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Reciprocal interactions between innate 
immune cells and astrocytes facilitate 
neuroinflammation and brain metastasis  
via lipocalin-2

Omer Adler1,14, Yael Zait1,14, Noam Cohen1, Raquel Blazquez2, Hila Doron1, 
Lea Monteran1, Yeela Scharff1, Tamar Shami1, Dhanashree Mundhe1, 
Gunther Glehr3, Andrew A. Kanner    4, Suzana Horn5, Vered Yahalom6, 
Sebastian Haferkamp7, James A. Hutchinson    3, Annalen Bleckmann8,9,10, 
Limor Nahary11, Itai Benhar    11, Shlomit Yust Katz12, Tobias Pukrop2,13 & 
Neta Erez    1 

Brain metastasis still encompass very grim prognosis and therefore 
understanding the underlying mechanisms is an urgent need toward 
developing better therapeutic strategies. We uncover the intricate 
interactions between recruited innate immune cells and resident astrocytes 
in the brain metastatic niche that facilitate metastasis of melanoma and 
breast cancer. We show that granulocyte-derived lipocalin-2 (LCN2) induces 
inflammatory activation of astrocytes, leading to myeloid cell recruitment 
to the brain. LCN2 is central to i nd uc ing n eu ro in fl am mation as its genetic 
targeting or bone-marrow transplantation from LCN2−/− mice was sufficient 
to attenuate n eu roinflammation and inhibit brain metastasis. Moreover, 
high LCN2 levels in patient blood and brain metastases in multiple cancer 
types were strongly associated with disease progression and poor survival. 
Our findings uncover a previously unknown mechanism, establishing 
a central role for the reciprocal interactions between granulocytes 
and astrocytes in promoting brain metastasis and implicate LCN2 as a 
prognostic marker and potential therapeutic target.

Brain metastasis is one of the most lethal forms of cancer metastasis. 
Brain metastasis (BrM) is 2–10 times more frequent than primary central 
nervous system (CNS) tumors, with a grave median survival of less than 
1 year1,2. The incidence of BrM is increasing in recent years3, probably 
as a result of better diagnosis and improved control of extracranial 
disease by systemic therapy1,4. Therefore, better understanding of 
brain metastasis is an urgent unmet challenge.

The tumor microenvironment (TME) plays a crucial role in facili-
tating metastasis by promoting tumor cell invasion, survival and colo-
nization at distant organs5. Moreover, studies of the pre-metastatic 

niche suggested that modifications instigated by the primary tumor 
evoke early changes in the TME that predispose specific organs for 
metastases formation6. Both cancer and reactive stromal cells of the 
primary tumor secrete soluble factors that enable the formation of a 
hospitable metastatic niche at distant sites5,6. Thus, understanding the 
early changes in the brain microenvironment that precede or facilitate 
BrM is of great clinical importance.

Recent studies have elucidated the important role of the brain 
microenvironment in facilitating brain metastatic relapse from various 
cancer types4,7–11. Specifically, astrocytes, the most abundant glial cells 
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pro-inflammatory mediators in the blood of mice with melanoma or 
breast cancer BrM using the Proteome profiler Cytokine Array. Analysis 
of the results revealed multiple cytokines and chemokines that were 
upregulated in the blood of metastases-bearing mice (Extended Data 
Fig. 1 and Fig. 1b). Based on our previous studies showing that astrocyte 
activation precedes brain metastasis13,20, we sought to identify potential 
mediators of astrocyte activation which could prepare the metastatic 
niche in the CNS. We therefore further analyzed the results using the 
VarElect tool26, which enables prioritization of genes related to specific 
query terms. This analysis revealed known pro-inflammatory activators 
including matrix metallopeptidase (MMP)-9, interleukin (IL)-6, tumor 
necrosis factor (TNF), IL-1β, interferon (IFN)-γ and LCN2 (Fig. 1c). We 
were intrigued by LCN2, as it was previously shown to be a mediator 
of astrocyte activation27. Notably, MMP-9, which was the top protein 
on this list, has been shown to form a complex with LCN2 (ref. 28). The 
MMP-9–LCN2 complex promoted tumor growth and metastasis in 
several cancers, including breast, gastric and cholangiocarcinoma29–31. 
Therefore, we focused our further investigations on LCN2 as a principal 
candidate for instigating neuroinflammation.

To assess systemic levels of LCN2, we analyzed LCN2 protein lev-
els in plasma and in cerebrospinal fluid (CSF) of mice with BrM and 
found that LCN2 was systemically upregulated in blood and CSF of 
metastases-bearing mice in both melanoma (Fig. 1d,e) and breast 
cancer metastasis (Fig. 1f,g) compared to healthy mice. Notably, levels 
of LCN2 in blood and CSF in melanoma (Fig. 1h,i) and in breast cancer 
(Fig. 1j,k) correlated with brain metastatic burden, suggesting a link 
with disease progression. Moreover, to assess the temporal dynamic 
of LCN2 systemic upregulation, we injected mice with melanoma cells 
and performed longitudinal follow-up of their LCN2 blood levels and 
metastatic progression using magnetic resonance imaging (MRI). The 
results indicated that LCN2 levels were low until day 7 following injec-
tion and elevated gradually after day 10. Notably, elevation of LCN2 in 
the blood preceded the detection of brain metastasis by MRI (Fig. 1l). 
Furthermore, all the mice in which LCN2 levels were highly elevated 
developed BrM (excluding one mouse), further establishing systemic 
LCN2 as a predictive marker for BrM.

As LCN2 was prevalent in the CSF of metastases-bearing mice, we 
next asked whether LCN2 is expressed in the brain metastatic micro-
environment. Immunostaining of LCN2 in metastases-bearing brains 
from melanoma confirmed that LCN2 was highly abundant in the brain 
metastatic microenvironment, but not in healthy brains (Fig. 1m). 
We validated these findings in humans by analyzing LCN2 levels in 
blood samples from patients with brain metastasis from melanoma, 
breast cancer or lung carcinoma (Extended Data Table 1). The results 
confirmed that LCN2 is systemically upregulated in patients with BrM 
compared to healthy controls (Fig. 1n). Moreover, immunostaining 

in the brain, were implicated as key components of the TME and shown 
to play a functional role in BrM4,12–18. Their activation state is known 
as astrogliosis, characterized by neuroinflammation, which includes 
release of pro-inflammatory cytokines and chemokines, increased 
permeability of the blood–brain barrier and immune cell infiltration4,19. 
Sustained neuroinflammation is present in acute and chronic brain 
pathologies, as well as in BrM4,15; however, our knowledge on the events 
that initiate neuroinflammation in the brain metastatic niche and the 
early stages of BrM is still limited.

We previously established a model of spontaneous melanoma 
BrM in immune-competent mice and demonstrated early changes in 
the brain metastatic microenvironment, including activation of astro-
gliosis and pro-inflammatory signaling in astrocytes, associated with 
enhanced growth of melanoma cells in the brain20. Using this platform, 
we showed that the CXCL10–CXCR3 signaling axis, physiologically 
important for recruitment of T cells, is hijacked by melanoma cells to 
facilitate brain tropism and metastasis13. We therefore hypothesized 
that either tumor or stromal cell-derived soluble factors instigate 
neuroinflammation in the brain metastatic niche and endeavored to 
characterize the underlying mechanism.

Here, we demonstrate that neuroinflammation that facilitates BrM 
from melanoma and breast cancer is driven by LCN2. LCN2, also known 
as neutrophil gelatinase-associated lipocalin (NGAL), is a secreted 
glycoprotein, initially identified in sequestering iron as a physiological 
response of the innate immune system in combating bacterial infec-
tions21. In the CNS, LCN2 was demonstrated to activate astrocytes and 
microglia22–24 and is implicated in multiple pathologies that involve 
neuroinflammation, including stroke, traumatic brain injury and neu-
rodegenerative diseases25; however, the role of LCN2 in BrM is largely 
unknown.

We show that systemic signaling derived from the primary tumor 
instigates pro-inflammatory activation of astrocytes. Activated astro-
cytes promoted the recruitment of immunosuppressive granulo-
cytes to the brain metastatic microenvironment, which then become 
a main source of LCN2 signaling. Functionally, genetic targeting of 
LCN2 resulted in attenuated neuroinflammation and decreased BrM. 
Moreover, in blood and tissue samples from patients with BrM from 
multiple cancer types, systemic LCN2 levels were strongly correlated 
with disease progression and poor survival, positioning LCN2 as a 
potential prognostic marker for BrM.

Results
Systemic LCN2 is associated with brain metastasis
Seeking to uncover the mechanism by which neuroinflammation is acti-
vated in the brain metastatic niche, we utilized models of experimental 
BrM of melanoma and breast cancer (Fig. 1a). We analyzed the levels of 

Fig. 1 | Systemic LCN2 signaling is upregulated in plasma and CSF in brain 
metastases and correlates with metastatic burden. a, Experimental scheme. 
Mice were analyzed 18 d after intracardiac injection with BT-RMS or BT-EO771 
cells. b, Expression of 111 soluble proteins in the blood of mice with breast 
cancer (left) or melanoma (right) brain metastases was analyzed using the 
Proteome profiler Cytokine Array. Sex-matched healthy mice were used as 
control (healthy, n = 6 mice; breast BrM, n = 9 mice; melanoma BrM, n = 10 mice). 
c, VarElect analysis of neuroinflammation-related genes that were upregulated 
at least twofold in the Cytokine Array. Heat map shows ranking of connection 
between the genes and the query terms used for analysis. d, LCN2 plasma levels 
measured by ELISA in mice with melanoma BrM. Dots represent individual 
mice, error bars represent s.e.m. (n = 14, 20 mice; one-way analysis of variance 
(ANOVA)). e, LCN2 CSF levels measured by ELISA in mice with melanoma BrM. 
Dots represent individual mice, line indicates median, whisker shows mean 
to max (n = 10, 16 mice; one-way ANOVA). f, LCN2 plasma levels measured by 
ELISA in mice with breast cancer BrM. Dots represent individual mice, error bars 
represent s.e.m. (n = 9, 20 mice; one-way ANOVA). g, LCN2 CSF levels measured 
by ELISA in mice with breast cancer BrM. Dots represent individual mice, line 
indicates median, whisker shows mean to max (n = 7, 11 mice; one-way ANOVA). 

h,i, Two-sided Pearson correlation between LCN2 plasma (h) or CSF (i) levels 
and brain metastatic burden (n = 13 mice). j,k, Two-sided Pearson correlation 
between LCN2 plasma (j) or CSF (k) levels and brain metastatic burden (n = 7 
mice). l, Longitudinal LCN2 plasma levels measured by ELISA in mice injected 
intracardially with BT-RMS cells. Plasma was collected on different time points. 
BrM was detected by MRI as indicated and verified by gross inspection at end 
point (n = 8 mice). m, Immunofluorescence of LCN2, GFAP (astrocytes) and 
mCherry (cancer cells) in brains from healthy mice or mice with BrM. White 
boxes indicate areas magnified (right). Representative images from n = 3 sections 
in n = 2 mice were analyzed. Scale bar, 2 mm; magnification, 20 µm. DAPI, 
4,6-diamidino-2-phenylindole. n, ELISA assay for human LCN2 plasma levels of 
patients with BrM from melanoma (n = 3 patients), breast (n = 5 patients) and 
lung (n = 6 patients) compared to healthy controls (Ctrl) (n = 8 patients). Dots 
represents individual patients, error bars represent s.e.m. (Student’s t-test, 
two-sided). o, Immunofluorescence of LCN2 in frozen sections of resected 
human brain metastases from patients with melanoma, breast and lung cancer, 
representative images are shown from n = 2 patients samples stained per cancer 
type. Scale bar, 3 mm. Graphical illustrations were created with BioRender.com.
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of brain tissue sections from these patients indicated that LCN2 is 
expressed in human BrM (Fig. 1o). Taken together, these findings sug-
gest a functional role for LCN2 in facilitating brain metastasis.

LCN2 is secreted by stromal cells in the primary tumor
As we previously observed that inflammatory signaling in the brain 
precedes the formation of macrometastases, we next asked whether 
LCN2 in the blood is secreted from the primary tumor. We analyzed 
the levels of LCN2 in the blood of mice injected orthotopically with 
Ret-melanoma-sorted (RMS) melanoma cells, followed by resection 
of the primary tumor (Fig. 2a). Notably, we found that blood levels of 

LCN2 were elevated in tumor-bearing mice, but decreased to basal levels 
following primary tumor resection (Fig. 2b). Moreover, the expression 
and secretion of LCN2 in primary tumors derived from brain-tropic cells 
(sBT-RMS cells, isolated from spontaneous BrM13), were significantly 
elevated compared to that of parental cells (Fig. 2c,d). Intrigued by 
these findings, we next asked whether LCN2 is derived from cancer or 
host cells in the primary tumor. To test this, we orthotopically inocu-
lated wild-type (WT) or Lcn2−/− mice with melanoma sBT-RMS cells and 
analyzed the expression and secretion of LCN2 in primary tumors. 
Analysis of the results revealed that tumors resected from Lcn2−/− mice 
had almost no LCN2 (Fig. 2e,f), implying that host cells in the TME are 
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the main source of systemic LCN2 signaling. To further characterize the 
cellular source of LCN2 in the primary TME, we injected mice orthotopi-
cally with melanoma or breast cancer cells and isolated distinct cell pop-
ulations from resected tumors including CD45−mCherry/tdTomato+ 
tumor cells, CD45−PDGFRα+ fibroblasts, CD45−CD31+ endothelial cells, 
CD45+Ly6G+Ly6Cint granulocytes and CD45+Ly6G−F480+ macrophages 
(Fig. 2g and Extended Data Fig. 2a). We found that in both melanoma 
and breast tumors, the main cellular origins of Lcn2 were fibroblasts and 
granulocytes (Fig. 2h,i). Notably, the expression of Lcn2 was induced 
in primary dermal fibroblasts, bone-marrow-derived monocytes and 
endothelial cells by tumor cell-secreted factors in vitro (Extended Data 
Fig. 2b–d), suggesting that stromal LCN2 signaling is activated by the 
cancer cells. Moreover, brain-tropic cancer cells could instigate higher 
levels of Lcn2 in fibroblasts (Extended Data Fig. 2e), in agreement with 
our observation that sBT-RMS tumors contained higher levels of LCN2 
(Fig. 2c,d). To get further insight on LCN2 signaling we analyzed the 
expression of Slc22a17, the receptor of LCN2 (refs. 32,33) and found that 
it was mainly expressed on endothelial cells and fibroblasts in both 
melanoma and breast cancer (Fig. 2j,k). We next asked whether LCN2 
signaling is functionally important for primary tumor growth. Of note, 
analysis of primary tumor growth revealed no significant differences 
between tumors in WT and Lcn2−/− mice in both melanoma (Extended 
Data Fig. 2f) and mammary tumors (Extended Data Fig. 2g). We further 
assessed whether systemic LCN2 is also evident in human patients with 
melanoma at time of diagnosis and whether its secretion from human 
primary melanoma tumors could be a prognostic factor. We obtained 
blood samples from a cohort of patients diagnosed with stage IV mela-
noma, before treatment and analyzed their LCN2 levels (Extended 

Data Table 2). The findings indicated that patients with melanoma had 
significantly higher blood levels of LCN2 compared to healthy controls 
(Fig. 2l). Moreover, high blood levels of LCN2 correlated with worse 
survival (Fig. 2m). To test whether LCN2 blood levels are indicative 
of brain metastatic relapse, we stratified the patients with melanoma 
according to their long-term metastatic progression, namely patients 
who eventually developed BrM versus patients with extracranial meta-
static disease. Notably, patients who developed BrM presented with 
significantly higher levels of LCN2 before diagnosis of BrM (Fig. 2n).

Thus, LCN2 is systemically secreted from stromal cells in pri-
mary tumors, giving rise to high blood levels in tumor-bearing mice 
or patients with melanoma, suggesting that LCN2 could serve as a 
prognostic marker at the time of diagnosis and as a predictive marker 
of brain metastatic relapse.

LCN2 is functionally important for brain metastasis
On the basis of high levels of LCN2 in mice with BrM, we hypothesized 
that LCN2 may be functionally important for brain metastatic growth. 
To test this, we analyzed metastases-bearing brains from melanoma 
and breast cancer in WT or Lcn2−/− mice. Notably, we found that the 
survival of WT mice with melanoma BrM was reduced compared to 
Lcn2−/− mice, consistent with a dramatic decrease in the percentage 
of mice with macrometastases in Lcn2−/− mice (Fig. 3a–c). Moreover, 
analysis of metastatic burden by MRI confirmed that WT mice had 
more metastatic lesions (Fig. 3d,e). This was further supported by 
quantification of mCherry+ tumor cells in brains of WT or Lcn2−/− mice 
(Fig. 3f), implicating LCN2 as an important mediator of BrM formation. 
Analysis of metastases-bearing brains in WT or Lcn2−/− mice with breast 

Fig. 2 | LCN2 is systemically secreted by the microenvironment of primary 
tumors, upregulated in brain-tropic tumors and corelates with patient 
survival. a, Experimental scheme analyzed in b–d. b, LCN2 plasma levels 
measured by ELISA in mice injected with RMS or sBT-RMS cells at different time 
points. Error bars represent s.e.m. (Ctrl n = 22, 15, 7 mice; RMS n = 15, 21, 7 mice; 
sBT n = 13, 10, 10 mice; repeated measure ANOVA). NS, not significant; inj.,  
injected. c, LCN2 plasma levels measured by ELISA before primary tumor 
resection. Dots represent individual mice, error bars represent s.e.m. (Ctrl n = 22 
mice; RMS n = 15 mice; sBT n = 13 mice; one-way ANOVA). d, Lcn2 expression in 
primary tumors from RMS- or sBT-RMS-injected mice. Dots represent individual 
mice, error bars represent s.e.m. (RMS n = 8 mice; SBT n = 11 mice; Student’s 
t-test, two-sided). e, LCN2 plasma levels measured by ELISA from WT or Lcn2−/− 
mice with primary tumor (p.tumor). Dots represent individual mice, error bars 
represent s.e.m. (WT healthy n = 4 mice; WT p.tumor n = 8 mice; Lcn2−/− p.tumor 
n = 5 mice; one-way ANOVA). f, Lcn2 expression in primary tumors from WT 
or Lcn2−/− mice. Dots represent individual mice, error bars represent s.e.m. 
(WT n = 8 mice; Lcn2−/− n = 4 mice; Student’s t-test, two-sided). g, Experimental 
scheme analyzed in h–k. h,i, Lcn2 expression in different cell populations 

from g; dots represent individual mice, line indicates median, whisker shows 
mean to max (tumor n = 10/5 mice; fibroblasts n = 4 mice; endothelial n = 5/4 
mice; granulocytes n = 4/5 mice; macrophages n = 4 mice; one-way ANOVA). 
j,k. Slc22a17 expression in different cell populations from g, dots represent 
individual mice, line indicates median, whisker shows mean to max (tumor 
n = 10/5 mice; fibroblasts n = 4 mice; endothelial n = 5/4 mice; granulocytes 
n = 4/5 mice; macrophages n = 4 mice; one-way ANOVA). l, LCN2 plasma levels 
measured by ELISA from patients diagnosed with stage IV melanoma before 
treatment (n = 50 patients), or healthy controls (n = 6 patients). Dots represent 
individual patients; error bars represent s.e.m. (Student’s t-test). m, Survival 
curve analysis of patients with low versus high LCN2 blood levels in stage IV 
melanoma analyzed in l. The cutoff was determined by the median LCN2 level 
(n = 25 patients per group; Kaplan–Meier curve, log-rank test). n, LCN2 plasma 
levels measured by ELISA from patients in stage IV melanoma analyzed in l. 
Patients were divided according to their BrM status: extracranial (n = 30 patients) 
or intracranial (n = 20 patients). Dots represent individual patients; error bars 
represent s.e.m. (Student’s t-test). Graphical illustrations were created with 
BioRender.com.

Fig. 3 | LCN2 signaling is functionally important for brain metastases 
formation and originates mainly from granulocytes and endothelial cells.  
a, Experimental scheme analyzed in b–f. b, Survival curve analysis of WT 
and Lcn2−/− mice injected intracardially with BT-RMS cells. Two independent 
experiments (WT n = 20 mice; Lcn2−/− n = 19 mice; Kaplan–Meier curve, log-rank 
test). c, Brain macrometastases incidence defined by positive MRI and/or gross 
inspection (WT n = 20 mice; Lcn2−/− n = 20 mice; analysis of contingency, chi-
squared, one-sided). d,e, Representative MRI and quantification of metastatic 
area in WT and Lcn2−/− mice (n = 9/10 mice, respectively). Dots represent 
individual mice, error bars represent s.e.m. (Student’s t-test, two-sided). f, Brain 
metastatic burden quantified by FACS in mice analyzed in d. Dots represent 
individual mice, error bars represent s.e.m. (n = 5 mice, n = 9 mice, n = 10 mice, 
respectively; one-way ANOVA). g, Experimental scheme analyzed in h–m.  
h,j, LCN2 plasma levels of mice from g measured by ELISA. Dots represent indivi-
dual mice, error bars represent s.e.m. (melanoma n = 20, 5 mice), (breast n = 11, 11 
mice) (Student’s t-test, two-sided). i,k, LCN2 CSF levels of mice from g measured 
by ELISA. Dots represent individual mice, line indicates median, whisker shows 

mean to max (melanoma n = 16, 9 mice), (breast n = 11, 4 mice) (Student’s  
t-test, two-sided). l,m, Lcn2 expression in FACS-sorted cell populations from 
brains of mice described in g; dots represent individual mice, line indicates  
median, whisker shows mean to max (tumor n = 6/4 mice; astrocytes n = 9/5 mice;  
endothelial n = 7/5 mice; granulocytes n = 6/5 mice; microglia n = 6/5 mice;  
one-way ANOVA). n, Immunofluorescence in frozen sections of mice with 
melanoma BrM. Colocalization of LCN2 with specific cell markers: GFAP 
(astrocytes), IBA-1 (microglia), mCherry (melanoma), VWF (endothelial cells) and 
Ly6G (granulocytes). Representative images are shown from multiple sections 
analyzed in n = 3 mice. Dashed rectangles mark areas enlarged in lower panel. 
Scale bar 40/50 µm (top), 20 µm (bottom). o, Quantification of n. Colocalization 
of LCN2 with specific cell types, quantified as ratio between number of double-
positive cells and the total number of specific cell type per field. Representative 
images are shown from n = 4 mice. Seven fields × one section per mouse were 
analyzed, line indicates median, whisker shows mean to max (one-way ANOVA). 
Graphical illustrations were created with BioRender.com.
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cancer BrM indicated no significant differences in survival and brain 
metastatic burden (Extended Data Fig. 3a–c), suggesting that additional 
pathways may be operative in breast cancer metastasis.

To get mechanistic insight on the role of LCN2 signaling in brain 
metastasis, we next isolated blood, CSF and multiple cell populations 
from the brain microenvironment in metastases-bearing WT or Lcn2−/− 
mice: CD45−mCherry/tdTomato+ cancer cells, CD45−ACSA2+ astro-
cytes, CD45−CD31+ endothelial cells, CD45+Ly6G+Ly6Cint granulocytes 
and CD45+Ly6G−Ly6C− microglia/monocyte-derived macrophages  
(MG/MDM) (Fig. 3g and Extended Data Fig. 3d). In agreement with our 
findings from primary tumor, the results confirmed that LCN2 is almost 
exclusively host-derived in both melanoma and breast cancer BrM  
(Fig. 3h–k). Moreover, detailed analysis of Lcn2 expression in specific 
cell types from melanoma or breast cancer BrM indicated that granu-
locytes and endothelial cells are the main source of LCN2 (Fig. 3l,m). 
This was further validated by immunostaining of melanoma BrM, which 
confirmed that Lcn2 is most abundantly expressed in granulocytes and 
endothelial cells (Fig. 3n,o). Thus, LCN2 in BrM is secreted mostly by 
recruited granulocytes and brain endothelial cells and is functionally 
important for BrM formation.

Granulocytes instigate inflammatory activation of astrocytes
To decipher the mechanism by which LCN2 facilitates brain metastatic 
growth, we next asked which cells in the brain respond to LCN2 signal-
ing. We isolated cells from the brain metastatic microenvironment 
as above and analyzed the expression of Slc22a17, the specific LCN2 
receptor. In both melanoma and breast cancer metastases, the high-
est expression of the LCN2 receptor was in astrocytes and to a lesser 
extent in endothelial cells and microglia (Fig. 4a,b). Moreover, we 
analyzed the expression of the LCN2 receptor in a dataset of human 
patients with BrM from melanoma, lung and breast cancer, as well 
as in primary brain tumors10 and found that its expression was high-
est in CD45− stromal cells (Fig. 4c and Extended Data Fig. 4a). Based 
on these findings we hypothesized that granulocyte-derived LCN2 
instigates pro-inflammatory signaling in astrocytes, leading to activa-
tion of neuroinflammation in the brain metastatic niche. To test this, 
we produced recombinant LCN2. Incubation of primary astrocytes 
isolated from adult mouse brains with rLCN2 confirmed that LCN2 
was sufficient to upregulate the expression of multiple inflammatory 
cytokines and chemokines in astrocytes (Extended Data Fig. 4b). To 
test whether LCN2-induced activation of astrocytes is mediated by the 
SLC22A17 receptor, we specifically knocked down (KD) the expression 
of Slc22a17 in primary adult astrocytes using short-interfering (si)RNA 
transduction and assessed the effect of this KD on LCN2-mediated 
pro-inflammatory activation. Analysis of the expression of multiple 
cytokines and chemokines, calculated as a combined ‘inflammatory 
score’ revealed that KD of the LCN2 receptor on astrocytes inhibited 
the upregulation of the ‘inflammatory score’ by LCN2 (Fig. 4d and 
Extended Data Fig. 4c). These findings confirm the importance of the 
LCN2–SLC22A17 axis in astrocyte activation during BrM.

Because we found that the main source of LCN2 in the brain is 
from recruited granulocytes, we further characterized the intricate 

interactions between granulocytes and astrocytes. We established 
in vitro assays where primary astrocytes were incubated with 
secreted factors from bone-marrow-derived granulocytes that were 
activated with melanoma cell-conditioned medium (CM) (Fig. 4e). 
ELISA assays for LCN2 confirmed that primary granulocytes are 
activated by tumor cellCM to secrete LCN2 (Extended Data Fig. 4d). 
We found that secreted factors from tumor-activated granulocytes 
instigated inflammatory signaling in astrocytes, evident by upreg-
ulation of multiple cytokines and chemokines (Fig. 4f). To further 
investigate whether granulocyte-mediated activation of astrocytes is 
LCN2-dependent, we assessed in vivo the activation and inflammatory 
status of metastases-associated astrocytes. We initially analyzed the 
expression of glial fibrillary acidic protein (GFAP), a hallmark marker of 
astrocyte activation34, in WT versus Lcn2−/− mice with BrM. Analysis of 
GFAP staining in brain tissue sections indicated that astrocytes in WT 
mice with BrM were significantly more activated compared to Lcn2−/− 
mice (Extended Data Fig. 4e,f). To assess the importance of LCN2 for 
pro-inflammatory activation of astrocytes, we isolated astrocytes from 
BrM of WT or Lcn2−/− mice. The results indicated that pro-inflammatory 
signaling was significantly lower in astrocytes isolated from Lcn2−/− 
mice in both melanoma and breast cancer metastasis (Fig. 4g,h and 
Extended Data Fig. 4g,h). Moreover, analysis of the combined ‘inflam-
matory score’ confirmed that inflammatory signaling was lower in 
astrocytes isolated from Lcn2−/− mice, in both melanoma and breast 
cancer metastasis (Fig. 4i,j), suggesting that LCN2 plays an important 
role in inflammatory activation of metastases-associated astrocytes. 
Of note, these changes in astrocytes were metastasis-specific, as 
lack of LCN2 did not affect the activation status of healthy astrocytes 
(Extended Data Fig. 4i). Furthermore, LCN2-mediated signaling in brain 
were receptor-specific, as microglia cells, which express low levels of 
the LCN2 receptor did not exhibit differential activation in WT versus 
Lcn2−/− mice (Extended Data Fig. 4j,k). Thus, although recruited granu-
locytes secrete a plethora of chemokines and cytokines, lack of LCN2 
was sufficient to inhibit pro-inflammatory activation of astrocytes in 
BrM, implicating granulocyte-derived LCN2 as central mediator of 
inflammatory activation in astrocytes.

Taken together, these results demonstrate that LCN2, secreted by 
recruited myeloid cells in the brain metastatic microenvironment insti-
gates pro-inflammatory signaling in astrocytes via the LCN2 receptor.

As many of the pro-inflammatory genes activated in 
metastases-associated astrocytes are known chemoattractants for 
innate immune cells, we hypothesized that inflammatory activation 
of astrocytes facilitates BrM via the recruitment of tumor-promoting 
immune cells. To test this, we initially tested the ability of LCN2 to 
induce myeloid cell recruitment by astrocytes. Astrocytes were incu-
bated with rLCN2 or left untreated and their effect on recruitment of 
bone-marrow-derived monocytes or granulocytes was quantified. 
The results confirmed that LCN2 was sufficient to induce granulocyte 
migration toward astrocytes (Extended Data Fig. 5a). Therefore, we 
next asked whether LCN2 is functionally important for myeloid cell 
recruitment. We examined the immune milieu in brains of WT or Lcn2−/− 
mice with BrM. Analysis of myeloid cells in melanoma BrM revealed that 

Fig. 4 | Inflammatory activation of astrocytes is partially mediated by 
specific LCN2 receptor signaling. a,b, Slc22a17 expression in FACS-sorted cell 
populations from whole brains of mice with BrM following BT-RMS or BT-EO771 
injection. Dots represents individual mice, line indicates median, whisker shows 
mean to max (tumor n = 6/4 mice; astrocytes n = 8/5 mice; endothelial n = 8/5 
mice; granulocytes n = 7/5 mice; microglia n = 7/5 mice; one-way ANOVA).  
c, SLC22A17 expression in bulk RNA-seq of different cell populations isolated from 
samples of human BrM (brain TIME dataset). Dots represents individual patients 
(CD45− n = 17 patients; MG n = 14 patients; MDM n = 13 patients; neutrophils 
n = 17 patients; T cells n = 25 patients; one-way ANOVA). d, qPCR analysis of 
inflammatory gene signature, calculated as ‘inflammatory score’ in primary 
astrocytes transfected with siRNA targeting Slc22a17 or with control siRNA 
(siSlc22a17 or siScramble). Error bars represent mean ± s.d.; three biological 

repeats in duplicate (one-way ANOVA). e, Experimental scheme analyzed in f.  
f, qPCR analysis of inflammatory gene signature in primary astrocytes incubated 
with CM from activated granulocytes. Error bars represent s.d. Dots represents 
different biological repeats (Ctrl n = 3 biological replicates; granulocyte CM n = 4 
biological replicates; two-way ANOVA). g,h, qPCR analysis of inflammatory gene 
signature in FACS-sorted astrocytes from WT or Lcn2−/− mice with BrM, following 
BT-RMS or BT-EO771 injection. Heat maps represent z score of individual genes 
(melanoma: Ctrl n = 4 mice; WT n = 7, 10 mice; Lcn2−/− n = 5,9 mice; and breast: Ctrl 
n = 6 mice; WT n = 5 mice; Lcn2−/− n = 5, 7 mice). i,j, qPCR analysis of inflammatory 
gene signature of mice in g,h, calculated as ‘inflammatory score’. Error bars 
represent s.e.m. (one-way ANOVA). Graphical illustrations were created with 
BioRender.com.
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while both granulocytes (Ly6G+Ly6Cint) and monocytes (Ly6C+Ly6G−) 
were elevated in BrM, their recruitment was inhibited in brains of Lcn2−/− 
mice (Fig. 5a–d), implying that LCN2 is functionally important for their 
recruitment to the brain metastatic niche. Notably, pro-inflammatory 
activation of astrocytes plays an important role in recruitment of 
granulocytes to the brain metastatic microenvironment, as the inflam-
matory score of astrocytes significantly correlated with neutrophil 
infiltration (Fig. 5e). Furthermore, the percentages of granulocytes 

and monocytes correlated with metastatic burden in melanoma BrM  
(Fig. 5f,g), suggesting a functional role for recruited myeloid cells in 
facilitating metastatic growth. Of note, analysis of bone marrow in WT 
versus Lcn2−/− mice revealed no differences in immune cell composi-
tion, confirming that the differences in BrM resulted from differential 
recruitment of bone-marrow-derived cells in WT or Lcn2−/− mice, rather 
than differences in their bone-marrow prevalence (Extended Data  
Fig. 5b). Moreover, analysis of healthy brains from WT or Lcn2−/− mice 

Human BrM SLC22A17Breast

d

cb

g

Fo
ld

 c
ha

ng
e

Tu
mor

Astr
ocyte

s

Endothelia
l

Gran
ulocyte

s

MG/M
DM

Fo
ld

 c
ha

ng
e

Tu
mor

Astr
ocyte

s

Endothelia
l

Gran
ulocyte

s

MG/M
DM

lo
g 2 (

no
rm

al
iz

ed
 c

ou
nt

s)

h

i j

e

f

Primary 
granulocytes

Activated
granulocytes

Primary 
astrocytes

Tumor 
cells CM

aGranulocytes
CM

Melanomaa

siSLC22A17siScrambleCtrl

In
fla

m
m

at
or

y 
sc

or
e

WT BrMWT Ctrl

In
fla

m
m

at
or

y 
sc

or
e

In
fla

m
m

at
or

y 
sc

or
e

WT Ctrl WT BrM LCN2–/– BrM

Ctrl

aGranulocytes CM

Fo
ld

 c
ha

ng
e

LCN2–/– BrM

200

150

100

50
40

20

0 0

200

400

600

800

0

–5

5

15

10

0

0.5

1.0

1.5

0

Se
rp
ine
1
Cx
cl1
Cx
cl2

Cx
cl1
0
Cc
l2
Cc
l3
Cc
l5
Cc
l17 Il1a Il1b Il6

Co
x2 C3

2
4
6
8

10
10

100
200
300
400
500

WT Ctrl WT BrM

Melanoma

LCN2–/– BrM

3

2

1

0

–1

Vim
Serping
Serpine1

Cxcl1
Cxcl2

Cxcl10
Ccl2
Ccl3
Ccl17
Il-1a
Il-1b
Tnf-a

Il6
Cox2

C3
C5

Breast

WT Ctrl WT BrM LCN2–/– BrM

3

2

1

0

–1

Vim
Serpine1

Cxcl1
Cxcl2
Cxcl5
Cxcl10

Ccl2
Ccl3
Ccl5
Ccl17
Il-1b

Il6
Tnf-a

Il-33
Cox2

C3
C5

1.5

1.0

0.5

0

1.5

1.0

0.5

0

0.7039

0.0240 0.0247

0.1566

<0.0001

<0.0001

<0.0001 <0.0001

0.02630.0179

0.6036

<0.0001

0.0012

0.0012

0.04150.00730.0076 >0.0001

0.0424 <0.0001

0.0108 0.1566

CD45-

Neutro
phils

T c
ellsMG

MDM

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-023-00519-w

WT BrM
a

dcb

e

i

f

k l

WT Ctrl WT BrM WT Ctrl WT BrM LCN2–/– BrM

WT
Ctrl

WT 
BrM

WT
Ctrl

WT 
BrM

WT
Ctrl

WT 
BrM

Pe
rc

en
ta

ge
Ly

6G
+ /C

D
45

+

WT
Ctrl

WT 
BrM

h

j

Ly6G-APC

Ly
6C

-F
IT

C

GranMono

MG

WT BrM

Mono Gran

MG

WT Ctrl

MG

Mono Gran

Percentage mCherry+ Percentage mCherry+

WT Ctrl

WT BrMWT Ctrl

Melanoma Breast

M
el

an
om

a
Br

ea
st

Inflammatory score

WT Ctrl

WT BrM

LCN2–/– BrM

g

LCN2–/– BrM

LCN2–/–

BrM
LCN2–/–

BrM

LCN2–/– BrM

Pe
rc

en
ta

ge
Ly

6C
+ /C

D
45

+

Pe
rc

en
ta

ge
 L

y6
C

+ /C
D

45
+

Pe
rc

en
ta

ge
 L

y6
G

+ /C
D

45
+

Pe
rc

en
ta

ge
 L

y6
G

+

LCN2–/–

BrM
LCN2–/–

BrM

Pe
rc

en
ta

ge
Ly

6C
+ /C

D
45

+

Pe
rc

en
ta

ge
Ly

6G
+ /C

D
45

+

LCN2–/– BrM

LCN2–/– BrM

3

2

1

0

–1

3

2

1

0

–1

Il4ra
Pdl1
Nox2
Nos2
Vegf
Ym1

Lgals9
Fizz1

Fkbp5
Cox2

Hmgb1
Tnfa
Il1b

Il4ra
Pd1l1
Nox2
Nos2
Vegf
Ym1

Lgals9
Fizz1

Fkbp5
Cox2

Hmgb1
Tnfa
Il1b

50

40

30

20

10

00

1

2

3

4

0

5

10

15

0.5 1.0 1.5 0 20 40 60 80 0 20 40 60 80
0 0

2
2

4

4
6

6

0 0

2 2

4
4

6

68

8

0

0.0400

0.0050

0.0007 0.0378
0.0006 0.0147

P = 0.0001
R = 0.6836
r = 0.8268

P = 0.0002
R = 0.6697
r = 0.8184

P = 0.0148
R2 = 0.3556

MDM/MG

Monocytes

Granulocytes

MDM/MG

Monocytes

Granulocytes

WT
Ctrl

WT
BrM

LCN2–/–

BrM

WT
Ctrl

WT
BrM

LCN2–/–

BrM

1.82

1.34

96.84 86.24 83.11

13.97

2.923.28

10.48

2.39 11.59

5.83

6.35

9.481.74

95.87 78.93 87.82

109

108

109

107

107

106

105

105

104

–104

0

0

–105

–105 1091071050–105 1091071050–105

109

108

107

106

105

104

–104

0

–105

109

108

107

106

105

104

–104

0

–105

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-023-00519-w

did not show significant differences in the presence of myeloid cells 
(Extended Data Fig. 5c), indicating that LCN2-driven recruitment of 
myeloid cells is a feature of BrM. This is further supported by our finding 
that G-CSF and GM-CSF, two known granulocyte colony-stimulating fac-
tors, were systemically highly upregulated in the blood of BrM-bearing 
mice from melanoma and breast cancer (Extended Data Fig. 1).

Analysis of the myeloid cell milieu in breast cancer indicated an 
elevation in recruited monocytes and granulocytes in BrM compared 
to healthy brains, similarly to melanoma brain metastasis; however, 
the recruitment of monocytes and granulocytes in breast cancer BrM 
was not LCN2-dependent (Fig. 5h–j).

Notably, analysis of gene expression in recruited granulocytes iso-
lated from melanoma or breast cancer BrM revealed an upregulation in 
their expression of an immunosuppressive gene signature in both mela-
noma and breast cancer BrM in WT mice (Fig. 5k,l). While in melanoma 
there was no difference in the expression of this immunosuppressive 
gene signature in Lcn2−/− mice (Fig. 5k and Extended Data Fig. 5d), in 
breast cancer BrM LCN2 was necessary for this functional differentia-
tion of recruited granulocytes (Fig. 5l and Extended Data Fig. 5e). Thus, 
LCN2 was important for the recruitment of myeloid cells in melanoma 
brain metastasis; however, their immunosuppressive phenotype was 
LCN2-dependent in breast cancer, but not in melanoma BrM.

Taken together, these findings show that systemic, as well as local 
LCN2 in the brain, activate pro-inflammatory signaling in astrocytes, 
resulting in recruitment of immunosuppressive myeloid cells to the 
brain metastatic microenvironment.

LCN2 signaling from granulocytes facilitate brain metastasis
Our findings indicated that recruited granulocytes are the main source 
of LCN2 leading to neuroinflammation in BrM. We therefore asked 
whether signaling from bone-marrow-recruited granulocytes is func-
tionally important for BrM. We performed adoptive bone-marrow 
transplantation (BMT) from WT or Lcn2−/− mice into lethally irradiated 
WT mice. Following BMT, mice were injected with melanoma cells and 
analyzed for BrM, systemic levels of LCN2, astrocyte inflammatory 
activation and myeloid cell composition in the brain metastatic micro-
environment (Fig. 6a). To further validate the specific source of LCN2 
in bone marrow, we isolated multiple cell populations from WT bone 

marrow and analyzed their expression of Lcn2. The results confirmed 
that bone-marrow-derived LCN2 originates mainly from granulocytes 
(Extended Data Fig. 6a,b). Moreover, analysis of LCN2 blood levels 1 or 
2 weeks following BMT (before melanoma cell injection) revealed that 
basal LCN2 levels were abolished in blood of mice transplanted with 
Lcn2−/− bone marrow, confirming that bone-marrow-derived cells are 
the main source of LCN2 (Extended Data Fig. 6c). Following BMT, mice 
were injected intracardially with melanoma cells and followed up for 
BrM. Of note, MRI and metastatic burden analysis revealed that mice 
transplanted with Lcn2−/− bone marrow had significantly reduced BrM 
burden, confirming that LCN2 from bone-marrow-recruited cells is 
instrumental to support BrM (Fig. 6b–e). Notably, analysis of LCN2 
blood levels at end-stage revealed elevation in mice transplanted with 
WT bone marrow compared to its levels at day 14 and also some eleva-
tion of LCN2 in mice transplanted with Lcn2−/− bone marrow (Fig. 6f 
and Extended Data Fig. 6d), consistent with our findings that brain 
endothelial cells also express Lcn2 in BrM. We next asked whether 
granulocyte-derived LCN2 is functionally important for inflammatory 
activation of astrocytes. Analysis of cytokine and chemokine expression 
in astrocytes that were isolated from BrM revealed that while astrocytes 
from mice transplanted with WT bone marrow had significant activation 
of pro-inflammatory signaling, BMT from Lcn2−/− abolished this activa-
tion (Fig. 6g and Extended Data Fig. 6e). Furthermore, analysis of the 
combined ‘inflammatory score’ confirmed that inflammatory signaling 
was lower in astrocytes isolated from Lcn2−/− bone-marrow-transplanted 
mice and the inflammatory score of astrocytes significantly correlated 
with neutrophil infiltration (Fig. 6h,i). Moreover, analysis of myeloid 
cells in BrM of mice transplanted with WT or Lcn2−/− bone marrow indi-
cated enhanced recruitment of monocytes and granulocytes to BrM 
of mice transplanted with WT bone marrow, which was significantly 
reduced in mice transplanted with Lcn2−/− bone marrow (Fig. 6j–m). 
Thus, LCN2 is important for recruitment of granulocytes and mono-
cytes to BrM and recruited LCN2-expressing granulocytes play a central 
functional role in melanoma brain metastatic progression.

LCN2 is a prognostic marker in human brain metastasis
Finally, we analyzed LCN2 signaling in human patients with brain 
metastasis from melanoma, lung and breast cancer, which are among 

Fig. 6 | LCN2 signaling from bone-marrow-derived cells plays a key functional 
role in facilitating brain metastasis. a, Experimental scheme analyzed  
in b–l. Lethally eradiated WT recipient mice received WT or Lcn2−/− whole  
bone marrow (BM), injected intracardially with BT-RMS and analyzed.  
b,c, Representative MRI and quantification of metastatic area, 21 d after injection 
of BT-RMS cells (WT BM n = 13 mice, Lcn2−/− BM n = 12 mice), error bars represent 
s.e.m. (Student’s t-test, two-sided). d,e, Brain metastatic (met) incidence 
quantification. Macrometastases (macro) were defined by positive MRI and flow 
cytometry detection. The cutoff for micrometastases (micro) was determined 
by percentage CD45−mCherry+ tumor cells in healthy WT mice (WT BM n = 9 
mice, Lcn2−/− BM n = 9 mice). f, LCN2 plasma levels of mice at different time points 
following BMT, measured by ELISA (WT BM n = 8 mice, Lcn2−/− BM n = 10 mice; 
repeated measure ANOVA). g, qPCR analysis of inflammatory gene signature in 

FACS-sorted astrocytes from WT mice that underwent BMT as described in a. 
Heat maps represent z score of individual genes (Ctrl n = 4 mice, WT n = 6 mice, 
Lcn2−/− n = 6 mice). h, qPCR analysis of inflammatory gene signature of mice in g, 
calculated as ‘inflammatory score’. Error bars represent s.e.m. (one-way ANOVA). 
i, Two-sided Pearson correlation was calculated between an ‘inflammatory score’ 
in sorted astrocytes and percentage of granulocytes in brains of mice from g (Ctrl 
n = 4 mice, WT n = 6 mice, Lcn2−/− n = 6 mice). j,k, Immune profiling of CD11b+ 
myeloid cells by flow cytometry of mice injected with BT-RMS cells (WT BM n = 9 
mice, Lcn2−/− BM n = 7 mice). l,m, Flow cytometry analysis of CD45+CD11b+Ly6Cinter 
Ly6G+ granulocytes and CD45+CD11b+Ly6C+Ly6G− monocytes in mice injected 
with BT-RMS cells. Error bars represent s.e.m. (Ctrl n = 4 mice, WT BM n = 9 mice, 
Lcn2−/− BM n = 9 mice; one-way ANOVA). Graphical illustrations were created with 
BioRender.com.

Fig. 5 | LCN2 signaling facilitates recruitment of immune suppressive myeloid 
cells into brain metastases. a,b, Immune profiling of CD11b+ myeloid cells by 
flow cytometry of BrM in WT or Lcn2−/− mice injected with BT-RMS cells (Ctrl n = 5 
mice; WT n = 9 mice; Lcn2−/− n = 9 mice). c,d, Flow cytometry analysis of CD45
+CD11b+Ly6CinterLy6G+ granulocytes and CD45+CD11b+Ly6C+Ly6G− monocytes 
in brains from WT or Lcn2−/− mice. Dots represent individual mice and error 
bars represent s.e.m. (Ctrl n = 10 mice; WT n = 16, 14 mice; Lcn2−/− n = 16, 17 mice; 
one-way ANOVA). e, Two-sided Pearson correlation between the ‘inflammatory 
score’ in sorted astrocytes and percentage of granulocytes in brains of mice 
from Fig. 4g–j (Ctrl n = 4 mice; WT n = 7 mice; Lcn2−/− n = 5 mice). f,g, Two-sided 
Pearson correlation between percentage of granulocytes and monocytes and 
brain metastatic load, quantified by percentage mCherry+ cells in brains of mice 

from a,b (n = 15 mice per group). h, Immune profiling of CD11b+ myeloid cells by 
flow cytometry of BrM in WT or Lcn2−/− mice injected with BT-EO771 cells (Ctrl 
n = 6 mice; WT n = 8 mice; Lcn2−/− n = 7 mice). i,j, Flow cytometry analysis of CD4
5+CD11b+Ly6CinterLy6G+ granulocytes and CD45+CD11b+Ly6C+Ly6G− monocytes 
in brains from WT or Lcn2−/− mice from g. Dots represent individual mice and 
error bars represent s.e.m. (Ctrl n = 6 mice; WT n = 8 mice; Lcn2−/− n = 7 mice; 
one-way ANOVA). k,l, qPCR analysis of immunosuppressive gene signature in 
granulocytes isolated from BrM of WT or Lcn2−/− mice, following BT-RMS or BT-
EO771 injection. Heat maps represent z score of individual genes (melanoma: Ctrl 
n = 5 mice, WT n = 6 mice, Lcn2−/− n = 6 mice; breast: Ctrl n = 3 mice, WT n = 5 mice, 
Lcn2−/− n = 6 mice).
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the main sources for BrM in patients6. Tissue sections from surgically 
resected BrM were immunostained for expression of LCN2 in astrocytes, 
endothelial cells, granulocytes and tumor cells. The results indicated 

that LCN2 in human BrM from all three cancer types was most abun-
dantly expressed in granulocytes and to a lesser extent in endothe-
lial cells in the metastatic microenvironment. It was not expressed in 
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astrocytes or in tumor cells, validating our results in mouse models  
(Fig. 7a and Extended Data Fig. 7a). Analysis of a dataset of gene expres-
sion in human BrM and primary brain tumors10 confirmed that granulo-
cytes are the main source of LCN2 in the human brain microenvironment 
(Fig. 7b,c). Furthermore, in human brain metastasis, CD45− cells were 
also a prominent source of LCN2 in the brain, compatible with its expres-
sion in endothelial cells (Fig. 7b).

We next assessed systemic levels of LCN2 in patients with BrM 
from melanoma or lung carcinoma (Extended Data Table 3). Analysis 
of LCN2 in the blood of melanoma patients with BrM confirmed that 
it was significantly elevated compared to healthy controls (Fig. 7d). 
Notably, this cohort of patients included a longitudinal follow-up of 
blood samples from patients with melanoma BrM. Markedly, temporal 
analysis of individual samples revealed that a prominent increase in 
LCN2 blood levels in the last follow-up samples closely preceded patient 
death (Fig. 7e). Intrigued by these findings we analyzed the correla-
tion between patient survival and LCN2 levels at their last follow-up. 
We found that lower levels of LCN2 correlated with longer survival  
(Fig. 7f,g), implicating systemic LCN2 as a potential patient follow-up 
and prognostic marker.

We further analyzed a cohort of patients with BrM from lung can-
cer to assess whether LCN2 may also function as a prognostic marker in 
other cancer types. Analysis of blood samples collected from patients 
with lung cancer before surgical removal of their BrM confirmed that 
similarly to what we observed in melanoma metastases, LCN2 levels 
were higher in the blood of patients compared to healthy controls  
(Fig. 7h). As in this cohort we did not have multiple follow-up blood 
samples, we analyzed the correlation of the preoperative blood levels 
of LCN2 with patient survival. Of note, while long-term follow-up indi-
cated that the correlation of LCN2 levels with 5-year survival was not 
significant (Extended Data Fig. 6b), analysis of 2-year survival rates 
revealed that high levels of LCN2 significantly correlated with worse 
survival (Fig. 7i,j). Clinical decisions on the care of patients with BrM 
often have to integrate multiple factors to determine prognosis and 
treatment paradigms35, including their functional performance score. 
We therefore investigated the Karnofsky performance score (KPS) of 
these patients, which is clinically used to quantify the ability of patients 
to perform in daily life activities and assess their general wellbeing36. 
The score ranges from 100 (fully active) to 0 (death). As expected, a 
lower KPS score (< 70) correlated with worse survival in the cohort 
that we analyzed (Extended Data Fig. 6c); however, a subpopulation 
of patients with low KPS score may still benefit from systemic and/
or local treatments rather than palliative care. Thus, stratifying this 
patient group with additional markers may support clinical decision 
making to define a subgroup that will still benefit from various treat-
ment strategies.

Notably, stratification of patients with low KPS score (< 70) 
according to their LCN2 levels reveled that high LCN2 was significantly 

correlated with poor survival (Extended Data Fig. 7d). To further assess 
whether LCN2 is specifically prognostic for BrM, we analyzed cohorts 
of patients with stage IV melanoma who were stratified according to 
their BrM status. Of note, Cox survival analysis revealed that LCN2 
was predictive of survival in patients with BrM but not in patients with 
extracranial metastasis (Fig. 7k). Moreover, analysis using the graded 
prognostic assessment (GPA), which includes the KPS score, was not 
significantly associated with survival. However, in multivariable analy-
sis including both GPA and LCN2, LCN2 remained prognostic while GPA 
was not significant in predicting survival (Fig. 7k). Further analysis in a 
cohort of patients with BrM from lung cancer revealed similar results; 
LCN2 was predictive of survival, whereas GPA alone was not (Fig. 7l). 
Thus, blood levels of LCN2 are linked with disease progression and 
outcome in BrM and may provide a new tool to instruct clinical decision 
on patient care in fragile patients. Taken together, these findings sug-
gest that systemic levels of LCN2 may be clinically used as an additional 
prognostic marker in the management of brain metastatic disease.

Discussion
Our study uncovers a mechanism by which the reciprocal interac-
tions between recruited innate immune cells and resident astrocytes 
facilitate BrM in melanoma and breast cancer. We show that granulo-
cytes induce pro-inflammatory activation of astrocytes, mediated by 
LCN2. Mechanistically, we demonstrated that systemic LCN2 signaling 
from the primary tumor instigates neuroinflammation in the brain 
metastatic niche by activation of astrocytes, leading to recruitment of 
LCN2-producing granulocytes from the bone marrow to the brain meta-
static microenvironment (Fig. 8). These functions of LCN2 are critical 
for BrM, as genetic ablation of LCN2 in mice or BMT from Lcn2−/− resulted 
in significant attenuation of BrM and improved survival. Moreover, 
we show that LCN2 is a potential diagnostic and prognostic factor in 
human patients, linked with disease progression and poor survival.

While granulocytes were recently investigated in the microenvi-
ronment of primary brain tumors8,37,38, their interactions with astro-
cytes in BrM are largely unknown. Our findings elucidate a role for 
recruited granulocytes in astrocyte activation and demonstrate the key 
functional importance of their signaling for brain metastatic growth.

LCN2 was shown to be upregulated in multiple cancers, including 
breast, pancreatic and ovarian carcinoma39. Different studies reported 
LCN2 to have both pro- and anticancer functions, depending on tumor 
type and stage40–42. The reported tumor-promoting roles of LCN2 
are pleotropic and include pro-angiogenic activity43, enhancement 
of epithelial-to-mesenchymal transition44,45, mediating cachexia in 
pancreatic cancer46 and sequestration of iron that facilitates tumor 
cell survival45. LCN2 was shown to mediate neuroinflammation and 
tissue damage response in the CNS47; however, although neuroinflam-
mation is a hallmark of brain metastasis6, the role of LCN2 in the brain 
metastatic microenvironment is largely unexplored.

Fig. 7 | Microenvironment-derived LCN2 signaling is operative in  
human patients and correlates with decreased survival in patients  
with brain metastases from melanoma, breast and lung primary origin.  
a, Immunofluorescence in frozen sections of human brain metastases from 
melanoma, breast and lung primary origin. Colocalization of LCN2 with specific 
cell markers: GFAP (astrocytes), HMB45 (melanoma), pan-cytokeratin (breast and 
lung), VWF (endothelial cells) and CD66b (granulocytes). Representative images 
are shown from n = 2 patients stained per cancer type. b,c, LCN2 expression in 
bulk RNA-seq of different cell populations isolated from samples of human BrM 
and gliomas (brain TIME dataset), dots represent individual patients (CD45− 
n = 17/23 patients, MG n = 14/21 patients, MDM n = 15/17 patients, neutrophils 
n = 17/16 patients, T cells n = 25/22 patients; one-way ANOVA). d,h, LCN2 plasma 
levels of patients with BrM from melanoma (n = 9 patients), lung (n = 39 patients) 
and healthy Ctrl samples (n = 6 patients), measured by ELISA. Dots represent 
individual patients, error bars represent s.e.m. (Student’s t-test, two-sided).  
e, Longitudinal follow-up of LCN2 plasma levels in patients with melanoma BrM 

following surgical resection. Numbers indicate days from last blood sample to 
death (red) or to last follow-up (green) (n = 10 patients). f, Two-sided Pearson 
correlation was calculated between LCN2 plasma levels (measured at the  
patients last follow-up) and overall survival (OS) of patients in d,e (n = 10 
patients). g, Survival curve analysis of patients with low versus high LCN2  
levels in patients from d,e. The cutoff between high and low levels was defined 
as the median LCN2 level (n = 10 patients; (Kaplan–Meier curve, log-rank test). 
i, Two-sided Pearson correlation was calculated between LCN2 plasma levels 
(measured before BrM resection) and OS of patients in h (n = 30 patients).  
j, Two-year survival curve analysis of patients with low versus high LCN2 levels 
in patients from h. The cutoff between high and low levels was defined as the 
median LCN2 level (n = 33 patients; Kaplan–Meier curve, log-rank test). k,l, Cox 
proportional hazards model for survival of patients with stage IV melanoma BrM 
(n = 18 patients) or patients with lung cancer BrM (n = 31 patients) with LCN2, 
GPA or a combination of both in a multivariable analysis, using univariable and 
multivariable analysis. P = 0.05.
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Our findings in melanoma and breast cancer implicated systemic 
LCN2 as an inducer and potential prognostic marker of BrM. Specifi-
cally, we found that high levels of LCN2 in the CSF are characteristic 
of BrM and are in correlation with brain metastatic burden. Notably, 

LCN2 in human CSF was previously suggested as a prognostic marker 
for vascular dementia, associated with astrogliosis and inflammatory 
recruitment of macrophages48. Thus, LCN2 in the CSF may be a hallmark 
of neuroinflammation in multiple pathologies. Of note, LCN2 was shown 
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to be upregulated in leptomeningeal metastasis and to provide tumor 
cells with growth advantage in the nutrient poor environment of the 
CSF49. Consistent with our results, LCN2 in this study was not expressed 
by macrophages/microglia or by lymphoid cells. We found that in both 
primary tumors and in BrM, endothelial cells and granulocytes were the 
main source of LCN2, rather than the cancer cells. Taken together, both 
studies uncover central roles of LCN2 in facilitating BrM. It is conceiv-
able that LCN2 mediates neuroinflammation in the brain parenchyma, 
whereas in leptomeningeal disease LCN2 in the CSF also promotes 
survival of cancer cells via its classical iron-chelating functions.

Investigating the early events that initiate neuroinflammation, 
we show that stromal cells in the primary tumor give rise to high 
systemic levels of LCN2, conceivably instigating astrocyte activa-
tion. In the brain microenvironment, astrocytes respond to LCN2 
signaling in a receptor-specific manner, resulting in upregulation 
of pro-inflammatory signaling. While we did not further interrogate 
LCN2-induced signaling in astrocytes, a detailed dissection of the 
LCN2–SLC22A17 axis via its downstream intracellular signaling would 
be an interesting future study.

We further show that LCN2 signaling mediates recruitment of 
immunosuppressive myeloid cells to the brain microenvironment and 
that in breast cancer BrM, LCN2 was also important for inducing an 
immunosuppressive phenotype in recruited myeloid cells.

Of note, although granulocyte-derived LCN2 was functionally 
important for inflammatory activation of astrocytes and for myeloid 
cell recruitment in both melanoma and breast cancer models, depleting 
LCN2 resulted in improved survival only in melanoma BrM. A possible 
explanation for this discrepancy could be the fact that EO771 cells 
instigated a massive recruitment of monocytes, possibly providing 
additional pro-inflammatory mechanisms that facilitated metasta-
sis, while melanoma BrM mobilized more granulocytes. Elucidating 
cancer type-specific pathways in BrM is important for better design 
of therapeutic strategies.

Within the recruited myeloid cells, granulocytes were the main 
source of LCN2 signaling, further augmenting astrocyte activa-
tion, neuroinflammation and metastatic growth. Indeed, analysis of 
bone-marrow cells confirmed that granulocytes are the main source 
of LCN2. Moreover, adoptive BMT from Lcn2−/− mice to WT mice was 
sufficient to reduce metastatic burden in these mice, phenocopying 

Lcn2−/− mice, thus implicating granulocyte-derived LCN2 as a central 
player in orchestrating BrM formation.

While our data from mouse and human BrM indicate that LCN2 
mainly originated from granulocytes, other cell types (for example 
endothelial cells and fibroblasts) in the primary tumor and in the brain 
metastatic microenvironment also secrete LCN2. Thus, the central 
role of LCN2 in inflammatory activation of astrocytes and in facilitat-
ing BrM, may be a combined effect of LCN2 originating from various 
cellular sources.

Our findings in mouse models were supported by analysis of blood 
samples from patients with melanoma; high LCN2 blood levels upon 
initial diagnosis correlated with worse survival. Of note, longitudinal 
follow-up of stage IV patients with BrM revealed that elevation in their 
LCN2 blood levels coincided with patient death. Taken together, our 
data in mouse models and in human patients suggest that systemic 
LCN2 has both a functional role in instigating a hospitable inflamma-
tory niche and a prognostic role, correlating with disease progression 
and outcome.

Patients with brain metastatic relapse have very poor prognosis 
and their long-term (over 2 years) survival is usually negligible. As such, 
the clinical decision whether to operate on BrM is complicated35 and 
dependent on prognosis. Our data implicate LCN2 levels as a strong 
predictive factor for survival in patients with BrM in multiple cancer 
types, in addition to routinely used clinical scores. Thus, our findings 
encourage further prospective clinical testing to establish whether 
LCN2 can be used as a prognostic or predictive tool in patients with BrM.

In summary, our study elucidates the intricate interactions 
between systemic inflammatory mediators and the brain metastatic 
microenvironment and provides insights into the reciprocal commu-
nication between glial cells and recruited innate immune cells in the 
brain metastatic niche, positioning LCN2 as a key factor. The functional 
and prognostic aspects of LCN2 that we identified in BrM suggest that 
targeting LCN2 may be an effective therapeutic strategy for inhibition 
or prevention of brain metastatic relapse.

Methods
Mice
All animal procedures included in the study were granted ethical 
approval by the Tel Aviv University Institutional Animal Care and Use 
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Fig. 8 | Graphical summary. Systemic LCN2 drives an inflammatory activation 
of astrocytes in the brain metastatic niche, via the LCN2-specific receptor 
(SLC22A17), leading to recruitment of LCN2-producing granulocytes from the BM 

to the brain metastatic microenvironment. Granulocyte-derived LCN2 is central 
to further enhancing neuroinflammation and brain metastatic progression. 
Graphical illustrations were created with BioRender.com.
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Committee. All animals were maintained within the Tel Aviv University 
specific-pathogen-free facility. Lcn2−/− mice (IMSR cat. no. JAX:024630, 
RRID:IMSR_JAX:024630) were purchased from the Jackson Laboratory 
and every litter was genotyped. Non-transgenic C57BL/6 mice were 
purchased from Harlan, Israel. Mice were used for experiments at 6–10 
weeks of age, unless otherwise stated. For melanoma experiments, 
male mice were used and for breast cancer models, female mice were 
used exclusively.

Human samples
Human patient blood and BrM tissue samples were collected with 
written informed consent and processed at the Rabin Medical Center, 
Beilinson Hospital, Israel, in accordance with recognized ethical guide-
lines, under an approved Institutional Review Board (0311-20-RMC) 
or at the Göttingen University Hospital, Germany under an approved 
Institutional Review Board (24-10-05). Melanoma specimens were 
obtained from patients with stage II, III or IV melanoma participating 
in a single-center observational clinical trial authorized by the Ethics 
Committee of the University of Regensburg, Germany (16-101-0125).

Cell lines
RMS cells20 and their derivative BT-RMS and sBT-RMS13 were grown in 
RPMI medium. E0771 were purchased from the ATCC (CRL-3461). Their 
derivative (BT-EO771) was generated by two cycles of in vivo selection 
using intracardiac injection, isolation, culture and re-injection of brain 
metastatic cells. Cells were grown in RPMI medium. C166 endothelial 
cells were purchased from ATCC (CRL-2581) and grown in supplemented 
RPMI medium. Cell lines were not authenticated in our laboratory. 
All cell lines were grown at 37 °C and 5% CO2 and routinely tested for 
Mycoplasma.

Cytokine array and analysis
Plasma samples from healthy or BrM-bearing mice were diluted 1:5. 
Proteome Profiler Mouse XL Cytokine Array was performed accord-
ing to the manufacturer’s protocol (ARY028, R&D). Quantification 
was obtained by ImageJ software. The VarElect platform26 was utilized 
to analyze proteins that were upregulated at least twofold in both 
breast cancer and melanoma with the queries neuroinflammation 
and metastasis.

Primary cells
Dermal fibroblasts were isolated from ears of 8–12-week-old male 
C57BL/6J mice as previously described50. All experiments were per-
formed with low-passage (p2–4) fibroblasts.

Adult astrocytes were isolated from 6–8-week-old C57BL/6 and 
Lcn2−/− mice as previously described13. Cells were cultured in 10% FCS 
RPMI medium supplemented with astrocyte growth supplement 
(1852-scl, ScienCell). All experiments were performed with low-passage 
(p2–4) primary cells.

BM-derived myeloid cells were isolated from the femur and tibia 
of 8-week-old mice. Cells were cultured for 6–8 da with medium sup-
plemented with 20 ng ml−1 recombinant mouse M-CSF (Peprotech) and 
0.1 mM non-essential amino acids.

Tissue dissociation
For brains, mice were intracardially perfused with cold PBS, their brains 
were collected, minced and dissociated using Papaine (LS004182, 
Worthington Biochemical Corporation), TrypLE (12604013, Thermo 
Fisher) and DNase (LS002007, Worthington Biochemical Corporation). 
Red blood cells (RBCs) were lysed using NaCl hypotonic solution. Demy-
elination was achieved using Percoll (P4937-500ML, Sigma-Aldrich).

For primary tumors, resected melanoma and breast tumors were 
minced and dissociated using Collagenase type 2 (LS004177, Wor-
thington Biochemical Corporation) and Dispase type 2 (4942078001, 
Sigma-Aldrich). RBCs were lysed using NaCl hypotonic solution.

ELISA
For mice, an ELISA for mLCN2 was performed using R&D Systems 
(DY1857) commercial kit, according to the manufacturer’s protocol. 
Plasma samples were diluted 1:2,000, CSF samples were diluted 1:40 
and CM samples were not diluted.

For humans, an ELISA for hLCN2 was performed using R&D Sys-
tems (DY1757) commercial kit, according to the manufacturer’s pro-
tocol. Blood samples were diluted 1:200.

Cerebrospinal fluid collection
Approximately 5 µl of CSF samples was obtained from the cisterna 
magna of mice brains as previously described20. Samples were stored 
at −80 °C. Only blood-free samples were analyzed.

Flow cytometry
Single-cell suspensions were incubated with specific fluorophore- 
conjugated antibodies (detailed in the Reporting Summary) and DAPI 
(MBD0015; Sigma-Aldrich). Samples were analyzed with Cytoflex LX, 
Beckman Coulter.

Fluorescence-activated cell sorting (FACS) sorting
Single-cell suspensions of mouse brains were stained with specific 
fluorophore-conjugated antibodies (detailed in the Reporting Sum-
mary) and DAPI (MBD0015; Sigma-Aldrich). Cancer cells were labeled 
with mCherry (melanoma) or tdTomato (breast). Different cell popula-
tions were isolated according to the gating strategy presented in the 
extended data figures. Sorting was performed with BD FACSAria III Cell 
Sorter, BD Biosciences.

RNA isolation and qRT–PCR
RNA from sorted cells was isolated using the EZ-RNAII Kit (20-410-100, 
Biological Industries). RNA from in vitro experiments and from total 
primary tumors was isolated using the PureLink RNA Mini kit (Invitro-
gen; 12183018A). Complementary DNA synthesis was conducted using 
qScript cDNA Synthesis kit (Quanta, 95047-100). Quantitative PCR 
with reverse transcription (qRT–PCR) was conducted using PerfeCTa 
SYBR Green Fastmix ROX (Quanta, 95073-012). Expression results were 
normalized to Gusb, Gapdh or Ubc and to controls. RQ (2−ΔΔCt) was 
calculated. The primer list is in Supplementary Table 1.

Inflammatory score calculation
The expression levels of multiple pro-inflammatory genes (including  
Cxcl1, Cxcl2, Cxcl10, Ccl2, Ccl3, Ccl17, Il1a, Il1b, Tnfa, Il6, Cox2, C3 and C5)  
were incorporated into a combined inflammatory score. The z score 
expression average was calculated for each sample and samples were 
assigned ranking according to a min–max scale.

Immunostaining
Processing of mouse tissue. Brains were collected, washed in PBS, 
examined by gross inspection for metastatic lesions and incubated for 
5 h in 4% PFA (Electron Microscopy Sciences) then transferred to 1% PFA 
overnight. Brains were incubated in 0.5 M sucrose for 1 h, then in 1 M 
sucrose overnight. All incubations were performed at 4 °C. Brains were 
embedded in Optimal Cutting Temperature compound (Tissue-Tek) 
on dry ice, then stored at −80 °C.

Processing of human tissue. Resected brain metastases were imme-
diately frozen and maintained in liquid nitrogen at the Rabin Medical 
Center, Beilinson Hospital BioBank. Tissues were collected and pro-
cessed as described above for mice tissue. Then, 10-µm serial sections 
were cut using a cryostat (CM1950, Leica) and slides were stored at 
−80 °C.

Frozen brain tissue sections were incubated at 60 °C for 30 min, 
washed with PBS-T, then blocked with PBS with 1% BSA and 5% donkey 
serum for 30 min. Slides were incubated overnight at 4 °C with specific 
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antibodies (detailed in the Reporting Summary). Slides were washed 
with PBS-T and incubated for 1 h at room temperature with specific 
antibodies (detailed in the Reporting Summary). Stained slides were 
mounted with DAPI Fluoromount-G (0100-20, Southern Biotech), 
left to dry for 2 h at room temperature and stored at 4 °C. Images were 
acquired using the confocal ZEISS LSM800 platform, with a ×40/1.4 oil 
objective or a ×20/0.75 air objective, or by using the Leica Aperio VERSA 
slide scanner with a ×20 magnification. All images were analyzed using 
ImageJ software (ImageJ, RRID SCR_003070).

Orthotopic tumor transplantations
For melanoma, 5 × 105 low-passage BT-RMS cells were inoculated intra-
dermally as previously described20. Tumor volumes were calculated 
using the formula X2 × Y × 0.5 (where X is the smaller diameter and Y is 
the larger diameter).

For breast, 5 × 105 BT-EO771 cells were inoculated into the mam-
mary glands as previously described51. Tumors were resected 3 weeks 
following injection.

Mice were killed when tumors were <15 mm in diameter, according 
to the Tel Aviv University Institutional Animal Care and Use Committee 
guidelines.

Intracardiac injections
8-week-old C57BL/6 or Lcn2−/− mice were anesthetized with ketamine/
xylazine. Males were injected with 1 × 105 BT-RMS and females with 
2 × 105 BT-EO771 cells in 50 µl PBS into the left ventricle of the heart 
under an ultrasound guidance. Mice were weighed every other day 
and monitored for neurological symptoms.

Recombinant LCN2
Cloning and expression protocols were based on our previously 
described techniques for antibody cloning and expression in Expi293 
mammalian cells52. Briefly, the amino acid sequence of mouse LCN2 
was recovered from the National Center of Biotechnology Informa-
tion (accession code 34328049). A DNA cassette corresponding to 
codons 21–200 of that sequence (excluding the leader sequence), 
with optimization for expression in HEK293 cells was purchased from 
IDT. The cassette with a sequence coding for six consecutive histidine 
residues (His tag) was cloned into pcDNA3.4 with a human immuno-
globulin heavy chain leader sequence by Gibson assembly according 
to the recommendations of the supplier (NEB). The resulting plasmid 
(named pcDNA3.4-muLCN221-200 Ct-His) was introduced by transient 
transfection into Expi293 mammalian cells as described52. Medium 
was collected 6 d after transfection and recombinant LCN2 (rLCN2) 
was purified by Ni-NTA affinity chromatography on a 5-ml HisTrap FF 
column (GE). Following purification and buffer exchange into sterile 
PBS by PD-10 gel filtration (GE), purified rLCN2 was stored in small 
aliquots at −80 °C.

Migration assay
Overall, 1 × 105 astrocytes per well were seeded at the bottom cham-
ber of 24-Transwell membrane plates, coated with PDL (Santa Cruz, 
136156). Astrocytes were treated with 10 µg ml−1 recombinant LCN2 for 
24 h. Then, 5 × 105 BM-derived cells were placed at the upper chamber. 
Assays were performed with 5-µm pore Transwell inserts. Migrated 
cells were stained for CD45, CD11b, Ly6G, Ly6C and DAPI, followed by 
flow cytometry analysis.

Primary astrocyte siRNA transduction
Primary adult astrocytes were transfected with a mix of four different 
Slc22a17 siRNA clones (Dharmacon Accell SMARTpool, E-002000-00-
0020) or with non-targeting siRNA (Dharmacon Accell non-targeting 
Pool, D-001910-10-20) in Accell Delivery Medium (B-005000-100) 
for 72 h according to the manufacturer’s protocol. The efficiency of 
Slc22a17 siRNA KD was analyzed by qRT–PCR.

bone-marrow transplantations
The 8-week-old male C57BL/6 WT mice were lethally irradiated using 
an X-ray machine (160HF; Philips) at a total dose of 9 Gy. At 24 h after 
irradiation, mice were injected intravenously (i.v.) with 2.0 × 106 unfrac-
tionated BM cells collected aseptically from flushed femurs and tibias 
of age-matched C57BL/6 WT or Lcn2−/− male mice. Following trans-
plantation, mice received antibiotics for 4 weeks in drinking water 
(enrofloxacin; 0.2 mg ml−1). To ensure radiation lethality, one mouse of 
each group was irradiated without transplantation. Three weeks after 
transplantation, mice were anesthetized with ketamine/xylazine and 
injected intracardially with 1 × 105 BT-RMS cells. Mice were weighed 
every other day. At 17 d following injections, mice underwent MRI and 
were killed 4 d later.

MRI
Mice were anesthetized by isoflurane. T1-weighted images with contrast 
agent (Magnetol, Gd-DTPA, Soreq MRC Israel Radiopharmaceuticals) 
were taken by 4.7T MRI-MRS 4000 (MR Solutions). Tumor volume was 
calculated using Radiant Dicom Viewer 2020.1.1.

Human RNA-seq data analysis
The complete raw count matrix of all sorted populations and the full 
clinical annotation was downloaded as csv files from the publicly avail-
able Brain TIME dataset10. The expression level of specific genes of 
interest was analyzed across all available different cell populations.

Multivariable analysis and GPA score calculation
Cox proportional hazards models for survival were applied with LCN2 
and the GPA where appropriate in univariable and multivariable analy-
sis. We used a P value cutoff of 0.05. We calculated the GPA according to 
https://ascopubs.org/doi/pdf/10.1200/JCO.20.01255, which included 
KPS, age, number of intracranial metastasis, presence of extracranial 
metastasis and mutational status of EGFR (lung cohort) or BRAF (mela-
noma cohorts).

Statistics and reproducibility
All mice included in the analyses were verified for their genotype and 
inbred mice with more than 2 weeks of age differences were excluded 
from experiments. Animals used were randomized by cage according 
to their genotype and the investigators were not blinded to allocation 
after intervention/treatment was administered and during outcome 
analysis. No statistical method was used to predetermine sample size, 
but the sample size was chosen to be adequate to receive significant 
results as determined by preliminary experiments. Mice that died 
before experimental end point for unknown reasons were excluded 
from analysis.

Statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Prism, RRID SCR_002798). All tests were two-tailed. 
For in vitro experiments, data represent mean and s.d. of at least three 
separate biological repeats. For in vivo experiments, data represent 
mean and s.e.m. of at least two separate biological repeats. For data 
with normal distribution, a Student’s t-test/ANOVA (one-way/two-way/
repeated measures) was used according to the experimental setup. 
For data with non-normal distribution, a Kruskal–Wallis test was used. 
Correlation analysis were performed with Fisher’s exact test (2 × 2 
contingency table). A P value of ≤ 0.05 was considered statistically  
significant.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data for Figs. 1–7 and Extended Data Figs. 1–7 have been pro-
vided as Source Data files.
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All other data supporting the findings of this study are available from 
the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Proteomic analysis of secreted proteins in blood of mice with melanoma or breast cancer brain metastasis. Heatmap showing fold change 
values of secreted proteins measured by Proteome profiler Mouse XL Cytokine Array. Mean grey value was quantified by ImageJ. Heatmap represents Log2 (BrM/
Normal) values.
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Extended Data Fig. 2 | LCN2 expression is induced by tumor cell-secreted 
factors, and is not necessary for primary tumor growth. a. Gating strategy 
for FACS isolation of different cell populations from primary tumors 2.5 weeks 
following BT-RMS or BT-EO771 orthotopic injection. b–d. qPCR analysis of Lcn2 
from BMDM, dermal fibroblasts and C166 endothelial cells treated in vitro with 
BT-RMS CM (BT_RMS CM) versus serum free medium (SFM). 3 biological repeats, 
error bars represent mean ± SD (Student’s t-test, two-sided). e. qPCR analysis of 
Lcn2 in primary dermal fibroblasts treated with secreted factors from RMS and 

sBT-RMS, error bars represent mean ± SD (SFM n = 3, RMS CM n = 3, SBT CM n = 3 
biological replicates) (one-way ANOVA). f. Primary tumor growth curve of WT 
and Lcn2−/− mice orthotopically injected with BT-RMS melanoma cells, measured 
manually by caliper, (WT n = 10, Lcn2−/− n = 8 mice) (Repeated measure ANOVA).  
g. Primary tumor weight at time of resection of WT and Lcn2−/− mice orthotopically 
injected with BT-EO771 cells, (WT n = 10, Lcn2−/− n = 10 mice), dots represent 
individual mice, error bars represent s.e.m. (Student’s t-test, two-sided).
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Extended Data Fig. 3 | Brain metastatic burden and survival in mice injected 
with breast cancer cells. a. Experimental scheme analyzed in (b,c). b. Survival 
curve analysis of WT and Lcn2-/- mice injected intracardially with BT-EO771  
cells, (WT n = 10, Lcn2-/- n = 9 mice) (Kaplan–Meier curve, log-rank test).  
c. Quantification of brain metastatic burden for mice in (a), quantified as  

% CD45- mCherry+ tumor cells/live cells, (ctrl n = 9, WT n = 9, Lcn2-/- n = 7 mice) 
(one-way ANOVA). d. Gating strategy for isolation by FACS of different cells 
populations from WT and Lcn2-/- BrM mice injected intracardially with BT-RMS  
or BT-EO771 cells 18 days after injection.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Astrocytes activate pro-inflammatory signaling in an 
LCN2-dependent manner, and SLC22A17 is required for astrocyte response 
to LCN2. a. Expression of SLC22A17 in bulk RNA-seq of different cell populations 
isolated from samples of human gliomas (CD45- n = 23, MG n = 21, MDM n = 17, 
Neutrophils n = 16, T cells n = 22 patients) (one-way ANOVA), (Brain TIME 
dataset). b. LCN2 is sufficient to induce pro-inflammatory signaling in primary 
astrocytes. qPCR analysis of inflammatory gene signature in primary astrocytes 
incubated with 10ug/ml rLCN2. Error bars represent SD, dots represent two 
biological repeats with technical replicates (two-way ANOVA). c. qPCR analysis 
of inflammatory gene signature in primary astrocytes transfected with siRNA 
targeting Slc22a17 or with control siRNA (siSlc22a17 or siScramble). Astrocytes 
were then treated with 10ug/ml rLCN2 or SFM for 24 h. Error bars represent SD, 
4 biological repeats in duplicates. d. LCN2 measured in CM of BT-RMS cells or 
granulocytes activated by BT-RMS CM, error bars represent SD, dots represent 3 
biological repeats (two-way ANOVA). e, f. Activation of astrocytes was quantified 

by number of GFAP + cells/ field. Representative images are shown from n = 6,8,8 
mice per group, error bars represent mean ± SD. 6 fields X 1 sections per mouse 
were analyzed (one-way ANOVA). g, h. Expression level of inflammatory gene 
signature measured by qPCR in RNA of FACS sorted astrocytes in vivo from WT 
or Lcn2-/- mice with BrM following BT-RMS or BT-EO771 injection. Dots represent 
individual mice, line indicates median, plot shows mean to max (melanoma: Ctrl 
n = 4, WT n = 7,10, Lcn2-/- n = 5,9 mice), (breast: Ctrl n = 6, WT n = 5, Lcn2-/- n = 5,7 
mice) (two-way ANOVA). i. Expression level of inflammatory gene signature 
measured by qPCR of FACS sorted astrocytes in vivo from WT or Lcn2-/- normal 
mice, (WT n = 3, Lcn2-/- n = 2 mice). j, k. Expression level of immunosuppressive 
gene signature measured by qPCR of sorted MG/MDM in vivo from WT or Lcn2-/- 
mice, 3 weeks following BT-RMS or BT-EO771 intracardiac injection, line indicates 
median, plot shows mean to max (Melanoma WT n = 7, Lcn2-/- n = 5, Breast WT 
n = 5, Lcn2-/- n = 6 mice) (two-way ANOVA).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | LCN2 induces recruitment of immune suppressive 
granulocytes to brain in the in the context of BrM. a. Quantification of 
migrated Ly6G+ granulocytes or Ly6C+ Ly6G− monocytes toward normal 
astrocytes or astrocytes treated 24 h with 10ug/ml rLCN2. Dots represent 
individual wells, 4 biological repeats in duplicates, error bars represent 
mean ± SD (Student’s t-test, two-sided). b. Immune profiling of bone marrow 
cell populations by flow cytometry of 8-week-old C57BL/6 WT or Lcn2−/− mice, 

(WT n = 5, Lcn2−/− n = 5 mice). c. Immune profiling of CD11b+ myeloid cells by 
flow cytometry of normal WT or Lcn2−/− mice (male WT n = 5, Lcn2−/− n = 3, female 
WT n = 6, Lcn2−/− n = 3 mice). d,e. Expression level of immunosuppressive gene 
signature measured by qPCR of FACS sorted granulocytes in vivo from WT or 
Lcn2−/− mice, 3 weeks following BT-RMS intracardiac injection, line indicates 
median, plot shows mean to max (Melanoma WT n = 11, Lcn2−/− n = 9, Breast WT 
n = 5, Lcn2−/− n = 6 mice) (two-way ANOVA).
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Extended Data Fig. 6 | Bone marrow-derived granulocyte induce increasing 
systemic LCN2 levels in plasma and inflammatory activation of astrocytes. 
a. qPCR analysis of Lcn2 expression in different cell populations sorted from 
bone marrow of normal C57BL/6 males: CD45-, CD45+CD11b+Ly6CinterLy6G+ 
granulocytes, CD45+CD11b+Ly6C+Ly6G- monocytes, CD45+CD11b-CD3+ B220- 
T cells, CD45+CD11b-CD3-B220+ B cells. Dots represent individual mice (n = 4 
mice per group), line indicates median, whisker shows mean to max (one-way 
ANOVA). b. ‘LCN2 BM contribution’ calculated by expression of LCN2 in different 
cell populations from a, multiplied by their abundance in BM from Extended Data 

Fig. 5b. Results are presented as percent of total. c. LCN2 ELISA in blood, one and 
two weeks following BMT. Dots represent individual mice, error bars represent 
s.e.m., (WT n = 9, Lcn2-/- n = 9 mice) (one-way ANOVA). d. LCN2 levels in blood of 
mice at endpoint measured by ELISA, (WT n = 7, Lcn2-/- n = 7 mice), dots represent 
individual mice, error bars represent s.e.m. (Student’s t-test, two-sided). e. 
Expression level of inflammatory gene signature measured by qPCR in RNA of 
FACS sorted astrocytes in vivo from WT mice that underwent BMT as described in 
(Fig. 4a). Dots represent individual mice, line indicates median, plot shows mean 
to max (Ctrl n = 4, WT n = 6, Lcn2-/- n = 6 mice) (two-way ANOVA).
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Extended Data Fig. 7 | LCN2 is highly expressed in granulocytes in human 
BrM and can help direct patient’s care in combination with clinically used 
prognostic factors. a. Immunofluorescence staining in frozen sections of 
resected human brain metastases from melanoma, breast and lung primary 
origin. Co-localization of LCN2 with CD66b (granulocytes). Representative 
images of separate staining are shown from n = 2 patients samples stained per 

cancer type. b. Five-year survival curve analysis of patients with low versus high 
LCN2 levels in patients with lung cancer BrM. The cutoff between high and low 
levels was defined as the median LCN2 level (Kaplan–Meier curve, log-rank test). 
c. Five-year survival curve analysis of patients with KPS score over or under 70, in 
patients with lung cancer BrM. d. 5-year survival curve analysis of patients with 
KPS score < 70, stratified to low versus high LCN2 levels in patients from Fig. 7h.
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Extended Data Table. 1 | Data of patients with brain metastasis from melanoma, breast and lung cancer

Patient and disease characteristics for a cohort of patients with brain metastases from melanoma, breast and lung cancer origin.
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Extended Data Table. 2 | Data of patients with untreated stage IV melanoma

Patient and disease characteristics for a cohort of patients with stage IV melanoma patients before treatment.
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Extended Data Table. 3 | Data of patients with brain metastasis from melanoma and lung cancer

Patient and disease characteristics for a cohort of patients with brain metastases from melanoma and lung cancer origin.
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