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STAT3 labels a subpopulation of reactive
astrocytes required for brain metastasis
Neibla Priego1, Lucía Zhu1, Cátia Monteiro1, Manon Mulders1, David Wasilewski1,18, Wendy Bindeman1,
Laura Doglio1,19, Liliana Martínez1, Elena Martínez-Saez2,3, Santiago Ramón y Cajal2,3, Diego Megías4,
Elena Hernández-Encinas5, Carmen Blanco-Aparicio5, Lola Martínez6, Eduardo Zarzuela7,
Javier Muñoz7, Coral Fustero-Torre8, Elena Piñeiro-Yáñez8, Aurelio Hernández-Laín9, Luca Bertero 10,
Valeria Poli 11, Melchor Sanchez-Martinez12, Javier A. Menendez13,14, Riccardo Soffietti15,
Joaquim Bosch-Barrera 14,16,17 and Manuel Valiente 1*
The brain microenvironment imposes a particularly intense selective pressure on metastasis-initiating cells, but successful
metastases bypass this control through mechanisms that are poorly understood. Reactive astrocytes are key components of
this microenvironment that confine brain metastasis without infiltrating the lesion. Here, we describe that brain metastatic
cells induce and maintain the co-option of a pro-metastatic program driven by signal transducer and activator of transcription
3 (STAT3) in a subpopulation of reactive astrocytes surrounding metastatic lesions. These reactive astrocytes benefit metastatic cells by their modulatory effect on the innate and acquired immune system. In patients, active STAT3 in reactive astrocytes
correlates with reduced survival from diagnosis of intracranial metastases. Blocking STAT3 signaling in reactive astrocytes
reduces experimental brain metastasis from different primary tumor sources, even at advanced stages of colonization. We also
show that a safe and orally bioavailable treatment that inhibits STAT3 exhibits significant antitumor effects in patients with
advanced systemic disease that included brain metastasis. Responses to this therapy were notable in the central nervous system, where several complete responses were achieved. Given that brain metastasis causes substantial morbidity and mortality,
our results identify a novel treatment for increasing survival in patients with secondary brain tumors.

B

rain colonization by metastatic cells is a very inefficient process1. The brain microenvironment imposes an intense selective pressure that eliminates most of the cancer cells that have
crossed the blood–brain barrier (BBB)1. However, a limited number of metastatic cells avoid this natural defense and resume their
proliferation to colonize the brain2. Although it is broadly recognized that advanced stages of metastases (that is, fully developed
macrometastases) are characterized by the presence of a microenvironment that favors tumor growth, the transition from a naive to
a metastasis-promoting microenvironment remains poorly understood3. We show that the continuous growth of metastatic cells
in the brain influence the microenvironment and induce altered
molecular patterns in specific cell types. We have identified one
of the molecular alterations that affect reactive astrocytes (RAs).
Astrocytes respond to injury by activating a program that induces
morphological and transcriptomic changes and brings them into a
reactive state4. RAs, characterized by high levels of glial fibrillary
acidic protein (GFAP), have been reported to improve or worsen

the progression of various diseases4, including brain metastasis2,5,
suggesting that this population is heterogeneous6. Activation of
signal transducer and activator of transcription 3 (STAT3) signaling in RAs has been reported in central nervous system disorders,
including acute traumatic injury, ischemia, neurodegenerative
and autoimmune diseases7–11. STAT3 has been previously shown
to be important in brain metastasis12–14. Notably, downregulation
of STAT3 in cancer cells14 does not entirely reproduce the antitumor phenotypes generated with pharmacological approaches in
experimental brain metastasis models12,13. Although other components of the microenvironment have been proposed to mediate
the pro-metastatic role of STAT3 (refs 12,13,15), RAs have not been
considered. We report STAT3 activation in a subpopulation of RAs
associated with brain metastasis and demonstrate that this altered
molecular pattern is important to establish a pro-metastatic environment. According to the role of STAT3 modulating the immune
system16,17, we describe that the subpopulation of RAs with activated STAT3 influence locally both branches of immunity (innate
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Fig. 1 | pSTAT3 labels a subpopulation of RAs associated with established brain metastasis independently of the origin of the primary tumor.
a, Brain metastases (n =91) obtained from patients with various primary tumors were evaluated for GFAP and pSTAT3 (Tyr705). b, A representative
image showing pSTAT3+ (Tyr705) RAs (arrows) surrounding the brain metastasis (the dotted line surrounds the cancer cells (cc)). Scale bar, 20 μm.
c, Quantification of pSTAT3+ RAs in human brain metastases. 81 out of 91 (89.0%) showed positive staining of pSTAT3 in RAs, 19 (20.9%) scored with
3 (moderate and diffuse expression), 25 (27.5%) with 2 (moderate focal expression or weak diffuse expression) and 37 (40.7%) with 1 (weak and
focal expression) according to the abundance and signal intensity of pSTAT3 in the microenvironment. d, The overall survival from diagnosis of the
brain metastasis was available for 39 patients. A survival curve was generated by grouping patients with high (score 3: n =6; and score 2: n = 12) and
low (score 1: n =17; and score 0: n =4) pSTAT3 in the microenvironment. P values were obtained with the two-sided log-rank (Mantel–Cox) test.
e, Immunohistochemistry against pSTAT3 (Tyr705) in a brain with an established H2030-BrM lung adenocarcinoma metastasis. Images correspond to
different fields according to the location of the metastasis (i: the field of view far from the metastasis; ii: the field of view containing the metastasis).
The dotted line in (ii) surrounds the cancer cells identified with H&E staining. Scale bars, 100 μm; high magnification: 25 μm. This result was reproduced in
three independent staining with different brains. f, Immunofluorescence labeling of RAs (GFAP) and pSTAT3 (Tyr705) in the area surrounding a metastasis
(cancer cells). Two subpopulations of RAs (in white brackets), with and without active STAT3, coexist surrounding the brain metastasis in seven brain
metastasis experimental models from lung cancer (H2030-BrM, PC9-BrM and 482N1), breast cancer (Hcc1954-BrM, MDA231-BrM and ErbB2-BrM)
and melanoma (B16/F10-BrM). These models have different oncogenomic profiles and are derived from both humans and mice. Scale bars, 35 μm
(H2030-BrM), 50 μm (PC9-BrM, 482N1, Hcc1954-BrM, MDA231-BrM, ErbB2-BrM and B16/F10-BrM). This result was reproduced in at least three
independent staining with different brains.

Results

and acquired). Human brain metastases have been shown to have
a significant infiltration of T cells18. Although correlations between
high counts of T cells surrounding brain metastases and survival
have been reported18, CD8+ T cells are only able to delay intracranial progression, suggesting the existence of a local immunosuppression mechanism. We show that RAs with active STAT3 could
have a negative effect on the activation of CD8+ T cells. In addition,
given that the activation of STAT3 in RAs is also required in T celldeficient experimental brain metastasis models, we interrogated
additional pro-tumor functions. Although RAs and microglia/
macrophages are part of the brain metastasis microenvironment19,
it is not known whether they influence each other. We found that
the subpopulation of RAs with active STAT3 promotes the expansion of microglia/macrophages expressing CD74, which get highly
enriched within macrometastases and produce a growth-promoting
factor. Our findings describe a previously unrecognized heterogeneity within RAs associated with brain metastasis. We also provide
the proof of concept to develop therapies targeting metastasisassociated altered molecular patterns in the microenvironment
as a novel effective approach against brain metastasis from different primary tumors that could be combined with standard-ofcare treatments.

STAT3 labels a subpopulation of RAs associated with established
brain metastasis independently of the primary tumor. To investigate STAT3 activation in RAs associated with brain metastasis, a
total of 91 paraffin-embedded human brain metastases from lung
adenocarcinoma (44 samples), breast adenocarcinoma (40 samples), melanoma (2 samples) and other primary tumors (5 samples)
obtained through surgical resection (Fig. 1a and Supplementary
Table 1) were stained for phosphorylated (Tyr705) STAT3 (pSTAT3)
and GFAP (Fig. 1b and Supplementary Fig. 1a) and blindly evaluated and scored by clinical neuropathologists. Protein expression
was semiquantitatively assessed, taking into account the intensity and the number of positive cells. As a quality control, the
scoring was quantitatively confirmed in 10 analyzed metastases
belonging to different categories (Supplementary Fig. 1b,c). 89%
of brain metastases were positive for pSTAT3 (pSTAT3+) in RAs,
with 54.3% of them receiving a score above 1 (Fig. 1c). pSTAT3+
RAs were found intermingled with pSTAT3– RAs (Supplementary
Fig. 1a). Human brain metastases have limited numbers of cancer cells with pSTAT3 (arrows in Supplementary Fig. 1a). This
was accompanied by a preferential cytoplasmic location of total
STAT3 in cancer cells in contrast to the nuclear localization in RAs
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(Supplementary Fig. 1d). The importance of STAT3 in the progression of the local disease became evident when both compartments
(cancer cells and RAs) were analyzed with respect to survival from
diagnosis of brain metastasis. High levels of pSTAT3 (score ≥2) were
prognostic of worse outcome only when evaluated in RAs (Fig. 1d
and Supplementary Fig. 1e). These findings suggest that the subpopulation of RAs identified by active STAT3 might have a role in
the progression of brain metastasis.
Similar to human samples, analysis of experimental brain metastases with different oncogenomic profiles and from various primary tumor sources (Supplementary Table 2 and Supplementary
Fig. 1f–i) revealed specific activation of STAT3 signaling in the
local microenvironment surrounding the brain metastases (Fig. 1e).
Co-localization with GFAP indicated that the main cellular source
of active STAT3 is RAs (Fig. 1f and Supplementary Fig. 1j). pSTAT3+
RAs typically intermingle with pSTAT3– RAs and account for 30–57%
of all RAs, depending on the experimental model (Supplementary
Fig. 1k). Similar to human samples, total STAT3 was also found in
cancer cells but with limited nuclear distribution (Supplementary
Fig. 1l,m). Although the presence of STAT3 in other components of
the reactive brain metastasis microenvironment has been previously
probed12,13,15, none of them shows the levels of active STAT3 as high
as those detected in RAs (Supplementary Fig. 1n).
Genetic targeting of Stat3 in RAs impairs the viability of brain
metastasis. To test the functional contribution of pSTAT3+ RAs
to brain metastasis, we generated conditional mutant mice lacking
STAT3 from RAs (cKO-STAT3: GFAP-Cre/ERT2;Stat3loxP/loxP)20,21 in
which syngeneic brain metastatic (BrM) cells, labeled with luciferase
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and green fluorescent protein (GFP), were intracardiacally inoculated. We used two BrM models, a previously established lung
adenocarcinoma model (482N1)2 (Supplementary Table 2) and a
newly developed melanoma model (B16/F10-BrM) (Supplementary
Fig. 1f–i and Supplementary Table 2). These syngeneic models have
gained brain tropism while retaining an aggressive extracranial
metastatic potential2 (Supplementary Fig. 1h,i). Three days after
intracardiac inoculation of B16/F10-BrM in cKO-STAT3 mice,
we injected tamoxifen (Tmx), and 12 days later, we analyzed brain
metastasis with bioluminescence imaging (BLI) (Fig. 2a). We confirmed STAT3 depletion from RAs under these experimental conditions (Supplementary Fig. 2a,b). A significant reduction in brain
metastasis burden was detected in cKO-STAT3 mice treated with
Tmx (n =  29 brains, P =  0.0170) (Fig. 2b–e), which was also validated with histology (Fig. 2f,g and Supplementary Fig. 2c).
To analyze the effect of Stat3 deletion in RAs once brain metastases had developed, and given the limited time available in vivo
before mice reach the humane end point (Supplementary Fig. 1i),
we cultured ex vivo2 cKO-STAT3 brain slices containing 2-weekold lesions grown in mice (Supplementary Fig. 2f). This preparation
maintains tissue architecture (Supplementary Fig. 2h) and reproduces key aspects of brain colonization in vivo2,5,22 (Supplementary
Fig. 2g). Depletion of Stat3 from RAs upon the addition of
4OH-Tmx to brain cultures (Supplementary Fig. 2j) impaired the
growth of established metastases from B16/F10-BrM cells (DMSO:
n =  12; 4OH-Tmx: n = 8 brain slices per condition, P =  0.0118)
(Fig. 2h,i) and 482N1 cells (DMSO: n =  4; 4OH-Tmx: n =  4 brain
slices per condition, P = 0.0130) (Supplementary Fig. 2i), as scored
by BLI. Analysis of the histology confirmed this phenotype, which

Fig. 2 | Genetic targeting of Stat3 in RAs impairs the viability of brain metastasis. a, Schema of the experimental design. b, Representative images of
cKO-STAT3 2 weeks after being inoculated with B16/F10-BrM cells intracardiacally. Bioluminescence was analyzed in the area of the head (white line,
arrowhead), comparing animals receiving Tmx (intraperitoneal, 1 mg daily) with those that did not. c, Quantification of BLI. Values are shown in boxand-whisker plots where every dot represents a different animal and the line in the box corresponds to the median. Whiskers go from the minimum to
the maximum value. Values were obtained from normalizing the ex vivo brain signal to the in vivo head signal 3 days after intracardiac injection when
treatment was initiated (n =29 mice per experimental condition, 5 independent experiments). The P value was calculated using the two-tailed t-test.
d, Images of ex vivo brains that represent different categories (color coded in the graph in panel e) according to the normalized photon flux intensity.
e, Quantification showing the percentage of mice in each category according to the BLI fold increase values (control: >200, n =11, 37.9%; 10–200, n = 14,
48.2%; <10, n =4, 13.8%; Tmx: >200, n =1, 3.4%; 10–200, n = 11, 37.9%; <10, n = 17, 58.6%). f, Representative images of established metastases at the
end point of the experiment. High-magnification images show pSTAT3+ (Tyr705) cells in the microenvironment. Dotted line: GFP+ B16/F10-BrM cancer
cells. BB: bisBenzimide. Scale bars, 100 μm; high magnification: 50 μm. g, Quantification of the mean size of metastatic lesions in the cKO-STAT3 model
in Tmx-treated or untreated mice. Error bars, s.e.m. (n =5 and 6 metastases, respectively, 2 independent experiments). The P value was calculated using
the two-tailed t-test. h, Representative wells containing brain organotypic cultures with established B16/F10-BrM metastases grown ex vivo for 5 days
in the presence or absence of 4OH-Tmx (1 μM) or WP1066 (10 μM). The image shows the bioluminescence intensity in each condition for each brain
slice, which indicates the amount of luciferase+ B16/F10-BrM cells contained in the brain tissue. i, Quantification of the bioluminescence signal emitted
by B16/F10-BrM cells in each brain slice normalized by the initial value obtained at day 0 (before the addition of either 4OH-Tmx or WP1066). Values are
shown in box-and-whisker plots where every dot represents a different organotypic culture and the line in the box corresponds to the median. Whiskers
go from the minimum to the maximum value (n =12 DMSO and 8 4OH-Tmx-treated and 8 WP1066-treated organotypic cultures, 2 independent
experiments). P values were calculated using the two-tailed t-test. j, Schema of the experimental design of intracranial injections in cKO-STAT3 mice.
k, Representative brains obtained at the experimental end point showing their bioluminescence signal and histology. Black dashed lines surround the
contour of brain sections. l, Quantification of BLI. Values are shown in box-and-whisker plots where every dot represents a different animal and the line in
the box corresponds to the median. Whiskers go from the minimum to the maximum value. Values were obtained from normalizing the ex vivo brain signal
to the in vivo head signal 3 days after intracranial injection when treatment was initiated (n =11 and 12 mice per experimental condition). The P value was
calculated using the two-tailed t-test. m, STAT3 expression levels in H2030-BrM cells transduced with different conditional shRNA analyzed by qRT–PCR
in the presence of doxycycline (1 μg ml–1). Values indicate the mean values normalized to control. Error bars, s.e.m. (n =3 independent experiments).
n, Schema of the experimental design. Doxycycline (Dox; 1 μg ml–1) or WP1066 (10 μM) were added to slices containing established H2030-BrM
metastases that were previously transduced with a doxycycline-inducible shRNA against human STAT3 (iH2030-BrM shSTAT3). BLI was obtained
before the addition of either doxycycline or WP1066 to the media (day 0). Five days later, BLI was performed to analyze metastasis growth ex vivo by
normalizing the BLI values to day 0. o, Representative images of brain organotypic cultures with established iH2030-BrM shSTAT3 (shRNA#1 (sh1))
metastases (luciferase+) grown ex vivo for 5 days in the presence or absence of doxycycline (1 μg ml–1), WP1066 (10 μM) or both. p, Quantification of the
bioluminescence signal emitted by iH2030-BrM shSTAT3 cells in each brain slice normalized to the initial value obtained at day 0, before the addition of
any treatment. Values are shown in box-and-whisker plots where every dot represents a different organotypic culture and the line in the box corresponds
to the median. Whiskers go from the minimum to the maximum value (no doxycycline and no WP1066: n =11; doxycycline and no WP1066: n = 7; no
doxycycline and WP1066: n =11; doxycycline and WP1066: n =12; organotypic cultures per experimental condition, 2 independent experiments). P values
were calculated using the two-tailed t-test.
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included decreased proliferation and increased apoptosis of cancer
cells in the absence of pSTAT3+ RAs (Supplementary Fig. 2j–l). We
also found that the previously reported inhibition of brain metastasis
following the blockade of STAT3 activity with the inhibitor WP1066
(ref. 23) is phenocopied by targeting STAT3 in RAs (Fig. 2h,i)
but not in cancer cells (Fig. 2m–p and Supplementary Fig. 2r).
To reinforce this finding with a complementary in vivo approach,
we inoculated BrM cells intracranially (Fig. 2j) to minimize the time
needed to generate a tumor mass (Supplementary Fig. 2o,p). The
addition of Tmx 3 days after the injection (Fig. 2j), once the tumor
mass was similar to the one present 8 days after intracardiac injection (Supplementary Fig. 2o,p) and emerging pSTAT3+ astrocytes
could be detected (Supplementary Fig. 2p), confirmed that this
component of the microenvironment is required for the maintenance of brain metastasis, as determined by BLI and histology
analysis 12 days later (Fig. 2k,l and Supplementary Fig. 2m,n; 69%
reduction of tumor burden, data not shown) (control: n =  11; Tmx:
n = 12 mice per condition, P = 0.0177). Analysis of an intermediate time point in this experiment (3 days after intracardiac injection
and 6 days after the initiation of Tmx) allowed us to evaluate the

deletion of Stat3 in RAs before the full development of the phenotype in metastatic cells (Supplementary Fig. 2q).
These results suggest a strong dependency of brain metastasis
on a pro-metastatic microenvironment regulated by pSTAT3+ RAs.
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De novo-induced STAT3 activity confers a differential functional
identity to RAs. The emergence of pSTAT3+ RAs in these experiments correlated with the increase of the size of metastases as well as
with the abundance of RAs (Supplementary Fig. 2o,p). Both are suggestive of an active role of BrM cells in this process. We confirmed
that STAT3 signaling was absent from GFAP+ RAs surrounding
BrM-initiating cells, but was abundant later on when scored in
established lesions (Figs. 1f and 3a and Supplementary Fig. 2o–q).
We hypothesized that STAT3 would become activated in RAs
once growing metastatic lesions had produced important damage and significant secretome products. Interestingly, we found
that STAT3-activating cytokines were frequently upregulated in a
broad collection of BrM cancer cell lines, in which three of them
(Egf, Tgfa and Mif) were ubiquitously represented (Supplementary
Fig. 3a). To test this hypothesis, we added conditioned media (CM)

Articles
from various BrM cell lines or a cocktail containing the three most
commonly represented cytokines to primary astrocyte cultures
(Fig. 3b). In addition, given that an increased number of RAs also
correlates with the emergence of pSTAT3 and as cell density has
been shown to induce pSTAT3 phosphorylation24, we evaluated
the influence of cell confluency on STAT3 activation. Although we
detected a limited increase in pSTAT3 levels when combining high
cell density with the CM from BrM cells or the cytokine cocktail
under adherent culture conditions (Supplementary Fig. 3b,c and
data not shown), it was not until both variables were applied in
culture conditions favoring sphere formation that dramatic differences emerged. Under these conditions, astrocytes formed numerous and big astrospheres in a STAT3-dependent manner (Fig. 3b–e
and Supplementary Fig. 3d,e). It remains to be determined whether
additional STAT3-activating cytokines or their combinations can
recapitulate this finding. In a complementary experiment, cKOSTAT3-derived astrocytes were unable to generate astrospheres
when cultured with the cytokine cocktail in the presence of
4OH-Tmx (Supplementary Fig. 3f,g).
It was previously shown that the ability to generate spheres is not
restricted to neural stem cells. Mature astrocytes could also form
these structures in the absence of tumor suppressors and after stimulation with specific cytokines25, which might reflect their ability
to dedifferentiate and acquire additional capabilities. In this sense,
pSTAT3+ RAs have been recently shown to provide regenerative
potential after acute injury26, suggesting that this subpopulation
could have different functions than pSTAT3– RAs in vivo. We found
that the neural stem cell marker nestin is specifically enriched in
pSTAT3+ astrospheres (Fig. 3f), in pSTAT3+ RAs associated with
experimental brain metastasis (Fig. 3g,h) and in human samples
(Supplementary Fig. 3h). To evaluate the stemness potential of
pSTAT3+ RAs, we challenged astrospheres to form new ones (Fig. 3i–j
and Supplementary Fig. 3i). Additionally, we applied an in vitro

NATuRe MedIcIne
differentiation assay that showed an improved ability of pSTAT3+
astrospheres to generate non-astroglial lineages (Fig. 3k,l).
To validate that the phenotype of pSTAT3+ astrospheres could
be recapitulated by pSTAT3+ RAs associated with brain metastasis,
we microdissected established metastases from adult mouse brains,
disaggregated them and plated the cells in low-attachment conditions (Fig. 3m). A limited number of GFP+ (cancer cells) and GFP–
spheres were observed after in vitro culture under non-attachment
conditions (Fig. 3n). GFP– spheres were positive for GFAP and
pSTAT3 (Fig. 3o). No spheres were obtained from adult brains that
were not affected with metastases (Fig. 3n,p).
To confirm the presence of a STAT3-dependent program in
brain metastasis-associated RAs, we analyzed the expression levels
of STAT3 downstream genes26 in different experimental models.
We confirmed the presence of STAT3-induced genes in the reactive
microenvironment of brain metastasis xenografts from three different human cancer cell lines (Supplementary Fig. 3j,k), in pSTAT3+
astrospheres (Fig. 3q,r) and their downregulation in cKO-STAT3
brains (Fig. 3s,t). Some of these genes were also validated in situ in
RAs from mice (Supplementary Fig. 3l–n) and human patients with
brain metastasis (Supplementary Fig. 3o,p).
pSTAT3+ RAs influence innate and acquired immunity in the
brain microenvironment. In patients, brain metastases are infiltrated with lymphocytes18 and our experimental models recapitulate this feature (Supplementary Fig. 4a). We hypothesized that,
given the well-established role of STAT3 as an immune-regulatory
molecule16,17 and the link between regenerative potential and immunosuppression27–29, the pro-metastatic functions of pSTAT3+ RAs
could include the blockade of local antitumor activities.
We tested this hypothesis by incubating activated CD8+ T cells30
with CM from pSTAT3+ astrospheres (Fig. 4a). This experiment
revealed that the secretome of pSTAT3+ RAs is sufficient to decrease

Fig. 3 | De novo-induced STAT3 activity confers a differential functional identity to RAs. a, Immunofluorescence against pSTAT3 (Tyr705) and RAs
at early (1 week after intracardiac injection) and advanced stages (6 weeks after intracardiac injection) during brain colonization. pSTAT3+ RAs are not
present at earlier time points. Scale bars, 25 μm; high magnification: 4 μm. This result was reproduced in three independent staining with different brains.
b, Schema of the experimental design. The formation of astrospheres was analyzed after incubation of primary astrocytes with CM from BrM cells or a
cytokine cocktail representative of BrM CM. c, Representative images showing astrospheres under different experimental conditions. High magnification
shows pSTAT3 (Tyr705) in astrospheres. WP1066 impairs the formation of astrospheres in the presence of the cytokine cocktail. Scale bars, 2 mm; high
magnification: 100 μm. d, Quantification of the mean size of astrospheres from three independent experiments as shown in panel c. Error bars, s.e.m.
(control: n =11 wells; cytokines: n =13 wells; cytokines + WP1066: n = 6 wells). P values were calculated using the two-tailed t-test. e, Quantification
of the mean pSTAT3+ cells in astrospheres from the experiment in panel c. Error bars, s.e.m. (control: n =3 astrospheres; cytokines: n = 4 astrospheres;
cytokines + WP1066: n =3 astrospheres). FOV, field of view. f, Astrospheres generated in the presence of the cytokine cocktail are positive for nestin. Scale
bar, 250 μm. This result was reproduced in three independent wells containing multiple astrospheres each. g,h, Nestin+ RAs surround established brain
metastases (g) and co-localize with pSTAT3 (Tyr705) (h). B16-F10-BrM (g) and H2030-BrM (h) cancer cells are shown. The dotted line (g) surrounds
the cancer cells (in grey). Scale bars, 100 μm (g, low magnification), 10 μm (g (high magnification) and h). This result was reproduced in two independent
staining with different brains. The co-localization of nestin and pSTAT3 in RAs was reproduced in three independent metastases from different brains.
i, Representative images of the second-generation astrospheres. Scale bar, 1 mm. j, Quantification of the experiment in panel i. Values correspond to the
mean size of astrospheres. Error bars, s.e.m. (n =4 wells per condition). The P value was calculated using the two-tailed t-test. k, Representative images
of cells from control and cytokine-stimulated astrospheres that were subjected to a differentiation protocol. Markers of oligodendrocytes (Olig2) and
immature neurons (Tuj1) were evaluated as non-astroglial lineages. Scale bar, 100 μm. l, Quantification of the experiment in panel k. Values correspond to
the mean index of non-astroglial differentiation (no cytokines, n = 1,370; cytokines, n =2,406 cells per condition, 2 assays per condition). Error bars, s.e.m.
The P value was calculated using the two-tailed t-test. m, Schema of the experimental design. n, Representative images of spheres formed upon culture
of processed brains. Dotted lines surround spheres formed by cancer cells (GFP+) or by non-cancer cells (GFP–). Scale bar, 50 μm. o, Immunofluorescence
of a GFP– astrosphere. High magnification shows pSTAT3+ RAs. Scale bars, 75 μm. p, Quantification of the experiment in panel n. Values correspond
to the mean number of spheres. Error bars, s.e.m. (n =3 brains per condition). The P value was calculated using the two-tailed t-test. q, Schema of the
experimental design. Astrospheres generated in the presence of a cytokine cocktail (as in panel b) and the STAT3 inhibitor WP1066 were used to evaluate
STAT3 downstream genes. Green cells: pSTAT3– astrocytes; red cells: pSTAT3+ astrocytes. r, Heatmap showing STAT3 downstream genes differentially
expressed in astrospheres treated with the cytokine cocktail as described in panel b. Values were obtained from the analysis of six independent
experiments. s, Schema of the experimental design. Brains from Tmx-treated and untreated cKO-STAT3 mice were obtained 2 weeks after intracardiac
injection of B16/F10-BrM cells. Lesions were microdissected ex vivo and luciferase– tissue was processed to perform qRT–PCR analysis. t, Heatmap
showing the upregulation of STAT3 downstream genes in the microenvironment associated with B16/F10-BrM metastases and their downregulation in
brains from cKO-STAT3 mice treated with Tmx. Values were obtained from the analysis of ten brains per condition. Control values were obtained from the
use of five cKO-STAT3 brains from mice that were not injected with BrM cells.
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the percentage of lymphocytes co-expressing the T cell activation surface markers CD25 and CD44 (ref. 31) (Fig.4b,c and Supplementary
Fig. 4b), their ability to aggregate in vitro (Supplementary Fig. 4b)
and their antitumor effects on BrM cells (Fig. 4e,f). As CD8+ T cells
share their location surrounding brain metastases with RAs (Fig. 4g),
we hypothesized that pSTAT3+ RAs could act as a barrier, limiting the access and modulating the antitumor capacity of immune
infiltrates. Analysis of the secretome of pSTAT3+ astrospheres
showed the enrichment of several molecules with immunosuppressive properties, such as vascular endothelial growth factor A
(VEGF-A)32, lipocalin-2 (ref. 33) and tissue inhibitor of metalloproteinases-1 (TIMP-1)34 (Fig. 4h), as well as several proteins of the
extracellular matrix (Fig. 4i) that might impede the access of CD8+
T cells to metastatic cells35. In addition, we detected co-localization
of RAs with programmed cell death 1 ligand 1 (PD-L1) (Supplementary
Fig. 3n) in a STAT3-dependent manner36 (Fig. 3r,t and Supplementary
Fig.3k). Interestingly, reduced brain metastasis burden ex vivo upon

genetic deletion of Stat3 in RAs was rescued with an anti-CD8-blocking antibody (Fig. 4j and Supplementary Fig.4d).
As STAT3 inhibition in T cell-deficient animals also impaired
brain metastasis12 (Fig. 2m–p and Supplementary Fig. 2r), we reasoned that additional pro-metastatic roles of pSTAT3+ RAs might
exist. In contrast to RAs (Fig.1f and Supplementary Figs.1a,2o-q
and 4f), microglia/macrophages could be found either at the margins of the lesions or within the lesion core embedded with highly
packed cancer cells2,3. CD74+ microglia/macrophages have been
shown to promote the growth of primary brain tumors by interfering with innate antitumor responses37. Given that the secretome of
pSTAT3+ astrospheres shows increased levels of the CD74 ligand38
macrophage migration inhibitory factor (MIF) (Fig. 4h), we interrogated the potential influence of pSTAT3+ RAs on this population
of microglia/macrophages.
We found an increase in CD74+ microglia/macrophages in
brain metastases (Supplementary Fig. 4e). Analysis of CD74+
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microglia/macrophages in situ allowed us to observe that this cell
population infiltrates the lesion core (Fig. 4k and Supplementary
Fig. 4f,g). Interestingly, cKO-STAT3 brains treated with Tmx have
fewer CD74+ cells that also expressed Iba1+ (a well-established
marker of microglia/macrophages19) infiltrating the metastases
(Fig. 4k,l). We then evaluated the effect of pSTAT3+ RAs on
CD74+Iba1+ cells by incubating the CM from astrospheres with
wild-type brain slices for 3 days (Supplementary Fig. 4h). Our
results show that only the CM derived from pSTAT3+ astrospheres
were able to increase the relative abundance of the CD74+Iba1+
microglia/macrophage population (Fig. 4m,n).
Upon binding to MIF, CD74 is processed and translocates to the
nucleus39. In vivo (Fig. 4k and Supplementary Fig. 4f,g,o), ex vivo
(Fig. 4m) and in vitro cultures of CD74+ cells isolated from either
wild-type or CX3C chemokine receptor 1 (CX3CR1)-E/GFP brains
harboring metastases (Fig. 4o and Supplementary Fig. 4i) show
that the CD74 subcellular distribution is not specific to the cell
surface or the cytoplasm, but was also abundant in the nucleus. At
the nucleus, CD74 has been shown to act as a transcription factor40.
Pro-tumorigenic molecules, such as midkine, are among the known
targets of nuclear CD74 (ref. 41). Mdk (which encodes midkine)
was downregulated in BrM cell lines with respect to their parental
counterparts (Supplementary Fig. 4j), which are poorly metastatic
to the brain42 (Supplementary Fig. 1f,g). By contrast, high levels
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of Mdk were expressed in the brain metastasis microenvironment
(Supplementary Fig. 4m,n), co-localizing with CD74+ cells at the
metastasis core (Supplementary Fig. 4o). Isolated CD74+ cells from
metastasis-bearing mice also showed the same correlation between
CD74 and midkine (Fig. 4o,p). These findings might suggest that
CD74+-derived midkine could be part of the pro-metastatic functions of pSTAT3+ RAs in brain metastasis.
To test the role of the MIF–CD74–midkine axis in brain metastasis, we used ibudilast, an inhibitor that blocks MIF function43.
Ibudilast reduced the viability of established brain metastasis in
organotypic cultures from nude animals (Fig. 4q,r) and immunocompetent animals (Supplementary Fig. 4q,r) without affecting BrM
cells in vitro (Supplementary Fig. 4p). Remarkably, the addition of
recombinant midkine rescued brain metastasis viability in organotypic cultures in which STAT3 had been genetically or pharmacologically targeted in RAs (Fig. 4s,t and Supplementary Fig. 4s,t).
Thus, the pro-metastatic role of pSTAT3+ RAs involves influence
on various components of the innate (that is, CD74+ microglia/
macrophages) and the acquired (that is, CD8+ T cells) immune system (Supplementary Fig. 5n).
Pharmacological targeting of pSTAT3+ RAs impairs the viability of brain metastasis in mice and humans. We previously
reported antitumor activity of silibinin supplementation in two lung

Fig. 4 | pSTAT3+ RAs influence additional components of the brain microenvironment that belong to the innate and acquired immune system.
a, Schema of the experimental design. Green cells: pSTAT3– astrocytes; red cells: pSTAT3+ astrocytes. b, The representative flow cytometry analysis
using pre-activated CD8+ lymphocytes incubated with CM generated by pSTAT3– and pSTAT3+ astrospheres. c, Quantification of the experiments
shown in panel b. Values correspond to the mean number of the specific type of CD8+ T cells. Error bars, s.e.m. (CM from pSTAT3– astrospheres,
n =11 co-cultures; CM from pSTAT3+ astrospheres, n =12 co-cultures from four independent experiments). The P value was calculated using the
two-tailed t-test. d, Schema of the experimental design as in panel a, but CM-incubated CD8+ T cells were added to BrM cells. e, Representative images
of B16/F10-BrM-derived bioluminescence at the initial time point and 6 hours after adding CD8+ T cells pre-incubated with pSTAT3+ or pSTAT3–
astrosphere CM. f, Quantification of the bioluminescence signal from the experiment shown in panel e. Values correspond to the mean bioluminescence
in each experimental condition. Error bars, s.e.m. (n =6 co-cultures per condition, 2 independent experiments). The P value was calculated using the
two-tailed t-test. g, Immunofluorescence of a brain organotypic culture with established B16/F10-BrM metastasis. CD8+ T cells and GFAP+ RAs share
the same location surrounding the lesion. Scale bar, 25 μm. h, Heatmap of differential protein levels in the secretome of astrospheres (n = 3 biological
replicates per condition (mice), 4 technical replicates per mouse). Only proteins with a q value <0.05 and log2 ratio >2 were considered as deregulated.
Proteins validated to participate in pSTAT3+ RAs pro-metastatic function (MIF) or those proteins with known immunosuppressive roles are indicated
(lipocalin-2, VEGF-A and TIMP-1). i, Volcano plot with deregulated proteins. Those proteins that belong to the extracellular matrix (GO:0005578) are
labeled and some of their names are shown. The P value was calculated using the two-sample t-test with a permutation-based false discovery rate.
Grey dotted lines indicate log2 ratio. j, Quantification of the bioluminescence signal emitted by B16/F10-BrM cells in each brain slice normalized by the
initial value obtained at day 0, before the addition of any treatment. Values are shown in box-and-whisker plots where every dot represents a different
organotypic culture and the line in the box corresponds to the median. Whiskers go from the minimum to the maximum value (control: n = 7; 4OH-Tmx:
n = 8; 4OH-Tmx + CD8-α: n = 7; CD8-α: n =7 organotypic cultures per experimental condition, 2 independent experiments). P values were calculated using
the two-tailed t-test. k, Representative images of established metastases where Iba1+ and CD74+ cells are labeled. Cancer cells are in blue (GFP). White
arrowheads label the double-positive CD74+Iba1+ cells inside the metastasis, whereas gray arrowheads label those cells surrounding the metastasis.
White dashed lines surround metastatic lesions. Scale bar, 75 μm. l, Quantification of the experiment shown in panel k. Values correspond to the mean
percentage in each experimental condition. Error bars, s.e.m. (control: n =11 field of view, from 4 metastases, 2 brains; Tmx: n =8 field of view, from
4 metastases, 3 brains). The P value was calculated using the two-tailed t-test. m, Wild-type brain slices incubated with CM from pSTAT3– or pSTAT3+
astrospheres. Arrowheads label CD74+Iba1+ cells. Scale bar, 50 μm. n, Quantification of the experiment in panel m. Values correspond to the mean
percentage in each experimental condition. Error bars, s.e.m. (pSTAT3+ CM: n =12 field of view, from 2 organotypic cultures; pSTAT3– CM: n =14 field of
view, from 2 organotypic cultures). The P value was calculated using the two-tailed t-test. o, Representative images of Iba1+CD74LOW and Iba1+CD74HIGH
cells sorted from microdissected brain metastases and cultured in vitro for 1 week. Scale bars, 25 μm. p, Cd74 and Mdk expression levels in Iba1+CD74LOW
and Iba1+CD74HIGH cells analyzed by qRT–PCR. Error bars, s.e.m. (n =2 cultures per experimental condition, 2 independent experiments). q, Representative
wells containing brain organotypic cultures with established H2030-BrM metastases grown ex vivo for 3 days in the presence or absence of ibudilast
(50 μM). The image shows the bioluminescence intensity in each condition. r, Quantification of the bioluminescence signal emitted by H2030-BrM cells
in each brain slice normalized by the initial value obtained at day 0, before the addition of any treatment. Values are shown in box-and-whisker plots where
every dot represents a different organotypic culture and the line in the box corresponds to the median. Whiskers go from the minimum to the maximum
value (n =11 organotypic cultures per experimental condition). The P value was calculated using the two-tailed t-test. s, Representative wells containing
brain organotypic cultures with established H2030-BrM metastases grown ex vivo for 5 days in the presence or absence of WP1066 (10 μM) and midkine
(300 ng ml–1). The image shows the bioluminescence intensity in each condition. t, Quantification of the bioluminescence signal emitted by H2030-BrM
cells in each brain slice normalized by the initial value obtained at day 0, before the addition of any treatment. Values are shown in box-and-whisker plots
where every dot represents a different organotypic culture and the line in the box corresponds to the median. Whiskers go from the minimum to the
maximum value (control: n = 10; WP1066: n = 8; WP1066 + midkine: n = 8; midkine: n =8 organotypic cultures per experimental condition). P values were
calculated using the two-tailed t-test.
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adenocarcinoma patients with brain metastases that were refractory
to radiation and chemotherapy44. Silibinin was provided as Legasil,
a commercially available silibinin-based nutraceutical. Silibinin
has been shown to cross the BBB45 and to impair STAT3 activation;
however, the molecular details of its inhibitory mechanism are not
known46. Consequently, we evaluated whether the anti-metastatic
effect of silibinin described in human brain metastasis could be
caused by the blockade of STAT3 activation in RAs.
After confirming that silibinin impairs the formation of
pSTAT3+ astrospheres (Fig. 5b,c), we computationally and experimentally assessed whether gain-of-function mutations in STAT3
might render this molecule unresponsive to silibinin, to discard
that additional potential targets of the inhibitor might be playing
a part. We found that the STAT3C mutant47 lowers the ability of
silibinin to bind with high affinity to its SH2 domain (Fig. 5a,b and

Supplementary Table 3 and data not shown), which might prevent
its inhibition of STAT3 functional activity47. To test this idea, we
generated astrocytes expressing STAT3C and tested their sensitivity
to silibinin. Remarkably, STAT3C-expressing astrospheres were
resistant to silibinin (Fig. 5b,c), which demonstrated that the phenotype induced by silibinin in our model is STAT3 dependent.
We found that silibinin decreases STAT3 activity in the tumorassociated microenvironment, which correlates with lower bioluminescence values of established brain metastases in organotypic
cultures (Fig. 5d–g and Supplementary Fig. 5a,b). Importantly, the
BrM cell lines used in these experiments were not sensitive to silibinin when treated in vitro (Supplementary Fig. 5c), which strongly
suggests a primary activity on the microenvironment preceding
the effect on metastatic lesions, as shown by the genetic approach
(Supplementary Fig. 2q). To treat experimental brain metastasis in
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vivo, we used the silibinin formulation contained in Legasil, mimicking the human situation. Treatment of B16/F10-BrM brain metastases in vivo (Fig. 5h) reproduced ex vivo results, showing decreased
brain metastasis burden, as scored by BLI (Fig. 5i,j) and histology
(Fig. 5k,l), and decreased STAT3 signaling in the microenvironment
(Fig. 5k). We found no differences between treated and untreated
animals with respect to extracranial metastases (Supplementary
Fig. 5d,e). The same phenotype was found when silibinin was administered to mice with established tumors after intracranial injection
(52% reduction of tumor burden; data not shown) (vehicle: n =  8;
silibinin: n = 7 mice per condition, P =  0.0310) (Fig. 5m,n).
Encouraged by these results, the lack of toxicity of silibinin and
its oral bioavailability44,46, we used Legasil in a clinical study with
a larger cohort of 18 patients with lung cancer and brain metastases. Patients had different histology and oncogenomic profiles
(Supplementary Table 4) and had failed previous treatments,
including whole-brain radiation therapy and one or more lines
of systemic therapy (67%) or requested complementary therapies
(33%) (Supplementary Fig. 5f and Supplementary Tables 5 and 6).
The initiation of Legasil therapy as a single agent (3 patients under
palliative care) or in combination with additional chemotherapy
(15 patients) (Supplementary Fig. 5f and Supplementary Tables 5
and 6) induced an overall response rate (ORR) in the brain of 75%,
including 3 complete responses (20%) and 10 partial responses
(55%) (Fig. 5o,p). The three patients who started to take Legasil
under palliative care received additional lines of chemotherapy
when their general status improved and central nervous system
responses were confirmed by magnetic resonance imaging (MRI)
(Fig. 5p and Supplementary Tables 5 and 6). Legasil in combination

NATuRe MedIcIne
with different lines of chemotherapy was not as effective for controlling extracranial disease (that is, primary tumor and metastases
out of the brain) (ORR extracranially: 40%; ORR intracranial versus
extracranial: P = 0.0079) (Supplementary Fig. 5h). In fact, metastases of most patients ended up progressing outside the central nervous system (Fig. 5o). Six patients exhibited local progression in the
brain while being treated with Legasil (Supplementary Fig. 5f), with
four of them progressing with new single or multiple brain micrometastases that remained below 1 cm and did not generate edema
(Supplementary Fig. 5g). At data cut-off (1 September 2017), 4
(22.2%) patients remained alive (14.4–21.2 months after being diagnosed with brain metastases) (Supplementary Fig. 5f).
We compared our clinical series of patients treated with
Legasil (n = 18) with patients treated at the same institution during 2015–2016 that completed whole-brain radiation therapy for
brain metastases from lung cancer and received systemic therapy
(Supplementary Tables 4 and 5) but not Legasil (n =  38). Patient
cohorts compared before the therapy did not have significant differences in any clinical parameter, with the exception of Karnofsky
performance status, which was significantly worst in the Legasil
cohort, and a slightly difference in the percentage of patients with
epidermal growth factor receptor (EGFR) mutations or ALK translocation (Supplementary Table 4). The same therapeutic algorithms for radiotherapy and medical treatments were applied in
both patient groups. Differences in the number of therapeutic lines
received (Supplementary Table 5) were related to a better control of
disease in the brain in the Legasil group, allowing a higher proportion of patients to receive additional lines of treatment. The overall
survival from the diagnosis of brain metastasis was significantly

Fig. 5 | Pharmacological targeting of pSTAT3+ RAs impairs the viability of brain metastasis in mice and humans. a, In silico modeling of the conformation
of silibinin in the binding pocket within the SH2 domain described for known direct STAT3 inhibitors. Different binding was observed comparing the native
and the A662C/N664C-mutant (STAT3C) structures, which were predictive of a decrease inhibitory effect on the mutant. The protein backbone is in
green and key residues are in black. b, Representative images of astrospheres generated in the presence of the cytokine cocktail. The silibinin effect in
control astrospheres and those with induced expression of STAT3C is shown. High-magnification images show the levels of pSTAT3. Scale bars, 1 mm;
25 μm (high magnification). c, Quantification of the experiment in panel b. Values correspond to the mean size of astrospheres in each experimental
condition. Error bars, s.e.m. (n =3 wells in each experimental condition). P values were calculated using the two-tailed t-test. d,f, Representative images of
brain organotypic cultures with B16/F10-BrM (d) or H2030-BrM (f) established metastases that were grown ex vivo for 3 days in the presence or absence
of silibinin (100 μM). pSTAT3 (Tyr705) immunofluorescence in the surrounding microenvironment is also shown. Scale bar, 35 μm. e,g, Quantification of
the experiment shown in panels d and f. Values are shown in box-and-whisker plots where every dot represents a different organotypic culture and the
line in the box corresponds to the median. Whiskers go from the minimum to the maximum value (B16/F10-BrM DMSO: n =5; B16/F10-BrM silibinin:
n =5; H2030-BrM DMSO: n =12; H2030-BrM silibinin: n =12 organotypic cultures per experimental condition). P values were calculated using the twotailed t-test. h, Schema of the experimental design. Silibinin was administered by oral gavage (o.g.) daily for 2 weeks. i, Representative bioluminescence
images of control and silibinin-treated animals at the end point of the experiment. The ex vivo brain bioluminescence is also shown. White lines encricle
the approximate location of the brain that is also pointed by the white arrows. j, Quantification of the experiment shown in panel i. Values are shown in
box-and-whisker plots where every dot represents a different animal and the line in the box corresponds to the median. Whiskers go from the minimum
to the maximum value (control: n =8 brains; silibinin: n =9 brains). The P value was calculated using the two-tailed t-test. k, Representative images of
metastases found in silibinin-treated and untreated brains. The dotted line surrounds the metastases. Scale bar, 25 μm. l, Quantification of the experiment
shown in panel k. Values correspond to the mean number of metastases in each experimental condition. Error bars, s.e.m. (control: n =8 brains; silibinin:
n =9 brains). The P value was calculated using the two-tailed t-test. m, Representative images of mice injected intracranially with B16/F10-BrM. Silibinin
treatment started at day 3 and ended at day 15. White dotted lines delineate the mouse. Black dotted lines surround brain sections. n, Quantification of
the experiment shown in panel m. The ex vivo BLI is normalized to the in vivo head signal 3 days after intracranial injection. Values are shown in box-andwhisker plots where every dot represents a different animal and the line in the box corresponds to the median. Whiskers go from the minimum to the
maximum value (vehicle: n = 8; silibinin: n =7 animals per experimental condition). The P value was calculated using the two-tailed t-test. o, Sequential
intracranial MRI (metastasis (arrowheads)) and thoracic CT scan (primary tumor (arrows)) of one patient treated with Legasil. Images shown were taken
immediately before initiating Legasil treatment (pre-Legasil), when the patients was under palliative care, and 16 months later. During this period of time,
the patient received additional chemotherapy lines due to the clinical benefit noticed when on Legasil. p, Intracranial ORR waterfall of 17 patients with lung
cancer brain metastases who received Legasil. The dotted gray line indicates 30% reduction of metastases. One patient was excluded from the waterfall
plot because death occurred before the first control brain MRI could be performed. Asterisks indicate patients who received Legasil under palliative care.
q, The overall survival (%) from diagnosis of brain metastasis of 18 patients who received Legasil compared to the overall survival of patients treated at
the same institution that received systemic therapy but not Legasil (n = 38). The P value was calculated by the log-rank two-sided test. r, Quantification of
the concentration of pemetrexed reached in animals harboring lung adenocarcinoma brain metastasis (the 482N1 cell line) treated with the chemotherapy
alone or in combination with the silibinin formulation contained in Legasil. The concentration was measured in both the plasma and the brain for each
mouse (n =3 per experimental condition). The dashed lines indicate the mean values. The P value between experimental conditions in the brain was
calculated using the two-tailed t-test.
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superior in the Legasil cohort than the overall survival of the control cohort (median Legasil: 15.5 months (95% CI: 6.6–24.5) versus
controls: 4.0 months (95% CI: 2.8–5.3); P =  1 ×  10–6) (Fig. 5q). This
trend was maintained when patients with EGFR or ALK oncogenic
driver mutations were excluded from the analysis (median Legasil:
15.5 months (95% CI: 9.4–21.7) versus controls: 4.0 months (95% CI:
3.2–4.9); P =1 ×  10–6) (Supplementary Fig. 5i). Similar results were
obtained when the overall survival was compared with the expected
overall survival calculated by Lung-molGPA (brain GPA (grade
prognostic assessment) Index)48 (median controls: 6.9 months
(95% CI: 4.2–9.6); P = 0.0010) (Supplementary Fig. 5j).
Finally, we discarded the possibility that the benefit of Legasil
treatment could be derived from an increased access of the
co-administered chemotherapy to the brain. To this end, we used
pemetrexed, as this drug has limited brain permeability49 and most
patients from our Legasil cohort (12 out of 18) received it as firstline therapy (Supplementary Table 5). Mice were injected with a
482N1 lung adenocarcinoma cell line2, and 8 days later, pemetrexed
or pemetrexed with Legasil was administered. Brains and plasma

were collected 1 hour after treatment. Samples were processed with
mass spectrometry to determine the levels of the chemotherapeutic agent. No differences between the two experimental conditions
were found (Fig. 5r). In addition, an in vitro BBB assay allowed us
to validate that silibinin does not increase pemetrexed permeability
(Supplementary Fig. 5k–m). Consequently, the ability of pemetrexed
to kill cancer cells in the post-BBB compartment is independent of
its co-administration with silibinin (Supplementary Fig. 5m).
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Discussion

The emergence of altered molecular patterns in the brain metastasis microenvironment had been previously noticed3; however,
their molecular regulation and effect on brain colonization were
unknown. Our results indicate that metastatic cells induce and
maintain the co-option of a pro-metastatic program driven by
STAT3 in a subpopulation of RAs, which is required during the
advanced stages of brain colonization (Supplementary Fig. 5n).
Given the current evidences of branched evolution of metastatic
cells colonizing the brain compared to those at the primary tumor
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and even at other extracranial metastases50,51, it is tempting to speculate that the main selective pressure responsible for this phenomena
might be derived by the specificity of brain homeostasis. A naive
brain could be responsible for selecting the cancer cells that are able
to initiate the metastasis based on their ability to survive in such
a different microenvironment2. These metastasis-initiating cells
will only be able to continue colonizing the brain if they have the
ability to establish interactions with the microenvironment, which
will help them to resume their proliferative capacity5. Finally, these
metastatic cells must have the ability to reprogram the environment
from a naive antitumor microenvironment to a pro-metastatic
microenvironment, maintain the viability and sustain the growth
of established metastases. The induction of STAT3 activity in a subpopulation of RAs would be an example of this last consideration.
In agreement with recent publications in other brain disorders52,53, we probe the importance of dissecting the heterogeneity of
glial cells to understand the biology of disease53. Our findings also
reinforce the key role of the microenvironment during metastatic
colonization of the brain2,5,22,54–59 and demonstrate its potential as a
novel source of therapeutic targets. In fact, the local influence of
pSTAT3+ RAs on CD8+ T cells and microglia/macrophages generates the rationale to evaluate whether the anti-STAT3 therapy that
we report here could increase the number of patients that respond
to immune checkpoint blockade in the brain.
Despite the significant benefits provided to the limited patients
eligible for targeted therapies or who would respond to immunotherapy, the vast majority of patients whose systemic disease has
spread to the brain have surgery and radiotherapy as the only available therapeutic options60. Consequently, our finding involving a
potential therapy that could be applied to brain metastasis independently of the primary tumor source (that is, lung cancer, breast cancer and melanoma), with probed therapeutic activity on advanced
stages of the disease, low toxicity and reversible secondary effects
and compatible with the standard of care, could be a substantial step
forward in the management of brain metastasis. Given the limitations of our clinical study, in which different lines of chemotherapy
were administered, a clinical trial with Legasil is required to confirm
the benefits of this therapy to patients harboring brain metastases.
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Methods

Animal studies. All animal experiments were performed in accordance with a
protocol approved by the CNIO, Instituto de Salud Carlos III and Comunidad de
Madrid Institutional Animal Care and Use Committee. Athymic nu/nu (Harlan)
and C57BL/6 mice 4–6 weeks of age were used. cKO-STAT3 was generated by
breeding GFAP-Cre/ERT2 (B6.Cg-Tg(GFAP-Cre/ERT2)505Fmv/J; 012849,
Jackson Laboratory) with Stat3loxP/loxP21. CX3CR1-E/GFP mice was obtained from
Jackson Laboratory (B6.129P-Cx3cr1tm1Litt/J; 005582). A BrM derivative of a
syngeneic B16/F10 model (B16/F10-BrM) was established according to a previous
protocol42,61. Brain colonization assays were performed by injecting 100 μl PBS into
the left ventricle containing 100,000 cancer cells or 2 μl PBS intracranially (the right
frontal cortex, approximately 1.5 mm lateral and 1 mm caudal flow bregma, and
to a depth of 2 mm) containing 50,000 cancer cells by using a gas-tight Hamilton
syringe and a stereotactic apparatus. Brain colonization was analyzed in vivo and
ex vivo by BLI. Anesthetized mice (isofluorane) were injected retro-orbitally with
d-luciferin (150 mg per kg) and imaged with an IVIS Xenogen machine (Caliper
Life Sciences). Bioluminescence analysis was performed using Living Image
software, version 3. Ex vivo values at the end point were normalized to the BLI
values of the head in vivo before starting treating with Tmx (intraperitoneal, 1 mg
per day) 3 days after injection of the cancer cells. Tmx was administered until the
end of the experiment. Silibinin in the formula of Legasil was administered by
oral gavage daily (200 mg per kg), beginning the same day that cancer cells were
inoculated intracardiacally or 3 days after intracranial injection and treatment
continued until mice reached the end point of the experiment.
Brain slice assays. Organotypic slice cultures from adult mouse brain were
prepared as previously described2. Organotypic cultures also included brains
obtained at the end point of metastatic disease (5–7 weeks in human BrM models
and 2 weeks in mouse BrM models), when brain lesions are established. In brief,
brains were dissected in HBSS supplemented with HEPES (pH 7.4, 2.5 mM),
d-glucose (30 mM), CaCl2 (1 mM), MgCl2 (1 mM) and NaHCO3 (4 mM), and
embedded in low-melting agarose (Lonza) preheated at 42 °C. The embedded
brains were cut into 250-μm slices using a vibratome (Leica). Slices were divided
at the hemisphere into two pieces. Brain slices were placed with flat spatulas on
top of 0.8-μm pore membranes (Sigma Aldrich) floating on slice culture media
(DMEM, supplemented HBSS, FBS 5%, l-glutamine (1 mM), 100 IU ml–1 penicillin
and 100 mg ml–1 streptomycin). Brain slices were imaged to confirm the presence
of established metastases using BLI. If brain slices received a treatment involving
Tmx (which is provided as 4OH-Tmx to organotypic cultures) or were compared
to a condition in which Tmx was present, BLI was acquired after generating brain
slices (day 0) and 5 days after the addition of the inhibitor (day 5). Growth rate was
obtained by comparing the fold increases between day 5 and day 0. Treatments
to brain slices were replaced every 48 h during the experiment (4OH-Tmx, 1 μM,
H7904, Sigma-Aldrich; WP1066, 10 μM, 573097, Merck; doxycycline, 1 μg ml–1,
D9891, Sigma-Aldrich; silibinin, 100 μM, S0417, Sigma-Aldrich; ibudilast, 50 µM,
I0157, Sigma-Aldrich; midkine mouse recombinant, 300 ng ml–1, SRP3301, SigmaAldrich; and anti-mouse CD8-α, 100 µg ml–1, BE0061, BioXcell) by adding them
to the media. If inhibitors were added to wild-type mice in which recombination
was not necessary, slices were incubated for 3 days. If slices were obtained from
brains without metastases, 3 ×  104 cancer cells suspended in 2 μl of culture media
were placed on the surface of the slice and incubated for 3 days. The BrdU pulse
(0.2 mg ml–1, B9285, Sigma-Aldrich) was given by adding it in the media 4 h before
fixation. Brain slices were fixed in paraformaldehyde (4%) overnight and then freefloating immunofluorescence was performed. Slices were mounted with MowiolDabco anti-fade reagent. The knockdown level in H2030-BrM (Supplementary
Fig. 2j) was analyzed in the human cancer cells expressing shRNA against STAT3
(TRIPZ STAT3 lentiviral shRNA (RHS4740-EG6774, V2THS_376017 and
V2THS_262105), mature antisense sequence AAGTTTCTAAACAGCTCCA and
TAGTAGTGAACTGGACGCC).
Cell culture. Human and mouse BrM cell lines have been previously
described2,42,61,62. B16/F10-P cells were injected intracardiacally to obtain BrM
derivatives. Briefly, a cell suspension containing 105 B16/F10-P cells expressing a
luciferase construct (blasticidin resistance; 19166, Addgene)63, in a volume of 100 μl,
was injected in the left cardiac ventricle of anesthetized 4–6-week-old C57BL/6
mice. Tumor development was monitored by weekly BLI using the IVIS-200
imaging system. Brain lesions were localized by ex vivo BLI and resected under
sterile conditions. Tissue was minced and placed in culture medium containing a
1:1 mixture of DMEM/Ham’s F12 supplemented with 0.125% collagenase III and
0.1% hyaluronidase. Samples were incubated at 37 °C for 1 h, with gentle rocking.
After collagenase treatment, cells were briefly centrifuged, resuspended in 0.25%
trypsin and incubated at 37 °C for 15 min. Cells were resuspended in culture media
and allowed to grow to confluence on a 10-cm dish. Two additional rounds of
in vivo selection were performed. BrM3 cells were fluorescently labeled with a
lentiviral vector encoding ZsGFP and sorted for further propagation in culture or
inoculation in mice.
MDA231-BrM2 (abbreviated as MDA231-BrM), ErbB2-BrM2 (abbreviated as
ErbB2-BrM), 393N1, 482N1 and B16/F10-BrM3 (abbreviated as B16/F10-BrM)
where cultured in DMEM media supplemented with 10% FBS, 2 mM l-glutamine,
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100 IU ml–1 penicillin/streptomycin and 1 mg ml–1 amphotericin B. H2030BrM3 (abbreviated as H2030-BrM), PC9-BrM3 (abbreviated as PC9-BrM) and
HCC1954-BrM1 (abbreviated as Hcc1954-BrM) were cultured in RPMI1640
media supplemented with 10% FBS, 2 mM l-glutamine, 100 IU ml–1 penicillin/
streptomycin and 1 mg ml–1 amphotericin B. For lentivirus production, 293T
cells were cultured in DMEM media supplemented with 10% FBS, 2 mM
l-glutamine, 100 IU ml–1 penicillin/streptomycin and 1 mg ml–1 amphotericin
B. Mouse astrocytes were obtained from 1- to 3-day-old pups64. In brief, brains
were mechanically dissociated, filtered through 70-μm filters and cell suspension
cultured in a petri dish for the next 7 days. At day 7, the dish was incubated
overnight at 37 °C with gentle shaking. The next day, the media were changed and
astrocyte enrichment was confirmed with >90% of cells staining positive for GFAP.
For experiments involving different cell densities, 20,000 (low density) or 200,000
(high density) cells were plated in poly-lysine-treated glass coverslips and cultured
for 96 h in media with or without a cytokine cocktail consisting of EGF (0.01 µg ml–1;
2028-EG-200, R&D Systems), MIF (0.1 µg ml–1; 1978-MF-0257CF, R&D Systems)
and transforming growth factor-α (TGF-α, 0.1 µg ml–1; 239-A-100, R&D Systems)
in DMEM media with B27 (1×). Cells were fixed in 4% paraformaldehyde and the
expression of pSTAT3 was evaluated by immunofluorescence. BBB assays were
performed with mouse astrocytes, obtained as previously described64, and HUVEC
endothelial cells. HUVEC cells (passages 4–6) were cultured in endothelial
medium (1001, ScienCell; prepared according to the manufacturer’s instructions)
in dishes coated with 1% gelatin in PBS. CD74+ cells were cultured in polylysine-treated glass coverslips with colony-stimulating factor (100 ng ml–1; 315-02,
Peprotech) and MIF (0.1 µg ml–1; 1978-MF-0257CF, R&D Systems) in DMEM
media with B27 (1×).
T cell in vitro experiments. T cells were obtained from the spleen of 10–15-weekold C57BL/6 mice. The whole organ was pressed through a 70-μm cell strainer
and red blood cells were lysed with ACK Lysing Buffer (10-548E, Lonza). Cells
were resuspended in 0.1% BSA in PBS and incubated with FC-Block (553141,
BD Biosciences). CD11c–NK1.1–CD8+ cells were isolated using BD FACSAria IIu
cell sorter (BD Biosciences) and the following conjugated antibodies: anti-mouse
CD8a-FITC (1:200; Tonbo Biosciences), anti-mouse NK1.1-PE (1:200; 12-5941-82,
e-Bioscience. PE, phycoerythrin) and anti-mouse CD11c-APC (1:200; 550261, BD
Biosciences). Then, CD8+ cells were activated with the anti-mouse CD3e clone
145-2C11 (1 µg ml–1; 553066, BD Biosciences) coated plates, soluble anti-mouse
CD28 (37.51) (1 µg ml–1; 70-0281-U500, Tonbo Biosciences) and mouse IL-2
(0.1 µg ml–1; 130-094-054, Miltenyi Biotec) in RPMI medium supplemented
with 10% FBS and penicillin/streptomycin for 1 day before CM from pSTAT3+
and pSTAT3– astrospheres were added. Two days after the addition of CM, flow
cytometry (BD FACSCanto II) was performed using CD44-PE (1:200; 553134, BD
Biosciences) and CD25-PerCP-Cyanine5.5 (1:200; 45-0251-80, e-Bioscience). Pulse
processing and DAPI were used to exclude cell aggregates and dead cells. Between
2,500 and 20,000 single live events were acquired and all data were analyzed using
FlowJo v10.0 (Treestar). Activated CD8+ T cells incubated with CM from pSTAT3+
or pSTAT3– astrospheres were added to B16/F10-BrM cells in a ratio of 1:5 (cancer
cell:CD8+ T cell) for viability assays that were analyzed with bioluminescence.
Cell sorting. GFP+ primary astrocytes previously infected with the EF.STAT3C.
Ubc.GFP plasmid (a gift from L. Cheng (24983, Addgene)65) were selected using
a BD FACSAria IIu cell sorter (BD Biosciences). Cells of interest (GFP+) were
isolated from CX3CR1-E/GFP brains using the BD FACSAria IIu cell sorter and
the following conjugated antibodies: CD74-AF647 (1:200; 151003, Biolegend) and
CD11b-PerCP-Cyanine5.5 (1:200; 45-0112-82, e-Bioscience).
qRT–PCR. Whole RNA was isolated using the RNAeasy Mini Kit (Qiagen).
RNA (1,000 ng) was used to generate cDNA using iScript cDNA Synthesis Kit
(1708890, Bio-Rad). RNA obtained from mouse brains included microdissected
established metastases from human BrM cells, in which the microenvironment
was analyzed by using mouse primers, and microdissected BrM metastases that
had grown in cKO-STAT3 brains treated or not treated with Tmx. In this case,
the microenvironment was separated by dissecting luciferase– tissue immediately
adjacent to luciferase+ cancer cells. Microdissection of the metastasis associated
microenvironment in cKO-STAT3 brains was initially validated by flow cytometry
to confirm the absence of GFP+ cells (data not shown). RNA from BrM cell lines
was obtained from a confluent well from a 6-well plate. RNA from astrospheres
was obtained from cells cultured in 24-well plates or 10-cm plates, both low
attachment. Gene expression was analyzed using SYBR green gene expression
assays (GoTaq qPCR Master Mix, A6002, Promega).
Primers used for human genes (5′  >  3′, forward; reverse):
-STAT3 (CTGAGCTGGCAGTTCTCCTC; GAAGGTGCCTGGAGGCTTAG),
-MDK (CCTGCAACTGGAAGAAGGAG; CTGGCACTGAGCATTGTAGC).
Primers used for mouse genes (5′  >  3′, forward; reverse):
-Stat3 (CAGAAAGTGTCCTACAAGGGCG;
CGTTGTTAGACTCCTCCATGTTC),
-Gfap (ACGTTAAGCTAGCCCTGGAC; GGTGAGCCTGTATTGGGACAA),
-Icam1 (TTTGAGCTGAGCGAGATCGG; AGAGGTCTCAGCTCCACACT),
-Ctgf (GTGCCAGAACGCACACTG; CCCCGGTTACACTCCAAA),
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-Timp1 (GAGACACACCAGAGCAGATACC;
TGGTCTCGTTGATTTCTGGGG),
-Pdl1 (TTCACAGCCTGCTGTCACTT; CTCTCCCCCTGAAGTTGCTG),
-Lcn2 (GAACTTGATCCCTGCCCCAT; TTCTGATCCAGTAGCGACAGC),
-Ptx3 (CTTCCCAATGCGTTCGAAGAAGATTTTTGG;
AACACTTAAGAAACATACTGGGCTCCTCCG),
-Dnmt3a (GCCGAATTGTGTCTTGGTGGATGACA;
CCTGGTGGAATGCACTGCAGAAGGA),
-Vegfa (CCTGGCCCTCAAGTACACCTT; TCCGTACGACGCATTTCTAG),
-Tgfb1 (CTGCTGACCCCCACTGATAC; GTGAGCGCTGAATCGAAAGC),
-Mif (CTTTGTACCGTCCTCCGGTC; CGTTCGTGCCGCTAAAAGTC),
-Cd74 (ATGCATCTGCTCACGAGGTC; GTTACCGTTCTCGTCGCACT),
-Mdk (GTCAATCACGCCTGTCCTCT; CAAGTATCAGGGTGGGGAGA).
The relative gene expression was normalized to the ‘housekeeping’ genes:
Human genes (5′  >  3′, forward; reverse):
-B2M (AGATGAGTATGCCTGCCGTG; TCATCCAATCCAAATGCGGC).
Mouse genes (5′  >  3′, forward; reverse):
-Actin (GGCACCACACCTTCTACAATG; GTGGTGGTGAAGCTGTAGCC).
qPCR reaction was performed on QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems) and analyzed using the QuantStudio 6 and 7 Flex software.
Clinical samples and immunohistochemistry. Ninety-one brain metastases
from lung cancer (44 cases), breast cancer (40 cases), melanoma (2 cases) and
other primary tumors or unknown primary tumors (5 cases) were obtained from
the Vall d’Hebron Hospital, Hospital 12 de Octubre and University Hospital
of Turin. All samples were in compliance with protocols approved by their
respective Institutional Review Board (IRB) (PR(AG)409/2017, CEI.PI.64_2016-v3
and 1-18-01/2016). Cases were selected by three neuropathologists (E.M.-S.,
A.H.-L. and L.B.) to include only cases with peritumoral tissue to evaluate the
microenvironment surrounding brain metastasis. Immunohistochemistry was
performed at the Pathology Department, Vall d’Hebron Hospital, and at the
CNIO Histopathology Core Facility using standardized automated protocols.
Single immunohistochemistry (Autostainer Link, Dako or Ventana Discovery
XT, Roche) was initiated by performing antigen retrieval with high or low pH
buffer (depending on the primary antibody) and, after endogenous peroxidase
was blocked (peroxide hydrogen peroxidase at 3%), slides were then incubated
with the appropriate primary antibody as detailed: GFAP (ready to use; IR524,
Dako), pSTAT3 (Tyr705) (D3A7, 1:100; 9145, Cell Signaling), ICAM1 (1:500;
HPA004877, Sigma-Aldrich), STAT3 (F-2, 1:100; sc-8019, Santa Cruz) and nestin
(EPR1301(2), 1:350; ab176571, Abcam). After the primary antibody, slides were
incubated with the corresponding secondary antibodies and visualization systems
when needed (EnVision FLEX+, Dako) conjugated with horseradish peroxidase.
Immunohistochemical reaction was developed using 3,3-diaminobenzidine
tetrahydrochloride (DAB). Nuclei were counterstained with Carazzi’s hematoxylin.
Finally, the slides were dehydrated, cleared and mounted with a permanent
mounting medium for microscopic evaluation. Antigen retrieval for double
immunohistochemistry (Ventana Discovery XT, Roche) was performed with high
pH buffer (CC1 mild), endogenous peroxidase was blocked (hydrogen peroxide
at 3%) and slides were then incubated with the appropriate primary antibody as
detailed: pSTAT3 (Tyr705) (D3A7, 1:100; 9145, Cell Signaling) and GFAP (ready
to use; IR524, Dako). After the primary antibody, slides were incubated with
the corresponding secondary antibodies and visualization systems when needed
(OmniMap anti-rabbit, Ventana, Roche) conjugated with horseradish peroxidase.
Immunohistochemical reaction was developed using DAB (Chromomap DAB,
Ventana, Roche) and purple chromogen (Discovery Purple Kit, Ventana, Roche),
respectively. Nuclei were counterstained with Harrys’ hematoxylin. Finally,
the slides were dehydrated, cleared and mounted with a permanent mounting
medium for microscopic evaluation. Double immunohistochemistry was
performed consecutively. Immunostains were blindly evaluated and scored by
clinical neuropathologists (E.M.-S. and S.R.y.C). The expression in astrocytes and
metastatic cells was independently evaluated. Forty samples had annotated clinical
history related to time to death from diagnosis of the secondary tumor in the brain.
Immunofluorescence and immunohistochemistry. Tissue for
immunofluorescence was obtained after overnight fixation with 4% PFA at 4 °C.
Slicing of the brain was done by using a vibratome (Leica) or sliding microtome
(Fisher). Both types of brain slices (250 μm and 80 μm, respectively) were blocked
in 10% NGS, 2% BSA and 0.25% Triton X-100 in PBS (PBS-Triton) for 2 h at room
temperature. Primary antibodies were incubated overnight at 4 °C in the blocking
solution and the following day for 30 min at room temperature. After extensive
washing in PBS-Triton 0.25%, the secondary antibody was added in the blocking
solution and incubated for 2 h. After extensive washing in PBS-Triton 0.25%, nuclei
were stained with bisbenzimide (1 mg ml–1; Sigma) for 7 min at room temperature.
Primary antibodies: GFP (1:1,000; GFP-1020, Aves Labs), STAT3 (Tyr705) (1:100;
9145, Cell Signaling), GFAP (1:1,000; MAB360, Millipore), IbaI (1:500; 019-19741,
Wako), nestin (1:100; 556309, BD Biosciences), NeuN (1:500; MAB377, Millipore),
cleaved caspase 3 (1:500; 9661, Cell Signaling), BrdU (1:500; ab6326, Abcam),
CD8 (1:100; NB200-578, Novus Biologicals), CTGF (L-20) (1:200; sc-14939,
Santa Cruz), ICAM1 (1:100; 553249, BD Pharmigen), PD-L1 (B7-H1, clone
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10 F.9G2, 1:100; BE0101, BioXcell), CD74 (1:100; 555318, BD Biosciences), CD31
(1:100; 550274, BD Pharmingen), collagen IV (1:500; AB756P, Millipore), CD68
(KP1) (1:200; ab955, Abcam), STAT3-α(D1A5) (1:100; 8768, Cell Signaling),
β-III tubulin (2G10) (Tuj1) (1:100; ab78078, Abcam) and Olig 2 (1:500; AB9610,
Millipore). Secondary antibodies: Alexa-Fluor anti-chicken 488, anti-rabbit 555,
anti-mouse 555, anti-mouse 633 and anti-mouse 647 (dilution 1:300; Invitrogen).
The same protocol was applied to stain astrospheres. Brain slices or astrospheres
were pre-treated with methanol for 10 min at −20 °C before the blocking step for
the immunofluorescence against pSTAT3. Immunohistochemistry against STAT3
(Tyr705) (1:100; 9145, Cell Signaling) was performed in paraffin-embedded
brain sections (5 μm) using standardized automated protocols at the CNIO
Histopathology Core Facility, as described above.
Quantification and statistics. Data are represented as the mean ±  s.e.m. When
comparisons were done between two experimental groups, an unpaired, two-tailed
Student’s t-test was used. Overall survival was calculated by the Lung-molGPA
tool and Kaplan–Meier survival curves were generated. For survival curves,
P values were obtained with log-rank (Mantel–Cox) two-sided tests. Heatmaps
were generated using Morpheus software (https://software.broadinstitute.org/
morpheus/). For comparisons in cKO-STAT3 atrocytes and astrospheres, a relative
scale that takes the minimum and the maximun values for each gene was used for
the representation. For comparisons in human BrM metastases and BrM cytokines,
we globally set the minimum as 0 and the maximum as 2.5 and −1.5 and 1.5,
respectively, for all the genes.
Astrosphere assays. Mouse astrocytes were treated with CM from BrM cell lines or
with a cytokine cocktail including EGF (0.01 µg ml–1; 2028-EG-200, R&D Systems),
MIF (0.1 µg ml–1, 1978-MF-0257CF, R&D Systems) and TGF-α (0.1 µg ml–1,
239-A-100, R&D Systems) in DMEM media with B27 (1×) for 96 h. After
treatment, 104 astrocytes were seeded in low-attachment plates and incubated for
7 days in the presence of the same media to evaluate the ability to form astrospheres.
CM from BrM cell lines were obtained after 3 days of incubation of cancer cells in
DMEM supplemented with 0.25% FBS, 2 mM l-glutamine, 100 IU ml–1 penicillin/
streptomycin and 1 mg ml–1 amphotericin B. After being collected, the media were
filtered and added to astrocytes. CM from astrospheres were also collected, filtered
and added to activated CD8+ T cells or wild-type brain slices. The astrosphere assay
from adult brains started by microdissecting BLI+/GFP+ BrM lesions and a similar
volume from a brain without metastases. Tissue was minced and pressed through a
70-μm cell strainer. The single-cell suspensions from both experimental conditions
were seeded in low-attachment plates and the astrosphere assay proceeded as
described above. The second generation of astrospheres was obtained after
trypsinization of the original astrospheres and plating of 104 cells under the same
culture conditions. The differentiation protocol that was applied to astrospheres
consisted of trypsinization of established astrospheres to then seed the single-cell
suspension in poly-lysine-treated coverslips. Cells were subsequently incubated in
DMEM media supplemented with 10% FBS. Coverslips were fixed in 4% PFA and
stained with indicated antibodies.
Proteomics. Astrospheres were plated in phenol red-free DMEM for 48 h. CM
were obtained from the two experimental conditions (pSTAT3– and pSTAT3+)
and solubilized in urea and digested with Lys-C/trypsin using the standard FASP
protocol. Every biological replicate (three) was divided into a total of four technical
replicates during sample preparation and digestion. Peptides were analyzed by
LC–MS/MS analysis using an Impact mass spectrometer (Bruker). Raw files were
analyzed with MaxQuant against a mouse protein database, and the MaxLFQ
algorithm was used for label-free protein quantification. Further data analysis was
done with Perseus. The two-sample Student’s t-test with a permutation-based false
discovery rate was performed. Only proteins with q < 0.05 and a log2 ratio of >2 or
<−2 were considered as deregulated among both experimental conditions. Data
are available at PRIDE (PXD008956).
In silico modeling. The homology-modeling algorithm SWISS-MODEL was
used to generate a computational homology model of the human STAT3 protein.
The human amino acid sequence (Uniprot ID: P40763) was extracted from
Uniprotkb and the three-dimensional crystal structure of the mouse STAT3
homodimer bound to DNA (Protein Data Bank ID: 1BG1] was used as template.
The tridimensional structure of the A662C/N664C mutant STAT3C was generated
using the Mutator plugin available in the Visual Molecular Dynamics software
(version 1.9.1). Before production runs, possible steric clashes generated during
homology modeling were eliminated by performing molecular dynamic (MD)
simulations with the CHARMM all-atom force field integrated in the GROMACS
simulation package (version 2016.4). In addition, simulations were carried
out in explicit solvent using Amber99SB-ILDN and the SPC water model with
the imposition of periodic boundary conditions via a rhombic dodecahedron
simulation box. The temperature was maintained at 300 K using a Berendsen
thermostat with a time constant of 1 ps, and the pressure was maintained at 1 bar
using a Berendsen barostat with a time constant of 0.5 ps and an isothermal
compressibility set to 4.5 ×  10−5 bar−1. In all simulations, the integration time step
was 2 fs, and the lengths of covalent bonds with hydrogen atoms were constrained
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to their equilibrium lengths using the LINCS algorithm. The energy minimization
procedure of the solvated system using the steepest descent algorithm was followed
by a MD simulation at the target temperature using harmonic position restraints
on the heavy atoms of the protein with a force constant of k = 1,000 kJmol−1 nm−2
to equilibrate water and ions. The whole system was heated from 0 to 300 K,
followed by a 100 ns production run without any position restraints. Snapshots
of MD trajectories were saved at 50-ps intervals for further analysis. All docking
calculations were performed using Itzamna and Kin (www.mindthebyte.com),
classical docking and blind-docking software tools over the best-generated models
of silibinin–target complexes (that is, native STAT3 and A662/N664C mutant
STAT3C). Short (1 ns) MD simulations were performed using NAMD version 2.10
over the best-docked complexes, which were selected based on the interaction
energy. The Ambers99SB-ILDN and the GAFF force field set of parameters were
used for STAT3 and silibinin, respectively. The GAFF parameters were obtained
using the Acpype software, whereas the STAT3 structures were modeled using
the leap module of Amber Tools. The simulation procedures were similar to
those described above for the set-up of equilibrated MDs using NAMD instead
of GROMACS after making some minor changes. The pressure was maintained
using a Langevin Piston barostat instead of a Berendsen barostat, and bond
lengths to hydrogens were constrained with the SHAKE algorithm instead of
LINCS. Simulations were carried out in explicit solvent using the TIP3P water
model with the imposition of periodic boundary conditions via a cubic box.
Molecular mechanics/generalized borne surface area (MM/GBSA) calculations
were performed to calculate the alchemical binding free energy (∆Gbind) of silibinin
against native STAT3 and mutant STAT3C. MM/GBSA rescoring was performed
using the MMPBSA.py algorithm within AmberTools. The snapshots generated
in the 1-ns MD simulation were imputed into the post-simulation MM/GBSA
calculations of the binding free energy. Graphical representations were prepared
using Visual Molecular Dynamics version 1.9.1, LigPlot+ and PLIP version 1.3.0.
The predicted binding site residues of silibinin, the STAT3-SH2 domain, were
defined using evidence-based interaction analyses of known STAT3 inhibitors with
well-defined binding residues in the SH2 site.
Human patients treated with Legasil. Eighteen individuals with lung cancer and
brain metastasis were treated with Legasil at the Catalan Institute of Oncology,
Hospital Universitari Dr. Josep Trueta of Girona (Spain). Each capsule of Legasil
contains 210 mg Eurosil85 (60% of silibinin isoforms). Legasil (Meda Pharma,
Rottapharm-Madaus) was started at a dose of 2 capsules per day (1-0-1) for
3 days and increased progressively every 3 days to reach up to a dosage of 5
capsules (1,050 mg of Eurosil85) or until toxicity was observed. The only toxicity
observed was diarrhea, which remitted upon interruption of the treatment.
Once diarrhea was controlled, treatment with Legasil was reinitiated at a lower
dose. All individuals gave written informed consent. The experimental protocol
was approved by the Ethics Committee of the Hospital Universitari Dr. Josep
Trueta (CEA.HUJT:17/06). We certify that all applicable institutional regulations
concerning the ethical use of information from human patients were followed
during this research. To evaluate the response of brain metastases, one-dimensional
measurement was used following the Response Assessment in Neuro-Oncology
(RANO) Brain Metastasis criteria66. Measurable disease was considered when
lesions had at least one dimension with a minimum size of 10 mm. Most of the
patients had been evaluated with brain MRI, with only one patient evaluated by
brain CT scan. Extracranial response was determined following the Response
Evaluation Criteria in Solid Tumors (RECIST) guideline version 1.1 (ref. 67).
Pharmacokinetics of chemotherapy in experimental brain metastasis. Three
10-week old female C57BL/6 mice were used for each experimental condition
(pemetrexed alone or in combination with Legasil) 7 days after being injected
with 482N1 cells (40,000 cells in 2 μl, intracranial) to determine the pemetrexed
levels in the plasma and the brain. Pemetrexed (100 mg per kg) was formulated
in 0.9% sodium chloride for intravenous administration, and Legasil (200 mg
per kg) was formulated in MilliQ water for oral administration. One hour after
administration, plasma and brain samples were collected. The extraction of
pemetrexed was achieved by solid-phase extraction followed by high-performance
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liquid chromatography/tandem mass spectrometry (Agilent 1100, Sciex QTRAP
5500 System) analysis. The amount of pemetrexed in each mouse plasma and brain
samples was quantified based on calibration curves generated using standards of
known concentrations of pemetrexed. This assay method was sufficiently accurate
for the quantification of pemetrexed with a limit of detection and a low limit of
quantification of 6.2 ng ml–1. To determine the concentration of pemetrexed in the
plasma, around 1 ml of blood was centrifuged (at 3,000 r.p.m. for 10 min at 4 °C)
immediately after the extraction. Brain samples were homogenized in 4 volumes of
H2O and sonicated for 10 min followed by centrifugation at 10,000 r.p.m. for 5 min.
The supernatant was stored at −20 °C until processing. For the conversion of brain
concentrations in ng g–1 to ng ml–1, a tissue density of 1 was assumed.
BBB assays. The BBB assay was performed as previously described61. The
concentration of pemetrexed to be used (50 nM) was initially defined according to
its ability to kill 60% of the 482N1 cell line without any damage observed in either
the endothelial cells or astrocytes (data not shown). After establishment of the
BBB, pemetrexed (50 nM) with or without silibinin (100 μM) was added to the top
chamber of the inserts and incubated for 48 h. Subsequently, albumin-Evans Blue
(BSA-eb) (10 mg ml–1 BSA, 0.17 mg ml–1 Evans Blue) was added to the top chamber
and incubated for 50 min to allow its potential diffusion to the lower chamber61,
after which media from the lower chamber were collected and filtered using a
0.22-μm syringe filter before measuring the absorbance61 (Synergy 4 microplate
reader, Biotek). A similar experiment without the addition of BSA-eb was
developed in which pemetrexed (50 nM) with or without silibinin (100 μM) was
added to the top chamber of the insert and incubated for 12 h to allow diffusion.
The media from the bottom chamber were then filtered using a 0.45-μM syringe
filter to remove cell debris and added to the 482N1 cells. The 482N1 cells
were cultured for 48 h and changes in cell numbers were analyzed, comparing
pemetrexed versus pemetrexed plus silibinin. As a control, we used media from the
bottom chamber of inserts that did not receive pemetrexed or silibinin.
Image acquisition and analysis. Images were acquired with a Leica SP5 up-right
confocal microscope ×10, ×20, ×40 and ×63 objectives and analyzed with ImageJ
software and Definiens developer XD 2.5. Astrospheres were imaged with a Leica
DMi1 inverted microscope.
Ethics statement. All experiments performed as well as human data are in
compliance with ethical regulations.
Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.
Data availability. All published non-commercial reagents can be made available
upon request to the corresponding author. The proteomics data are available at
PRIDE (PXD008956).
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Data analysis

ImageJ and Definiens developer XD 2.5. for image analysis, Morpheous for heatmap generation, brainmetgpa for estimating survival . All
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Molecular Dynamics (VMD) software (version 1.9.1), GROMACS simulation package (version 2016.4), NAMD version 2.10, Acpype,
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and 7 Flex Software for qRT-PCR
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Sample size

Sample size was determined according to our previous experience with both brain organotypic cultures (Martini, Valiente et al. Development.
2009; Valiente et al. Journal of Neuroscience. 2011; Valiente et al. Cell. 2014; Chen et al. Nature. 2016) and in vivo models of brain metastasis
(Valiente et al. Cell. 2014; Chen et al. Nature. 2016). Organotypic culture includes, at least, 4 individual replicas measured with
bioluminescence and histological validation. In vivo brain metastasis models requires, at least, 8 individual animals measured with
bioluminescence ex vivo and histological validation. This sample size requirements were achieved in each individual experiment presented in
the manuscript. In vitro experiments (astrosphere assays, T cell co-culture, culture of cancer cells) include at least 3 replicas.

Data exclusions

No data has been excluded from any of the experiments presented in the manuscript

Replication

All data incorporated in the paper has been replicated with reproducible results.

Randomization

Brain cultures or animals receiving treatments were randomized into control or experimental arms according to:
-Brain organotypic cultures: Bioluminiscence imaging at day 0 allowed to generate two groups with homogeneous values so no biased in any
of them could interfere with the hypothesis being tested through the use of the inhibitor or genetic manipulations.
-Mice were homogenized regarding age (4-8 weeks) and sex to be present in both control and experimental groups at similar percentages so
no biased can influence the effect of the inhibitor or genetic manipulation.

Blinding

Neuropathologists were blinded to interpret the staining of human samples. Investigators were not blinded during data collection, however
data collection occurs simultaneously to both control and experimental group in the case of organotypic brain cultures, given that both are
located within the same plate that was imaged, so exactly the same settings were applied to both groups. The same simultaneous data
collection applies to in vitro cancer cell culture with bioluminescence or astrosphere imaging for number/ size analysis. Data collection was
blinded in the case of in vivo brain metastasis experiments.
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Obtaining unique materials

Al BrM models are available at the MSKCC cell repository and the one generated in this study (B16/F10-BrM) will be made
available upon request. The mouse model generated (cKO-Stat3) could be made available upon authorization from its original
sources (Jax lab, and Valeria Poli). Legasil and silibinin use in the formulation of Legasil was provided by MEDA.
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Unique materials

Antibodies
Antibodies used

All antibodies used are commercially available and we indicate their specific dilution and lot number if available. For human
samples pSTAT3 (Tyr705) was initially validated using a positive control as suggested in the antibody data sheet. The same was
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Validation
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applied to the ICAM1 antibody applied to human samples. Both validations were performed in an automated manner and by
personnel belonging to our core facilities. GFP, GFAP, pSTAT3 (Tyr705), BrdU, cleaved Caspase 3, Nestin are very well established
antibodies in the field with a very specific staining pattern that we initially confirmed. Nestin was validated using embrionic brain
tissue. pSTAT3 staining was validated by the use of various inhibitors targeting the activation of this pathway. BrdU staining was
only observed upon previous administration of the thymidine analog. GFAP was validated staining normal brains, where no
staining can be detected. Primary antibodies for immunofluorescence: GFP (Aves Labs, ref. GFP-1020, 1:1,000), STAT3 (Tyr705)
(Cell Signaling, ref. 9145, 1:100), GFAP (Millipore, ref. MAB360, 1:1000), IbaI (Wako, ref. 019-19741, 1:500), Nestin (BD
Bioscience, ref. 556309, 1:100), NeuN (Millipore, ref. MAB377, 1:500), cleaved caspase-3 (1:500, ref. 9661; Cell Signaling), BrdU
(Abcam, ref.ab6326, 1:500), CD8 (Novus Biologicals, ref. NB200-578, 1:100), CTGF (L-20) (Santa Cruz, ref. sc-14939, 1:200),
ICAM1 (BD Pharmigen, ref. 553249, 1:100), PD-L1 (B7-H1, clone 10F.9G2)(BioXcell, ref. BE0101, 1:100), CD74 (BD Biosciences,
ref. 555318, 1:100), CD31 (BD Pharmingen, ref. 550274, 1:100), Collagen IV (Millipore, ref. AB756P, 1:500), CD68 (KP1) (Abcam,
ref. ab955 1:200), STAT3α (D1A5) (Cell Signaling, ref. 8768, 1:100), Beta III Tubulin (2G10) (Tuj1) (Abcam, ref. ab78078, 1:100),
Olig 2 (Millipore, ref. AB9610, 1:500). Secondary antibodies: Alexa-Fluor anti-chicken488, anti-rabbit555, anti-mouse555, antimouse633, anti-mouse647 (Invitrogen, dilution 1:300). Primary antibodies for immunohistochemistry: GFAP (Dako, ref. IR524,
ready to use), p-STAT3 (Tyr705) (D3A7, Cell Signaling, ref. 9145, 1:100), ICAM1 (Sigma-Aldrich, ref. HPA004877, 1:500), STAT3
(F-2, Santa Cruz, ref. sc-8019, 1:100), Nestin (EPR1301(2), Abcam, ref. ab176571, 1:350). Antibodies for flow citometry: antimouse CD8a-FITC (Tonbo Biosciences, ref.35-008-1, 1:200), anti-mouse NK1.1-PE (e-Bioscience, ref. 12-5941-82, 1:200) and antimouse CD11C-APC (BD Biosciences, ref. 550261, 1:200), CD44-PE (BD Biosciences, ref. 553134, 1:200) and CD25-PerCPCyanine5.5 (e-Bioscience, ref. 45-0251-80, 1:200), CD74-AF647 (1:200; Biolegend ref. 151003) and CD11b-PerCP-Cyanine5.5
(1:200; e-Bioscience ref. 45-0112-82).
All antibodies used have been used based on its previous validation as provided by the vendor and/or previous publications.
When genetic models were available (cKO-Stat3) antibodies were validated on them as well.

Eukaryotic cell lines
Policy information about cell lines
Cell line source(s)

MDA231-BrM2, ErbB2-BrM2, 373N1, 393N1, 482N1, 2691N1, H2030-BrM3, PC9-BrM3 and HCC1954-BrM1 were obtained
from MSKCC (Joan Massagué lab). B16/F10-BrM3 was generated in Valiente lab.

Authentication

Cancer cell lines used have been obtained from the same batches that were previously published (Valiente et al. Cell 2014).
Cell lines were validated by morphological analysis and their behavior in vivo. To discard any cell line specific mechanism we
have incorporated to our study a large variety of brain metastatic models.

Mycoplasma contamination

All cell lines were tested to be free from Mycoplasma contamination.

Commonly misidentified lines

No commonly misidentified cell lines were use in this study

(See ICLAC register)

Research animals
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Animals/animal-derived materials

We have used nude animals (Hsd:Athymic Nude-Foxn1nu) bough to Envigo and C57BL/6 animals obtained from the
inbred colony at CNIO (This colony was established from C57BL/6JOlaHsd from Envigo and it is renewed every two years
with new animals from the original colony). The cKO-Stat3 was established from founder animals obtained from Jackson
Labs (ref. 012849) and founder animals from Valeria Poli and then maintained with C57BL/6 animals. The Cx3cr1-EGFP
mice was established from founder animals obtained from Jackson Labs (ref. 005582). Mice used in experiments have
4-10 weeks of age. Nude mice are females. Singeneic strains are males and females, with an equal distribution between
control and experimental cohorts.

Human research participants
Policy information about studies involving human research participants
Population characteristics
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Human patients included in the analysis of pSTAT3 by immunohistochemistry included 91 samples from lung adenocarcinoma
(44 samples), breast adenocarcinoma (40 samples), melanoma (2 samples) and other primary tumors (5 samples) obtained
through surgical resection at three different institutions (Vall d´Hebron Hospital, University and City of Health and Science
University Hospital of Turin, Hospital Universitario 12 de Octubre. Clinical information regarding diagnosis of brain metastasis
and exact date of death were included, when available, also in the analysis to determine survival. Both control and Legasil®
groups were treated at the same institution (Dr. Josep Trueta University Hospital). Detailed information regarding sex (P=0.457),
age (P= 0.986), Karnosfky PS (P= 0.008), extracranial metastases (P= 0.693), histology (P= 0.725), BM status (P= 0.394), GPA
prognostic class (P= 0.066), gene status (P= 0.047), number of BM (P= 0.484), size of biggest BM (P= 0.806) as well as specific
chemotherapy receiving previous to diagnosis of brain metastases, 1st, 2nd, 3rd and 4th lines of therapy is provided. Note that
no differences in clinical variables were notice with the exception of Karnofsky PS, in which the control group had a better index,
and the gene status, in which the Legasil® cohort had more patients with mutations in the primary tumor susceptible to be
treated with targeted therapies. This last consideration was discarded to be responsible for the benefit derived of using Legasil®
because removal of theses subpopulation of patients did not change the main conclusion.
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ChIP-seq
Flow cytometry
Magnetic resonance imaging

Flow Cytometry
Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
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Method-specific reporting

All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation

T cells/GFP+ cells were obtained from the spleen/ brain of 10-15 week-old C57BL/6 mice/Cx3cr1-EGFP mice. Organs were
dissected and pressed through a 70 μm cell strainer and red blood cells were lysed with ACK Lysing Buffer (Lonza, ref. 10-548E).
Cells were concentrated by centrifugation for 5 min at 2,000 rpm and resuspended in BSA 0.1% in PBS in single cell condition
after passage through a mesh (50 μm). Then, samples were incubated with Fc-Block (BD, ref. 553141) and stainings were
performed.
Cultured CD8+ T cells/primary mouse astrocytes infected with the EF.STAT3C.Ubc.GFP plasmid were collected/trypisinized and
washed with PBS 1X. Cells were resuspended in BSA 0.1% in PBS and incubated with Fc-Block (BD, ref. 553141) for later staining
as described above.
For cell sorting the following buffer was used: FBS 2%, HEPES 25 mM, 10 U/ml DNase in PBS.

Instrument

BD FACSAria IIu cell sorter (BD, San Jose CA) and BD FACSCanto II (BD, San Jose CA) equipped with 488 nm, 633 nm and 407 nm
lasers.

Software

All data was collected and performed with BD FACSdiva v6.1.3 (BD, San Jose CA) and analyzed using FlowJo v10.1 (Treestar, OR).

Cell population abundance

Between 2,500 and 20,000 single live events from the populations of interest were acquired to analyze and between 5,000 and
70,000 events were sorted to culture.

Gating strategy

Pulse processing and DAPI were used to exclude cell aggregates and dead cells and Fluorescence minus one controls were used
to perform the gating of the different subpopulations analysed.
For the experiments shown in figure 4b and supplementary 4b, the live single population, excluding debris, was gated to select
the doble negative CD11c-APC NK1.1-PE subpopulation that was used to sort CD8-FITC positive cells (>10x3). Sorted CD8+ cells
were then used for the experiments to analyze CD44-PE and CD25-PerCP-Cyaninne5.5 expression. Analysis include percentage of
cells above 10x3 for both cell surface markers.
Last steps of the gating strategy are shown in figure supplementary 4b, the complete strategy is provided in the attached file.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Supplementary Figure 1.
a. Immunohistochemistry performed in consecutive paraffin sections of a human
brain metastasis shows pSTAT3+ (Tyr705) cells mostly circumscribed to GFAP+
cells. Arrows point to pSTAT3+ cancer cells. b. Representative images with different
numbers of positive (black arrows) and negative (white arrows) pSTAT3+ reactive
astrocytes. High magnification shows differences in intensity. Scale bar: 50 µm, 10
µm (high magnification). c. Quantification of the relative abundance of pSTAT3+
reactive astrocytes within GFAP+ cells in previously scored samples using a
semiquantitative analysis. Values indicate mean percentage of double positive cells.
Error bars, S.E.M. (n=2-3 metastases per category, 73-119 mean GFAP+ cells per
metastasis from 2-4 FOV.). P value is calculated using two-tailed t test. d. Images of
cancer cells or surrounding microenvironment stained with total STAT3
immunohistochemistry. Scale: 25 µm. e. Same patients as in Fig.1d were used to
generate a survival curve according to the same criteria but scoring pSTAT3 in
cancer cells (Score 3, n=7, and 2, n=17) and low (Score 1, n=9, and 0, n=6). P
values obtained with log rank (Mantel-Cox) test two-sided. f,h. Representative
images of wild type C57BL/6 mice two weeks after being inoculated with B16/F10-P
or B16/F10-BrM cells intracardiacally. Images showing the BLI of brains (f) and
thorax and abdomen (h) are shown. Dotted line indicated the body of mice. g.
Quantification of bioluminescence imaging (BLI) in the head. Values are shown in
box-and-whisker plots where every dot represents a different animal and the line in
the box corresponds to the median. Whiskers go from the minimum to the maximum
value (n=8 mice per experimental condition). P value is calculated using two-tailed t
test. i. Survival curve comparing B16/F10-P (n=8) with B16/F10-BrM (n=9) cell lines.
P value (P=0.0048) is calculated using log rank (Mantel-Cox) test two-sided. j. High
magnification of reactive astrocytes (RA) with activated STAT3 (Tyr705) in brain
metastasis models shown in Fig.1f. Scale bar: 5 µm. k. Percentage of double labeled
pSTAT3+/ GFAP+ cells. Values indicate mean values ± SEM, 3 metastases were
scored in each model. l. Representative images of the interface between reactive
astrocytes and the metastatic lesion stained with total STAT3. Cc: cancer cells. RA:
reactive astrocytes. Scale bar: 12.5 µm. m. Quantification of the experiment in (l).
Mean intensity of total STAT3 in the nuclei was quantified. Each dot represents a cell
(reactive astrocytes, n=34; cancer cells, n=36; 3 metastases in the ErbB2-BrM
model; reactive astrocytes, n=44; cancer cells, n=53; 5 metastases in the H2030-BrM
model). Values are shown in box-and-whisker plots where every dot represents a cell
and the line in the box corresponds to the median. Whiskers go from the minimum to
the maximum value. n. Double immunofluorescence of pSTAT3 (Tyr705) and
different components of the microenvironment surrounding brain metastases. All
images correspond to the immediate vicinity of a GFP+ brain metastasis. Scale bar:
25 µm. This result was reproduced in three independent staining with different brains.
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Supplementary Figure 2
a. Representative images of GFP+ B16/F10-BrM metastases scored according to the
amount of pSTAT3 (Tyr705) signal in the surrounding microenvironment. Colored
squares on the top-right corner correspond to the quantification in (b). Scale bar: 100
µm. b. Distribution of B16/F10-BrM metastases according to the associated pStat3
signal in the surrounding microenvironment (n=28 control metastases, 7 tamoxifen
treated metastases) comparing Tamoxifen treated and untreated cKO-Stat3 mice. c.
Quantification of the mean number of GFP+ B16/F10-BrM brain metastases found
cKO-Stat3 model in Tamoxifen treated or untreated mice. Error bars, S.E.M. (n=11
brains per experimental condition). P value is calculated using two-tailed t test. d.
4OH-Tmx (1µM) treatment of B16/F10-BrM cells in vitro does not influence their
growth rate measured by bioluminescence signal (Control: n=22; mean ± S.E.M.
bioluminescence fold increase at day 5= 43.00 ± 6.36; 4OH-Tmx: n=20; mean ±
S.E.M. bioluminescence fold increase at day 5= 43.61 ± 7.19). e. B16/F10-BrM
established brain metastases in wild type mice treated with Tmx (1µM) grow as
control brain cultures (n=4 organotypic cultures per experimental condition; Control:
mean ± S.E.M. bioluminescence fold increase at day 5= 130.24 ± 53.04; 4OH-Tmx:
mean ± S.E.M. bioluminescence fold increase at day 5= 167.74 ± 88.79). f. Schema
of experimental design. 4OH-Tmx or WP1066 were added to cKO-Stat3 brain slices
containing established B16/F10-BrM metastases. g,h. Organotypic brain cultures
with B16/F10-BrM established brain metastases treated or untreated with 4OH-Tmx.
Various cell types could be observed including reactive astrocytes (g), capillaries (h)
and neurons (h). Addition of 4OH-Tmx significantly reduced pSTAT3+ reactive
astrocytes and tumor burden however with no effect on neurons or capillaries (h). i.
Quantification of the bioluminescence signal emitted by 482N1 established
metastases in cKO-Stat3 mice comparing 4OH-Tmx (1µM) treated and untreated
cultures. Values are shown in box-and-whisker plots where every dot represents an
individual organotypic culture and the line in the box corresponds to the median.
Whiskers go from the minimum to the maximum value (n=4 organotypic cultures per
experimental condition). P value is calculated using two-tailed t test. j.
Representative images of the histology from the experiment shown in (f). CC3:
cleaved Caspase 3. pSTAT3 (Tyr705) signal was scored in areas surrounding GFP+
cells. Scale bar: 250 µm (BrdU), 100 µm (CC3), 75 µm (pSTAT3). k. Quantification of
the mean percentage of BrdU positive cancer cells in cKO-Stat3 organotypic cultures
treated with 4OH-Tmx. Error bars, S.E.M. (n=8 field of view from 3 metastases per
experimental condition). P value is calculated using two-tailed t test. l. Quantification
of the mean percentage of cleaved Caspase 3 positive cancer cells in cKO-Stat3
organotypic cultures treated with 4OH-Tmx. Error bars, S.E.M. (n=4 field of view from
2 metastases per experimental condition). P value is calculated using two-tailed t
test. m. Representative images of the histology from the experiment shown in Fig.2j.
Scale bar: 50 µm n. Quantification of mean BrdU positive cancer cells in cKO-Stat3
brain with or without Tmx from experiment shown in (j). Error bars, S.E.M. (n=6
metastases per experimental condition, 2 different brains). P value is calculated
using two-tailed t test. o. Representative images of brain colonization by B16/F10BrM at two different time points after intracardiac injection. Lower panels show the
relative abundance of pStat3+ reactive astrocytes. Scale bar: 100 µm, 20 µm (high
magnification). This result was reproduced in three independent staining with
different brains. p. Representative images of brain colonization by B16/F10-BrM at
three different time points after intracranial injection. White arrows indicate the area
occupied by the lesion. Two magnifications per time-point show the relative
abundance of reactive astrocytes and the gradual emergence of pStat3+. An
additional magnification shows individual astrocytes with pStat3. Scale bar: 500 µm,
50 µm (high magnification), 25 µm (individual astrocytes in 3 days and 6 days). This
result was reproduced in three independent staining with different brains. q. Brains
analyzed 6 days after initiation of Tmx treatment (3 days from intracranial injection).

Decreased pSTAT3 signal is evident in reactive astrocytes receiving Tmx. Rest of
brains injected intracranially were analyzed at 15 days (Fig.2j-l). Scale bar: 500 µm,
50 µm (high magnification). This result was reproduced in three independent staining
with different brains. r. Quantification of the bioluminescence signal emitted by
iH2030-BrM shSTAT3 (sh2) cells in each brain slice normalized to the initial value
obtained at Day 0, before the addition of any treatment. Values are shown in boxand-whisker plots where every dot represents a different organotypic culture and the
line in the box corresponds to the median. Whiskers go from the minimum to the
maximum value (No Dox, n=9; Dox, n=10; WP1066, n=9; WP1066+ Dox, n=9
organotypic cultures in each experimental condition, 2 independent experiments). P
value is calculated using two-tailed t test. Representative images of brain organotypic
cultures with established iH2030-BrM shSTAT3 (shRNA#2) metastases (Luciferase+)
grown ex vivo for five days untreated (i) or in the presence of Doxycycline (1 µg/ml)
(ii), WP1066 (10 µM) (iii) or both (iv). Bioluminescence scale: minimum: 1x107;
maximum.
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Supplementary Figure 3
a. Heatmap indicating human or mouse STAT3 activating cytokines scored in
multiple BrM cell lines by qRT-PCR. Level of each cytokine was evaluated in three
independent experiments relative to their parental non-brain tropic cell lines. b.
Representative images of primary astrocyte cultures under adherent conditions with
different densities and in the presence or absence of the cytokine cocktail. Scale bar:
30 µm. c. Quantification of the experiment in (b). Nuclei from single astrocytes were
analyzed for pSTAT3 intensity. Values are shown in box-and-whisker plots where
every dot represents a different cell and the line in the box corresponds to the
median. Whiskers go from the minimum to the maximum value (High density/ no
cytokines: n=62 cells; High density/ cytokines: n=90 cells; Low density/ no cytokines:
n=12 cells; Low density/ cytokines: n=31 cells). P value is calculated using two-tailed
t test. d. Representative images of astrospheres incubated with and without BrM CM.
More and bigger astrospheres were found when incubated with BrM CM. Scale bar:
1 mm. e. Quantification of the mean size of astrospheres induced by the CM of
H2030-BrM cell line. Error bars, S.E.M. (n=10 wells control, 8 wells CM H2030-BrM,
3 wells H2030-BrM with WP1066). P value is calculated using two-tailed t test. f.
Representative images of cKO-Stat3 derived astrospheres that were generated in
the presence or absence of 4OH-Tamoxifen (1µM) and the cytokine cocktail (Fig.3b).
Scale bar: 2 mm, high magnification 100 µm. g. Quantification of the experiment in
(f). Values correspond to the mean size of astrospheres. Error bars, S.E.M. (n=4
wells per condition). P value is calculated using two-tailed t test. h. Nestin
immunohistochemistry in reactive astrocytes surrounding human brain metastases.
Scale bar: 50 µm. i. Quantification of the second generation of astrospheres upon
addition of BrM CM. Values correspond to the mean size of astrospheres. Error bars,
S.E.M. (n=3 wells per condition). P value is calculated using two-tailed t test. j.
Schema of experimental design. Established metastases from human BrM cell lines
were dissected along with the surrounding mouse microenvironment to obtain RNA
and perform qRT-PCR. k. Heatmap of mouse genes in the microenvironment
surrounding resected metastases. Wild type corresponds to a brain without
metastases. Values were obtained from analysis of three different resected
metastases for each BrM cell line. l-n. Triple immunofluorescence of STAT3
downstream targets. ICAM1 co-localizes with pSTAT3 (Tyr705) (l) and CTGF and
PD-L1 with GFAP (m,n). White arrows indicate double positive cells. Dotted lines
surround established metastases. Cc: cancer cells. Same staining was performed in
brains not affected by metastasis (l,m,n). Scale bar: 25 µm (l,m), 75 µm (n), 25 µm
(high magnification) (n). These results were reproduced in three independent staining
with different brains. o. Immunohistochemistry of ICAM1 in human brain metastases
samples (Score 0, n=2; Score 1, n=8; Score 2, n=12; Score 3, n=;1). High
magnification shows ICAM1+ cell morphology compatible with a reactive astrocyte in
the vicinity of cancer cells. Cc: cancer cells. Scale bar: 100 µm, high magnification 25
µm. p. Percentage of human brain metastases with ICAM1 positive staining in
reactive astrocytes and their immunohistochemistry score.
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Supplementary Figure 4
a. Immunofluorescence against CD8 in established brain metastases from mouse
BrM experimental models. Scale bar: 12 µm. This result was reproduced in three
independent staining with different brains. b. Representative dot plots showing sorted
CD11c- NK1.1- CD8+ cells that were used in these experiments. This result was
reproduced in four independent experiments. c. Representative images of CD8+ T
cells after being incubated with CM from astrospheres. This result was reproduced in
four independent experiments. d. Representative wells containing brain organotypic
cultures with established B16/F10-BrM metastases grown ex vivo for five days in the
presence or absence of 4OH-Tmx (1µM) and anti-CD8 blocking antibody (100
µg/ml). The image shows the bioluminescence intensity in each condition. This result
was reproduced in two independent experiments. e. Flow cytometry quantification of
GFP+ cells obtained from metastasis-free Cx3cr1-EGFP brains and others harboring
brain metastases (B16/F10-BrM, GFP negative) according to the population positive
for both CD11b and CD74. Values correspond to mean percentage in each
experimental condition. Error bars, S.E.M. (n=3 brains per experimental condition). P
value is calculated using two-tailed t test. f. Double immunofluorescence of GFAP+
reactive astrocytes and CD74+ microglia/macrophages in an established brain
metastasis. CD74+ cells infiltrate the lesion. Cancer cells are in blue (GFP). Scale
bar: 50 µm. g. Images of GFP+ cells from a wild type Cx3cr1-EGFP brain (upper
panels) and with a brain harboring B16/F10-BrM metastases (lower panels).
Metastasis associated GFP+ cells are located inside the metastasis core. Scale bar:
12.5 µm. h. Schema of experimental design. CM: conditioned media from
astrospheres. i. Cx3cr1-EGFP brains harboring GFP- B16/F10-BrM metastasis were
sorted and analyze by flow cytometry. All CD74+/GFP+ cells are CD11b+.
CD11b+/CD74+ cells (CD74HIGH and CD74LOW) were sorted and cultured with CSF
(100ng/ml) and MIF (0.1µg/ml) for 1 week for RNA extraction and
immunofluorescence staining. j. Midkine expression levels in melanoma and lung
adenocarcinoma parental (P) and brain tropic (BrM) cell lines. Normalized mean
expression values. Three independent cultures per experimental condition. P value is
calculated using two-tailed t test (B16/F10: P vs BrM, P=1.99E-07; H2030: P vs BrM,
P=3.31E-03). k,l. Schema of experimental design to analyze the expression levels of
Midkine in xenografts (k) and allografts (l). To compare the expression levels in
allografts, a BrM cell line grown in vitro was also analyzed. m,n. qRT-PCR of
microdissected H2030-BrM and B16/F10-BrM brain metastasis surrounding
microenvironment shows Midkine enriched levels. Normalized mean expression
values. Dots correspond to four brains with and without metastases (m) and to two
cultures, two brains without metastases and four brains with metastases per
experimental conditions (n). o. Immunofluorescence of an established H2030-BrM
metastasis shows colocalization of Midkine with CD74+ cells. Scale bar: 10 µm. p.
Representative bioluminescence images and quantification of various BrM cell lines
cultured in vitro in the absence or presence of ibudilast (50 µM) for 3 days. Dots
represent four independent cell cultures (technical replicates). Dotted line indicates
the mean value. P value is calculated using two-tailed t test. q. Representative wells
containing brain organotypic cultures with established B16/F10-BrM metastases
grown ex vivo for three days in the presence or absence of ibudilast (50µM). The
image shows the bioluminescence intensity in each condition. r. Quantification of the
bioluminescence signal emitted by B16/F10-BrM cells in each brain slice normalized
by the initial value obtained at day 0, before the addition of any treatment. Values are
shown in box-and-whisker plots where every dot represents a different organotypic
culture and the line in the box corresponds to the median. Whiskers go from the
minimum to the maximum value (n=6 organotypic cultures per experimental
condition). P value is calculated using two-tailed t test. s. Representative wells
containing brain organotypic cultures with established B16/F10-BrM metastases
grown ex vivo for five days in the presence or absence of 4OH-Tmx (1µM) and

Midkine (300 ng/ml). The image shows the bioluminescence intensity in each
condition. t. Quantification of the bioluminescence signal emitted by B16/F10-BrM
cells in each brain slice normalized by the initial value obtained at day 0, before the
addition of any treatment. Values are shown in box-and-whisker plots where every
dot represents a different organotypic culture and the line in the box corresponds to
the median. Whiskers go from the minimum to the maximum value (Control: n=5;
4OH-Tmx: n=5; 4OH-Tmx+ Midkine: n=4; Midkine: n=4 organotypic cultures per
experimental condition). P value is calculated using two-tailed t test.
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MDK

pSTAT3+ RA

Supplementary Figure 5
a. Representative images of brain organotypic cultures with 482N1 established
metastases grown ex vivo for three days in the presence or absence of silibinin (100
µM). b. Quantification of the experiment shown in (a). Values are shown in box-andwhisker plots where every dot represents a different organotypic culture (n=7 per
experimental condition) and the line in the box corresponds to the median. Whiskers
go from the minimum to the maximum value. P value is calculated using two-tailed t
test. c. Representative bioluminescence images and quantification of various BrM
cell lines cultured in vitro in the absence or presence of silibinin (100 µM) for 3 days.
Dots represent three (B16/F10-BrM) and four (482N1 and H2030-BrM) independent
cell cultures (technical replicates). Dotted line indicates the mean value. P value is
calculated using two-tailed t test. d. Representative bioluminescence ex vivo images
of the thorax and abdomen of experiment shown in Fig.5i. e. Quantification of the
experiment shown in (d). Values are shown in box-and-whisker plots where every dot
represents a different animal (Vehicle: n=8; silibinin: n=9) and the line in the box
corresponds to the median. Whiskers go from the minimum to the maximum value. P
value is calculated using two-tailed t test. f. Clinical progression of 18 patients treated
with silibinin from diagnosis of the brain metastasis until death. Blue indicates
diagnosed brain metastasis without Legasil® treatment. Line is in red when Legasil®
was administered. Black circles label progression of local disease in the brain. Green
indicates patients who stopped Legasil® because they entered in a clinical trial.
Asterisks indicate patients who received Legasil® when under palliative care. Grey
arrow indicates patients still alive at data cutoff (1st Sept, 2017). g. MRI of a patient
treated with Legasil® who progressed locally (red arrows) although remained without
clinical symptoms. Newly emerged micro-metastases in the cerebellum remained <1
cm and without associated edema. h. Overall response rate (ORR) waterfall plot
from extracranial disease (primary tumors and extracranial metastases) in 15 out of
the 18 patients with lung cancer metastatic to the brain that received Legasil®. 3
excluded patients did not have extracranial disease (2) or target (measurable) lesion
according to RECIST v1.1 criteria. Dotted grey line indicates 30% reduction. i.
Overall survival (OS) from diagnosis of brain metastasis of 13 patients without
alteration in EGFR or ALK who received Legasil® compared to OS of patients treated
at the same institution that received systemic therapy but not Legasil® (n=35). P
value is calculated by log-rank test two-sided. j. Overall survival (OS) from diagnosis
of brain metastasis of 18 patients who received Legasil® compared to OS estimated
by Lung-molGPA (brain GPA Index) of the same patients. P value is calculated by
log-rank test two-sided. k. Schema of experimental design. Artificial blood-brain
barrier (BBB) containing astrocytes and endothelial cells was incubated with BBBnon-permeable Albumin-evans Blue solution (BSA-eb). The amount of BSA-eb that
crossed the BBB in the absence or presence of pemetrexed (50nM), with or without
silibinin (100µM), was determined by measuring the absorbance of the dye contained
in the bottom chamber media. In other set of experiments the media in the bottom
chamber was collected and added to 482N1 lung adenocarcinoma cell line to
measure the reduction in cell number. l. Mean absorbance of BSA-eb normalized to
the levels collected from the bottom chamber in the absence of a BBB. BSA-eb is
unable to cross the BBB independently of the treatment. Error bars, S.E.M. (No
treatment without BBB: n=5; no treatment with BBB: n=2; pemetrexed with BBB: n=4
w; pemetrexed+ silibinin with BBB: n=4 cell cultures per experimental condition, 2
independent experiments). Absorbance for each culture was determined by
measuring three technical replicates. P value is calculated using two-tailed t test (No
treatment without BBB vs no treatment with BBB, P=1.80E-04; No treatment without
BBB vs pemetrexed with BBB, P=9.40E-07; No treatment without BBB vs
pemetrexed+ silibinin with BBB, P=9.36E-06; no treatment with BBB vs pemetrexed
with BBB, P=0.4261; no treatment with BBB vs pemetrexed+ silibinin with BBB,
P=0.9089; pemetrexed with BBB vs pemetrexed+ silibinin with BBB, P=0.2622). m.

Quantification of the mean reduction in cell number normalized to an untreated
control. Positive control is pemetrexed-containing media (50 nM). The presence of
the BBB limited the ability of pemetrexed to accumulate at the bottom chamber,
independently of silibinin, thus limiting capacity to kill cancer cells. Error bars, S.E.M.
(No treatment without BBB: n=12 field of view (FOV) from four independent cultures;
pemetrexed without BBB: n=15 FOV from five independent cultures; pemetrexed with
BBB: n=15 FOV from five independent cultures; pemetrexed+ silibinin with BBB:
n=15 FOV from five independent cultures, 2 independent experiments). P value is
calculated using two-tailed t test. n. Model summarizing main findings regarding the
involvement of pSTAT3+ RA in brain metastasis, their potential pro-metastatic
functions and the specific therapy. TIL: tumor infiltrating lymphocytes.

Supplementary table 1. Brain metastasis samples analyzed for pSTAT3 in
reactive astrocytes
Sample
#1
#2
#24
#25
#26
#27
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#28
#29
#30
#31
#32
#33
#34
#15
#16
#17
#18
#19
#20
#21
#35
#36
#37
#38
#39
#22
#23
#40
#41
#42
#43
#44
#45
#46
#62
#63
#47
#48
#49
#50
#51
#52
#64
#65
#66
#67
#68
#69
#70
#71
#53
#54
#55
#56
#57
#72
#73
#74
#75
#76
#77
#78
#58
#59
#60
#61
#79
#80
#81
#82
#83
#84
#85
#86
#87
#88
#89
#90
#91

1ry tumor
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Lung
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Melanoma
Melanoma
Kidney
GI
GI
Unknown
Unknown

ND: not determined

Subtype
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Squamous cell carcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Squamous cell carcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Squamous cell carcinoma
ND
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Epidermoid carcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Squamous cell carcinoma
Squamous cell carcinoma
Adenocarcinoma
Adenocarcinoma
ND
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Squamous cell carcinoma
Carcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Large cell neuroendocrine carcinoma
Undifferentiated carcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
ND
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma

Carcinoma
Adenocarcinoma
Adenocarcinoma
ND
Carcinoma

Oncogenomics
EGFRwt/ ALKwt
ND
EGFRwt/ ALKwt
EGFRmut/ ALKwt
EGFRwt/ ALKwt
EGFRwt/ ALKwt
EGFRmut/ ALKwt
EGFRwt/ ALKwt
EGFRwt/ ALKwt
EGFRmut/ ALKwt
ND
EGFRwt/ ALKwt
EGFRwt/ ALKwt
EGFRmut
ND
ND
ND
ND
EGFRwt/ ALKwt
EGFRwt/ ALKwt
ALKwt
ND
EGFRwt/ ALKwt/ ROSwt
ND
ND
EGFRwt/ ALKwt
EGFRwt/ ALKwt
ND
ND
ND
ALKwt/ ROSwt
ND
EGFRwt/ ALKwt
ND
EGFRwt/ ALKwt/ ROSwt
ND
ND
EGFRwt/ ALKwt
EGFRwt/ ALKwt/ ROSwt
ND
EGFRwt/ ALKwt/ ROSwt
EGFRwt/ ALKwt/ ROSwt
ND
ND
ER+/PR+/HER2+
ND
ER-/PR-/HER2+
ER+/PR-/HER2ER+/PR+/HER2ER-/PR-/HER2ER-/PR+/HER2ER+/PR+/HER2ER+/PR+/HER2+
ND
ER-/PR+/HER2+
ER-/PR-/HER2+
ER+/PR+/HER2+
ER-/PR+/HER2+
ER-/PR-/HER2+
ND
ND
ER+/PR-/HER2+
ER+/PR+/HER2+
ER-/PR-/HER2+
ER-/PR-/HER2ER+/PR+/HER2ER-/PR-/HER2+
ER-/PR-/HER2ER-/PR-/HER2ER+/PR+/HER2+
ND
ER+/PR-/HER2+
ND
ER-/PR-/HER2ER+/PR+/HER2+
ER-/PR-/HER2+
ER+/PR+/HER2HER2+
ER-/PR-/HER2+
ER-/PR-/HER2ER+/PR-/HER2+
ND
ER+/PR-/HER2+
ER-/PR-/HER2ND
ND
ND
ND
ND
ND
ND

pSTAT3 IHC in RA
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
1
1
1
3
3
1
2

Survival (months)
32
27

4
21
9
20
3
5
38
5
32
4
25

5
13
22
11
6
1
13

9
9

8
59

10
10
3
24
15
26

13
4
3
6
16

8
7
17
10

Supplementary table 2. Brain tropic cancer cell lines

Species

Cancer subtype/
Main oncogenic mutations.

H2030-BrM
PC9-BrM
482N1
393N1

Human
Human
Mouse
Mouse

KRASG12C; TP53G262V
EGFRΔE746-A750
KrasG12D; Tp53null
KrasG12D; Tp53null

Nguyen et al.
Nguyen et al.
Valiente et al.
Valiente et al.

Lung
adenocarcinoma

MDA231-BrM
Hcc1954-BrM
ErbB2-BrM

Human
Human
Mouse

Triple negative. Basal
ERBB2+
ErbB2+

Bos et al.
Maladi et al.
Valiente et al.

Breast
adenocarcinoma

B16/F10-BrM

Mouse

Cdkn2anull; Tp53N127D;
PtenA39V/T131P

This mansucript

Brain tropic cells

Study

Melanoma

Supplementary Table 3. Binding energies of silibinin to native and mutant
STAT3.
Docking binding energies of silibinin against human homology models (HM)
of the SH2 domain of native STAT3 and A662C/N664C mutant STAT3C.
A662C/N664C mutant STAT3C
HM docking (kcal/mol) R0/R1±
Native STAT3
HM docking
(kcal/mol) R0/R1±

Frame 1

Frame 800
(pose 1)

Frame 800
(pose 3)

Frame 2000

-5.6/-5.9

-5.9/-5.9

-4.0/-3.9

-3.9/-3.9

-7.2/-7.2

Table summarizes the binding energies of the docking calculations realized with
silibinin over selected snapshots of a human HM of the SH2 domain of native
STAT3 and A662/N664C mutant STAT3C. Each calculation was performed twice
(R0, R1) to avoid false positives. ±The more negative the binding energy, the more
plausible the interaction.
MM/GBSA-based binding energy rescoring calculations of silibinin against
human HM of the SH2 domain of native STAT3 and A662C/N664C mutant
STAT3C.
A662C/N664C mutant STAT3C
HM MM/GBSA (kcal/mol)±
Native STAT3
HM MM/GBSA
(kcal/mol) ±

Frame 1

Frame 800
(pose 1)

Frame 800
(pose 3)

Frame 2000

-20.009

-11.226

-16.892

-24.218

-28.221

Table summarizes the MM/GBSA rescored binding energies of the MDS analyses
realized with silibinin over selected snapshots of a human HM of the SH2 domain of
native STAT3 and A662/N664C mutant STAT3C. ±The more negative the binding
energy, the more plausible the interaction.

Supplementary table 4. Patients treated with and without Legasil®.
Data are n (%). BM = Brain metastasis. GPA=graded prognostic assessment.
PS=performance status. Due to a retrospective analysis, we report statistical analysis
of variables between groups in order to detect possible bias. Student's t test (twosided) for variables median age, number of BM, an size of biggest BM, and a chisquared test for the rest of the variables (sex, karnofsky PS, extracraneal metastases,
histology, BM status, GPA prognostic class and Gene status) were used. Significance
was set at P< 0.05.

Sex
Male
Female
Age (y)
<70
>70
Median (Range)
Karnofsky PS
>70%
≤70%
Extracranial metastases
Present
Absent
Histology
Small cell
Squamous
Adenocarcinoma
Other
BM status
Newly diagnosed
Progressive disease
GPA prognostic class
3.5-4.0
2.5-3.0
1.5-2.0
0.0-1.0
Gene status
EGFR pos
ALK pos
Number of BM
Median (Range)
Size of biggest BM (mm)
Median (Range)

Legasil® Group
(n=18)

Control Group
(n=38)

11 (61%)
7 (39%)

27 (71%)
11 (29%)

16 (89%)
2 (11%)
62 (35-80)

33 (87%)
5 (13%)
61.5 (35-84)

8 (44%)
10 (56%)

27 (71%)
11 (29%)

p-value
=0.457

=0.986

=0.008*

=0.693
16 (89%)
2 (11%)

35 (92.1%)
3 (7.9%)
=0.725

2 (11%)
1 (5.5%)
14 (78%)
1 (5.5%)

5 (13.2%)
6 (15.8%)
25 (65.8%)
2 (5.2%)

13 (72%)
5 (28%)

23 (60.5%)
15 (39.5%)

=0.394

= 0.066
0
1 (5.5%)
8 (44.5%)
9 (50%)

1 (2.6%)
3 (7.9%)
18 (47.4%)
16 (42.1%)
=0.047*

4 (22%)
1 (5%)

2 (5.2%)
1 (2.6%)

4 (1-20)

3 (1-20)

=0.484
=0.806
26 (10-65)

* Statistical significant differences (P<0.05)

26.5 (6-47)

Supplementary table 5. Systemic therapy administered to patients.

Previous line to brain M1
Carboplatin-vinorelbine & lung
radiotherapy (stage III)
Cisplatin-pemetrexed (stage
IV)
Gefitinib (stage IV)
Carboplatin-paclitaxel & lung
radiotherapy (stage III)
1st line
Carboplatin-pemetrexed
Cisplatin-pemetrexed
Pemetrexed
Carboplatin-etoposide
EGFR TKI
Carboplatin-gemcitabine
Cisplatin-vinorelbine
Carboplatin-paclitaxel
2nd line
Carboplatin-pemetrexed
Pemetrexed
Docetaxel
Docetaxel-nintedanib
Nivolumab
Carboplatin-gemcitabine
Carboplatin-etoposide
Crizotinib
Erlotinib
3rd line
Carboplatin-gemcitabine
Erlotinib
Docetaxel-nintedanib
3rd generation EGFR TKI*
3rd generation ALK TKI*
Nivolumab
Topotecan
4th line
Pemetrexed
Erlotinib
Paclitaxel

Legasil®
Group

Control
Group

5 (28%)
3

5 (13%)
3

1

-

1
-

2

18 (100%)
8
1
3
2
3
1
14 (78%)
3
2
3
1
1
1
1
1
1
6 (33%)
1
1
1
1
1
1
2 (11%)
1
1
-

33 (87%)
13
2
1
5
2
4
5
1
10 (26%)
1
1
2
1
3
2
3 (8%)
1
2
1 (3%)
1

* Treatment received in a clinical trial, the patient stopped silibinin supplementation
before inclusion to the clinical trial and during all the treatment with this experimental
drug according to study protocol.

Patient
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18

Start
21.5
10.1
22.6
4.8
6.7
3.0

9.4

3.0
9.4

8.7
8.6
6.5
8.3
6.1

2nd line
Crizotinib
Carboplatin+Pemetrexed
Carboplatin+Gemcitabine
Pemetrexed
Docetaxel
Pemetrexed

Carboplatin+Pemetrexed

Carboplatin+Pemetrexed
Carboplatin+Etoposide

Nivolumab
Docetaxel
Erlotinib
Docetaxel
Docetaxel-Nintedanib

12.0
9.0
9.3
8.8
7.5

7.6
12.9

12.5

PD
42.4
22.8
26.7
12.0
9.1
23.3

Rociletinib CT

3rd line
Ceritinib
Erlotinib
Nivolumab
Docetaxel+Nintedanib
Carboplatin+Gemcitabine

10.4

Start
43.4
23.3
27.7
12.5
9.4

14.9

PD
44.7
42.4
33.5
17.3
16.6

Start

18.8
17.5

4th line

Pemetrexed
Erlotinib

20.5
19.1

PD

OS Alive/ Dead
44.75
Dead
42.41
Dead
36.3
Dead
23.39
Dead
22.83
Dead
25.1
Alive
21.1
Alive
15.54
Dead
19.2
Alive
14.98
Dead
14.46
Dead
18.5
Alive
11.66
Dead
12.06
Dead
10.35
Dead
9.33
Dead
8.84
Dead
8.61
Dead

1st line
Cisplatin+Pemetrexed
Gefitinib
Carboplatin+Pemetrexed
Carboplatin+Pemetrexed
Pemetrexed
Pemetrexed
Carboplatin+Pemetrexed
Carboplatin+Pemetrexed
Afatinib
Erlotinib
Carboplatin+Etoposide
Carboplatin+Pemetrexed
Carboplatin+Etoposide
Carboplatin+Gemcitabine
Carboplatin+Pemetrexed
Pemetrexed
Carboplatin+Pemetrexed
Carboplatin+Pemetrexed

Start Legasil Stop legasil
23.2
43
26.4
42.41
5.4
36.3
3.4
23.39
4.9
22.83
4.6
25.1
1.1
21.1
9.1
15.54
2.8
19.2
3.7
10
2.1
14.46
3.1
18.5
3.8
11.66
6.2
11.24
0.3
10.35
7.9
9.33
1.5
8.84
1.7
8.61

Patient Previous extracranial treatment Start
Type Progressive disease BM
(PD)diagnosis Neurosurgery
Other treatment Start WBRT End WBRT
#1
day 0
1.3
1.8
#2
day 0
0.9
1.4
#3
Cisplatin+pemetrexed
-12.8 Extracranial & brain
day 0
1
1.5
#4
day 0
0.5
1
#5
day 0
1.2
1.7
#6
Carboplatin+Vinorelbine+Lung RT -6.0
Brain
day 0
Yes (1,4 months) SBRT (8,5 months)
2.5
3
#7
Carboplatin+Vinorelbine+Lung RT -3.7
Brain
day 0
SBRT (12,5 months)
2.6
3.1
#8
Carboplatin+Vinorelbine+Lung RT -17.3
Brain
day 0
Yes (0,6 months)
2.9
3.4
#9
day 0
0.4
0.9
#10
day 0
5.2
5.7
#11
day 0
1.5
2
#12
day 0
2.3
2.8
#13
day 0
1
1.5
#14
day 0
Yes (0,3 months)
0.9
1.4
#15
day 0
1.2
1.7
#16
Gefitinib
-3.3
Brain
day 0
0.5
1
Table 4. Detailed therapeutic schedule in patients treated with Legasil
#17
day 0
0.9
1.4
#18
day 0
2.2
2.7

Table 4. Detailed therapeutic schedule in patients treated with Legasil

Start
0.1
1.2
0.5
1.2
2.3
3.3
17.4
3.7
0.9
1.2
0.8
2.4
2.4
1.9
0.6
0.5
0.7
0.9

PD
21.0
9.5
22.2
3.2
3.9
4.5
19.1
8.7
16.2
2.5
9.3
18.5
3.5
8.0
7.6
2.8
7.6
5.8

Type
Extracraneal
Brain
Extracranial & brain
Brain
Extracranial & brain
Brain
Brain
Brain
No
Extracranial & brain
Extracraneal
No
Extracraneal
Extracraneal
Extracraneal
Extracraneal
Extracraneal
Extracraneal

Supplementary table 6. Therapeutic schedule in patients treated with Legasil®.

