks of disease (P test; MEP, P value: 0.2338; CMP, P value: 0.5866; GMP, P value: 0.7143; B); mature Ly6G"9" and Ly6C"9" cells at 12 weeks of age
(Friedman test; Ly6G™", Pvalue: 0.641; Ly6C™", Pvalue: 0.3004; C) and at 24 weeks of age (Friedman test; Ly6G"9", P value: 0.6298; Ly6C"", P value: 0.0036; D).
E-G, Confocal microscopy analysis showing overall ATF3 nuclear translocation in BM sections from NeuT and BALB/c mice at 12 and 24 weeks of age.
E, Representative immunofluorescence analysis. ATF3, red; DAPI, cyan. F and G, Quantification of ATF3 nuclear localization at early and late time points (early,
P test, P value: 0.0286; late, P value: 0.0079). Data are expressed as frequency of ATF3™ nuclei/total nuclei. H and I, Confocal microscopy analysis for Lin (green),
ATF3 (red), and FcyR (blue) performed at 12 and 24 weeks of age in BALB/c and NeuT mice. Arrows, enlarged area. The representative images show at 12 weeks of
age, ATF3 nuclear signal was mainly localized in Lin“FcyR™ cells but not in Lin™ FcyR™ myeloid populations in both BALB/c and NeuT mice, with the difference that in
BALB/c mice, ATF3 staining was only barely detectable. At late time points, ATF3 nuclear localization increased in both BALB/c mice and NeuT mice, where it
characterized BM progenitors (Lin~c-Kit™) or mature (Lin* FcyR™) myeloid cells, respectively. J and K, Confocal microscopy analysis for ATF3 (green) and Ly6C (blue) in
BM sections from BALB/c and NeuT mice at late time points (24 weeks). J, Quantification of ATF3 nuclear localization in Ly6C* cells (P test, P value: 0.0286).
K, Representative images showing ATF3 confinedin a portion of Ly6C ™ cells only in NeuT and not age-matched controls. L, Imaging of CMP/GMP clustering performed on
frozen BM OCT samples from naive (left) and tumor-bearing NeuT mice (right) at 12 weeks. Lin, green; c-Kit, red; FcyR, blue. Dotted lines, CMP/GMP clusters.
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collected from NeuT mice of 12 weeks of age or controls. Figure 2K
shows that the treatment with the serum from NeuT mice signif-
icantly induced Il1b expression in BM-MSCs. Notably, a similar
induction occurred when BM-MSCs were exposed to either serum
collected from mice bearing 41¢ mammary tumors (Fig. 2L) or 41c-
conditioned medium (Fig. 2M). The last experiment also show that
41c cells per se do not express Il1b, indicating circulating or tumor-
released factors as responsible for the induction of IlIb in BM-
MSCs. As the known main upstream regulator of the NLRP3/
inflammasome is extracellular ATP (eATP; ref. 23), we quantified
this mediator in plasma collected from NeuT and sibling controls.
Significant increase of eATP serum level was found in in NeuT than
control mice (Fig. 2N), a data that fits well with the increased
expression of the cognate receptor P2rx7 in BM-MSCs of NeuT
than control mice (Fig. 20).

IL1B signaling drives ATF3 activation in HSCs and initiates a
specific lineage commitment

The activation of the NLRP3 inflammasome signaling pathway and
the expression of I/1b in BM-MSCs of NeuT mice prompted us to
verify whether it is directly responsible for ATF3 upregulation and
nuclear translocation in HSCs. To assess IL1B effect on ATF3 acti-
vation, HSCs cells were stimulated with recombinant IL1B also in the
presence of mAb blocking IL1B or the isotype control. Confocal
microscopy analysis shows that the presence of IL1B blocking mAb,
but not of the isotype control, inhibited IL1B nuclear translocation
(Fig. 3A).

To confirm that the activation of ATF3 is specifically mediated by
the release of IL1B from NeuT-derived BM-MSCs, we performed
coculture between HSCs and BM-MSCs in presence of an anti-IL1B
mAb or isotype control. qPCR analysis showed a reduced Atf3
expression in presence of the IL1B blocking mAb (Fig. 3B).

To assess the relevance of this pathway in vivo, NeuT mice were
treated with the IL1B blocking mAb, twice a week, starting at 12 weeks
of age, for a total of 4 weeks. At sacrifice, the BMs were collected to
estimate Atf3 expression in HSC populations. The treatment induced
Atf3 down-modulation in HSCs (Fig. 3C) along with a substantial
decrease of GMPs as evaluated by FACS (Fig. 3D). Notably, the in vitro
treatment reduced the nuclear translocation of ATF3 (Fig. 3E and F)
along with the reduction in the clustering of CMP/GMP (Fig. 3G),
both evaluated by confocal microscopy on BM sections.

To gain further insights and corroborate these data, we used the
transplantable 41¢ model. Mature and immature populations from the
BM of 41c-injected mice, treated or not with anti-IL1B mAb, were
sorted and Atf3 expression was evaluated by qPCR. The treatment with
anti-IL1B Ab significantly reduced Atf3 expression in all immature
(HSCs, MEPs, CMPs and GMPs) and mature (Ly6G and Ly6C)

ATF3 Is an Early Event of Cancer-Adapted Hematopoiesis

myeloid cells (Fig. 3H), also reducing the frequency of GMP and
CD11b in the BM of treated mice (Fig. 31 and J). Overall, these findings
suggest that A#f3 induction in HSCs could be a necessary step toward
myeloid differentiation.

ATF3 deletion in the myeloid compartment affects the
monocyte frequency and their differentiation into macrophages

Besides being activated in myeloid precursors at early time point,
ATF3 became activated in mature myeloid cells, particularly in
monocytes, at later stage of cancer progression (Fig. 1). This
suggests that early ATF3 activation in CMPs/GMPs might drive
their further differentiation toward cells of monocytic lineage. To
assess the relevance of ATF3 in monocyte differentiation, we
evaluated Atf3 expression in Lin- cells treated for 9 days with
M-CSF. As shown by qPCR, Atf3 expression increased during
differentiation of Lin~ cells toward monocytes/macrophages
(Fig. 4A). Notably, this phenotype correlated with the induction
of Irf8 (rs: 0.91; 95% CI, 0.75-0.97), a transcription factor involved
in monocyte differentiation (Fig. 4B; refs. 24, 25), along with the
gaining of the F4/80 macrophage-specific surface marker (ry: 0.79;
95% CI, 0.47-0.92; Fig. 4C).

To verify, through a different approach, whether ATF3 in Lin- cells
skews progenitor differentiation toward monocytes, Lin- cells were
infected with a lentiviral vector designed to force Atf3 expression
under the myeloid-specific CD68 promoter, which is expressed in
progenitors starting from the CMP/GMP stage and in differentiated
myeloid cells (DC, monocytes and, at low levels, in granulocytes;
refs. 26-28). Results showed that Atf3 overexpression promotes the
expansion and differentiation of monocyte/macrophage colony form-
ing units (Supplementary Fig. S4).

Finally, to test whether the deletion of Atf3 in the myeloid
compartment was able to affect tumor progression, the 41c cell line
was injected into the mammary fat pad of Atf3""LysMCre™ ™ and
Atf3"LysMCre™'~ control mice. The efficiency and specificity of
Cre expression in Atf3"”"LysMCre™ ™ mice was evaluated on sorted
BM myeloid cell populations and peritoneal macrophages isolated
ex vivo, checking Atf3 expression by qPCR. The expression of Atf3
decreased in all mature myeloid populations in Atf3" LysMCre™~
compared with controls (Supplementary Fig. S5A). Thirty days after
tumor injection, mice were sacrificed and tumor and PB were
analyzed to detect possible differences in immune cell composition.
Flow cytometry analyses revealed a decrease in monocytes (Ly6C"&")
in PB (Fig. 4D) and tumors (Fig. 4E) of Atf3" LysMCre*’~ mice in
comparison to Atf3"? controls.

Having shown that ATF3 plays a role in monocyte to macrophage
differentiation, we evaluated the presence of macrophages in situ
in tumors obtained from A#f3""LysMCre*’~ and Atf3"" mice. IHC

Figure 2.

MSCs sense peripheral tumor, activate the NLRP3 inflammasome signaling pathway, and release Il1b. A, gPCR for Atf3 expression in HSCs cocultured with BALB/c or
NeuT-derived BM-MSCs (P test, P value: 0.0286). B, Output of IPA software analysis showing the putative relation between IL1B and ATF3. Red and green indicate
whether the genes are upregulated or downregulated, respectively. Dashed line, indirect interaction. C, Volcano plots obtained from the comparison of GEPs of NeuT
and BALB/c BM-derived MSCs samples at 12 and 24 weeks of age. Red and green points show significantly up- or down-modulated genes, respectively (FDR < 0.05
and absolute FC 1). D and E, Barplot showing the top 25 GO terms significantly enriched in the list of genes upregulated at 12 and 24 weeks of age between BM-MSCs
isolated from NeuT versus BALB/c mice. F and G, Bar plots showing the expression of //1b and Nirp3 genes in the GEP at both time points. Hand I, gPCR for Nirp3 and
Il1b genes evaluated on purified BM-MSCs isolated from BALB/c and NeuT at early time point (12 weeks; P test, //lb, P value: 0.0079; Nirp3, P value: 0.0476).
J, Validation by gPCR of //1b upregulation in a new cohort of MSCs isolated from NeuT and control sibling mice at 12 and 24 weeks of age (ANOVA 2-way test, P value
mice: 0.0057; P value time: 0.6320). K, Evaluation of //1b by qPCR after stimulation of BALB/c-derived BM-MSCs with serum collected from tumor-free (BALB/c) and
-bearing (NeuT) mice (KW test, P value: 0.0008). L, Evaluation of //1b by gPCR after stimulation of BALB/c-derived BM-MSCs with serum collected from tumor-free
(C57) and mice bearing 41c tumors (KW test, P value: 0.0001). M, Evaluation of //1b by gPCR in BM-MSCs alone, 41c alone, and BM-MScs after stimulation with 41c
conditioned medium (KW test, P value: < 0.0001). N, ATP level in plasma collected from NeuT and BALB/c controls (P test, P value: 0.0022). O, P2rx7 expression
level in the GEP of BALB/c and NeuT BM-MSCs.
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analysis showed a reduction of CD206+ macrophages in tumors from
Atf3" LysMCre*’~ (Fig. 4F and G). In these same tumors, hema-
toxylin and eosin (H&E) analysis showed abnormal deposition of
fibrotic nuclear material, a picture compatible with the absence of
scavenger tumor-associated macrophages (TAM; Supplementary
Fig. S5B). These findings are compatible with an overall decrease of
local macrophage differentiation, which is also in line with the reduced
number of circulating monocytes observed in conditional A#f3
knockout mice. Furthermore H&E showed larger hypoxic and necrotic
areas, more evident infiltrative growth with better integration with
the surrounding tumor stroma and increased lymphocytes in tumors
from Atf3""LysMCre™~ than from Atf3"" controls (Supplementary
Fig. S5B). The increased lymphocytes infiltration found in H&E
sections was confirmed by IHC analysis showing higher CD8+
T cells in tumors obtained from Atf3""LysMCre*'~ than control
mice (Fig. 4F-H).

To test the CD8 T cells involvement, Atf3" LysMCret'~ and
controls were injected with the PyMT-derived 41c cell line harnessed
to express a model antigen (human mutated nucleophosmin; ref. 16)
and treated or not with o-PD1. Data show an increased efficacy of
0-PD1 in Atf3" LysMCre™ ™ than controls (Fig. 41) paralleled by an
increased frequency of proliferating CD8*Ki67"PD1"TNF" cells
(Fig. 4J).

ATF3 and CD11b* cells in the PB discriminate benign from
malignant breast lesions

Having shown that ATF3 is a relevant functional marker of cancer-
adapted myelopoiesis, we tested whether ATF3 could be exploited as a
circulating marker of transformation. Hence, we tested its expression
in the PB of NeuT mice collected at late stages of breast carcinogenesis
(24 weeks), when myeloid cells are significantly released into the
circulation (Fig. 5A). qPCR analysis showed that Atf3 expression
was higher in the PB of NeuT compared with age-matched control
BALB/c mice (Fig. 5B). To investigate the translational significance
of these data, we evaluated ATF3 expression in silico in a public
dataset (GSE27562) consisting of PBMC collected from 57
patients with a diagnosis of breast cancer versus 31 healthy con-
trols (29). Data confirmed ATF3 upregulation in PBMCs from BC
patients compared with controls [Fold change (FC) = 1.7, FDR =
0.002; Fig. 5C].

Next, we tested whether ATF3 was also able to discriminate among
patients with benign or malignant mammary lesions, with uncertainty
diagnostic radiology. To this end, we analyzed the PBMCs of 43
patients with a suspected breast cancer enrolled in our institute in
the Breast Blood Early diagnosis (BABE) study (18). qPCR analysis of
ATF3 expression in the CD14" monocytic fraction along with a
multiparametric flow cytometry analysis testing myeloid cell compo-
sition, were performed on PBMCs collected from patients prior to

ATF3 Is an Early Event of Cancer-Adapted Hematopoiesis

tissue biopsies, which then identified 24 benign versus 19 malignant
breast lesions (Supplementary Table S2). Notably, the percentage of
CD11b" cells, evaluated by flow cytometry analysis, was able to
discriminate benign from malignant patients (Fig. 5D) as occurring
in the mouse model. Although ATF3 level detected by qPCR analysis
was not able, per se, to discriminate among the 2 groups (Fig. 5E),
we found a positive correlation between ATF3 and the percentage of
CDI11b" cells only in patients with malignant conditions (r,, 0.57;
95% CI, 0.14-0.81), whereas a negative correlation was found in
patients with a benign diagnosis (rs, —0.54; 95% CI, —0.77 to —0.16;
Fig. 5F and G). To deeper investigate the role of ATF3 combined to
CD11b" in discriminating benign and malignant condition, a
logistic regression model was implemented including the two
markers and their interaction, the predictive capability of CD11b"
quantified through the AUC was improved (Fig. 5H). This data
suggests that a combined evaluation of CD11b" cells and ATF3
expression in the PB CD14" cells could be used, in association with
other markers i.e., circulating miRNAs (18), to discriminate among
women with benign versus malignant transformation, avoiding
unnecessary invasive procedure.

Discussion

The response of the BM to chronic stress conditions, including
cancer, has been largely considered in terms of myeloid cell efflux from
BM to circulation. Here we provide some evidences indicating that first
sensors of incipient breast tumors are the BM-MSC that, through the
production of IL1B, promote ATF3 expression and nuclear translo-
cation in HSCs. The activation of ATF3 is a necessary step to support
all features of cancer-adapted myelopoiesis from HSC differentiation
into myeloid cell precursors to cell fate decision (monocytes and TAM.
Graphical abstract). Furthermore, data obtained analyzing the PB
of patients with breast cancer candidate the presence of circulating
ATF3-expressing monocytes as possible marker able to discriminate
between benign and malignant cases.

The activation of another member of the ATF/CREB family of
transcription factors, namely ATF6, has been recently involved in
driving polymorphonuclear myeloid-derived suppressor cell activity
in lung cancer (30). These data fit well with the concept that although
all tumors can increase the hematopoietic demand, the expansion of
specific subpopulations could be “qualitatively” different according to
the tumor tissue of origin and their signals to the BM for activation of
specific lineage-determining transcription factors.

We describe the BM response to nascent breast tumor involving the
sequential upregulation and nuclear translocation of ATF3 in two
different subsets of BM cells. At early time points, corresponding to
incipient tumors, the nuclear translocation of ATF3 in BM progenitor
cells promotes the formation of CMP/GMP clusters, which

Figure 3.

IL1B drives ATF3 activation in HSCs and initiates a specific lineage commitment. A, Confocal microscopy for ATF3 (green) on naive HSCs stimulated in vitro with
recombinant IL1B + anti-IL1B showing ATF3 mainly localized in the nuclei of IL1B-stimulated HSCs (arrows) in presence of the Isotype control. InHSCs treated with the
IL1B blocking mAB, ATF3 was localized mainly in the cytoplasm (arrows). B, Atf3 expression on naive HSCs cocultured with NeuT-derived BM-MSCs = anti-IL1B or
isotype CTRL (KW test, P value: 0.0188). C, Atf3 expression by gPCR on HSCs sorted from the BM of NeuT mice, at premalignant stage of disease, treated or not with
anti-IL1B antibody for 4 weeks. Each dot represents a pool of 3 to 4 mice (one-sided W test, P value: 0.0491). D, Percentage of GMPs within the Lin-c-Kit™ cells
evaluated by flow cytometry analysis on total BM cells collected from NeuT mice treated or not with anti-IL1B mAb (W test, P value: 0.0968). E and F, Confocal
microscopy analysis for ATF3 in NeuT mice treated with mAb blocking II1B or the isotype control. E, Representative image showing the decreased nuclear
translocation of ATF3 in presence of mAb blocking IL1B. F, Relative quantification (P test, P value: 0.0411). G, Evaluation of CMP/GMP clustering on OCT-embedded
BM sections. Lin, green; c-kit, red; FcyR, blue; DAPI, cyan. H, Evaluation of Atf3 expression by gPCR on sorted progenitor and mature myeloid cells isolated from B6
mice injected with 41c tumor cell line and treated or not with alL1B Ab. Each dot represents a pool of 3to 4 mice (one-sided W test, HSC, P value: 0.0493; MEP, Pvalue:
0.0489; CMP, P value: 0.1993; GMP, P value: 0.0490; Ly6C, P value: 0.0477; one-sided P test, Ly6G, P value: 0.0011). I and J, Percentage of GMPs and CD11b™ cells
evaluated by FACS analysis on BM cells collected from B6 mice injected with 41c tumor cell line + anti-IL1B (W test, GMP, P value: 0.0542; CD11b, P value: 0.0527).
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Figure 5.

ATF3"CD14™ cells, in correlation with the expansion of CD1Ib™ population, discriminate benign vs. malignant transformation. A, Quantification of CD11b™ cells in the
blood of BALB/c and NeuT mice starting from 6 weeks of age (mixed model, P value mice: 0.0221). B, Atf3 expression evaluated by qPCR on total PBMCs isolated from
the blood of BALB/c and NeuT mice (24 weeks). Dots, individual mice. (P test, P value: 0.0103). C, ATF3 expression on PBMCs collected from healthy donors (n = 31) and
patients with breast cancer (n = 57) based on GSE27562. D, Distribution of %CD11b (total) according to the type of tumor’s diagnosis (n benign = 24 vs. n malignant =19;
t test on transformed values, P value: 0.0128). E, Distribution of ATF3 gene as -dCt, according to the type of tumor’s diagnosis (n benign = 24 vs. n malignant = 19; KW,
P value: 0.9902). Each box indicates the 25th and 75th centiles. The horizontal line and the diamond inside the box indicate the median and the mean, respectively.
The whiskers indicate the extreme measured values and each point the value for the corresponding patient. F and G, Scatter plot showing the correlation of ATF3 gene as
-dCt (x-axis) and %CD11b (total; y-axis) in benign vs. malignant conditions. Blue and red points represent patients with benign and malignant tumor, respectively.
H, Predictive capability of ATF3 combined with CD1lb. ROC curve from percentage of CD1Ib (red line) and full model (blue line).

Figure 4.

ATF3 drives monocyte/macrophage cell differentiation. A, Atf3 expression evaluated by gPCR during different stages of monocyte/macrophage cell differentiation induced
by M-CSF. For in vitro experiments, four biological replicates were used (KW test, P < 0.0001). B and C, Spearman correlation analysis between the levels of Atf3 and the
expression of /rf8 and F4/80, markers of macrophage maturation. D and E, Quantification of monocytes (Ly6C™") in the PB (P test, P value: 0.0264; D) and in the tumor of
ATE3"M (Cre /) and ATF3"LySMCret/~ (Cre™~) mice after injection of 41c tumor cell line (W test, P value: 0.0996; E). F, IHC staining of CD206* macrophages and CD8™
T cells in 41c tumor sections of Cre/~ and relative Cre ™/~ control mice injected with 41c cancer cell line. G and H, Relative quantification. I, Tumor volume (end point) in
mice treated with Isotype control or aPD1 (ANOVA contrast, Cre™/~ isotype ctrl versus Cre*/~ isotype ctrl, P value: 0.6605; Cre™/~ aPD1versus Cre*/~ ctrl, P value: 0.3998;
Cre*/~ aPD1versus Cre* isotype ctrl, P value: 0.0688). J, Frequency of CD8 "PD1Ki67 " TNF cells in tumor from mice treated with aPD1or isotype control. ANOVA contrast,
Cre ™/~ isotype ctrl versus Cre*’~ isotype ctrl, P value: 0.2700; Cre ™/~ aPD1 versus Cre™~ ctrl, P value: 0.5890; Cre™/~ aPDI1 versus Cre™~ isotype ctrl, P value: 0.0223.
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represent key features of emergency hematopoiesis (7). At late time
points of tumor progression, ATF3 activation drives the expansion
of monocytic-myeloid cells that differentiate into macrophages in
peripheral tissues. The involvement of ATF3 in monocyte/macro-
phage differentiation was supported by data showing that ATF3
expression increases during monocyte/macrophage cell differenti-
ation and that its overexpression in BM progenitor cells enhances
their ability to form monocyte/macrophage colonies in a semisolid
medium. Mechanistically, the effect of ATF3 on monocyte/macro-
phage differentiation involve the induction of If8, a transcription
factor that drives progenitor cell differentiation into macrophages
(25, 31).

In vivo, when PyMT-derived 41c tumors were transplanted into
Atf3" LysMCre"’~ we detected reduced infiltrating TAMs along with
lower frequency of PB monocytes in comparison to A#f3"" control
mice. Unexpectedly, such differences did not affect tumor growth that
was similar in the two strains. In line, Wolford and coll. reported
similar tumor take and size upon subcutaneous injection of MVT-1
mammary cell line into A#f3" LysMCre™'~ and control mice, whereas
they observed a substantial reduction of lung metastasis in the former
group upon orthotopic injection (32). However, using the 41c cell line
harnessed to express a model antigen (human mutate nucleophosmin,
NPMc+ (16) to assure immunogenicity, we found an increased
efficacy of aPD-1 treatment, evaluated as reduction of tumor volume,
in Atf3VLysMCre™'~ than controls, suggesting that targeting ATF3 in
myeloid cells could improve the efficacy of immune checkpoint
treatment.

We identified the activation of NLRP3/inflammasome and the
release of IL1B by BM-MSCs as responsible for the initial induction
of ATF3 in HSCs and the consequent release of monocytes into the
PB. Looking at tumor derived/circulating factors able to promote
the activation of the NLRP3/inflammosome in BM-MSCs, we tested
eATP, which is a known regulator of this pathway (23) and found its
increase in the sera of NeuT mice than controls. Other factors might
contribute to inflammasome activation. Our preliminary analysis of
circulating miRNA show a significant down-modulation of those
predicted to target the inflammasome-signaling pathway common
to NeuT mice and patients with breast cancer that need to be
validated.

In our beast cancer models, not only the upregulation of ATF3
expression in HSC was tumor-specific, being the chronic administra-
tion of LPS unable to induce ATF3 activation in myeloid cells, but the
presence of ATF3-expressing monocytes seems to work as biomarker
for presence of incipient tumor in women and might suggest the
targeting of ATF3.
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Nevertheless, like for other transcription factors, the targeting of
ATF3, could be difficult to achieve pharmacologically. However, the
inhibition of IL1B, its upstream regulator, could be very feasible
according to the Canakinumab Anti-inflammatory Thrombosis Out-
comes Study (CANTOS) that showed reduced incidence of lung cancer
in patients with atherosclerosis treated with anti-IL1B monoclonal
Ab (33). Benefits were demonstrated also in patients with breast
cancer. Indeed, an IL1 signature has been identified in HER-2-negative
breast cancers with poor prognosis and treatment with anti-ILIR
antagonist, anakinra, reduced the expression of inflammatory genes in
PB leukocytes while increased the expression of several natural killer
and cytotoxic T-cell genes (34).

In summary, our findings identify ATF3 as a relevant transcription
factor that, activated in HSCs by tumor-primed BM-MSCs, redirects
BM hematopoiesis toward monocytic cell expansion and differenti-
ation into TAMs.
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