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Abstract

Background: Activated HSCs play a major role in tissue repair, extracellular

matrix regulation, immune response, and inflammation. However, their

contributions to the hepatic tumor microenvironment are underexplored and

need to be clarified.

Methods: In vitro, we analyzed the responses of freshly isolated LSECs and

HSCs to tumor cell supernatants and secretome-driven activation of both

primary cell types. For in vivo HSC depletion, transgenic mice expressing the

herpes simplex virus-thymidine kinase (HSV-Tk) gene driven by the mouse

glial fibrillary acidic protein promoter were used. MC38 colon carcinoma or B16

melanoma was intrasplenically injected to generate liver metastasis to

further analyze metastatic growth, collagen accumulation, angiogenesis, and

immunosuppression.

Results: Metastatic tumor cells arrest and adhere in the liver 48 hours after

intrasplenic injection. The 65% of arrested tumor cells were surrounded by α-
smooth muscle actin–expressing cells. In vitro, tumor-activated LSEC-derived

secretomes stimulated α-smooth muscle actin expression, migration, VEGF,

and LSEC promigratory factor release by HSCs. Tumor cell secretomes stim-

ulated HSC proliferation and the secretion of proangiogenic and protumoral

mediators. HSC depletion reduced the foci number and metastatic area in

colorectal cancer and melanomamodels. Moreover, livers from transgenic mice

showed reduced key tumor microenvironment parameters, including intra-

tumoral collagen accumulation, neoangiogenesis, and recruitment of myeloid-

derived suppressor cells.

Conclusions: Depletion of tumor-reactive proliferating HSCs implicates these

cells as the required spark for the initiation and progression of liver metastasis,

Abbreviations: αSMA, α-smooth muscle actin; aHSC, activated HSC; cHSCs, control HSCs; CRC, colorectal cancer; ECM, extracellular matrix; GCV, ganciclovir;
GFAP, glial fibrillary acidic protein; HSV-Tk, herpes simplex virus thymidine kinase gene; MDSC, myeloid-derived suppressor cells; MMP, metalloprotease; TaHSCs,
tumor-activated HSCs; TaLSECs, tumor-activated LSECs; TG, transgenic; WT, wild type.
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making them a good candidate for new therapies targeting the tumor micro-

environment to treat liver metastasis of different primary origins.

Keywords: angiogenesis, CRC, LSEC, melanoma, tumor microenvironment

INTRODUCTION

HSCs are non-parenchymal liver resident cells with a
wide array of functions.[1] HSCs populate the space of
Disse, in close contact with hepatocytes and LSECs.
However, pathogenic stimuli promote HSC activation
(aHSC), characterized by transdifferentiation from a
quiescence state toward a myofibroblast-like cell.
Once activated, aHSCs play a major role in tissue
repair, extracellular matrix (ECM) regulation, immune
response, and inflammation. The role of aHSCs in liver
fibrosis has been extensively characterized.[2] More
recent data implicate HSC in the development of
primary and metastatic liver cancer.[3–7] Recent stud-
ies show that HSCs promote liver metastasis through
the CCL20/CCR6 axis and retinoic acid secretion in
colorectal cancer (CRC) and pancreatic cancer,
respectively.[8,9] Moreover, a recent study related to
HGF secretion by aHSCs promotes gastric cancer
invasion and liver metastasis.[10] Despite this, the
contribution of HSCs to modulating the liver micro-
environment during metastasis development is
inadequately explored.

The crosstalk during the early stages of liver
metastasis engages the activation of LSECs,[11,12]

which in turn may mediate the activation of HSCs to
support tumor growth. We aim to decipher the
participation of HSCs during early liver metastasis
in vitro by incubating freshly isolated primary mouse
LSECs and HSCs with cancer cells and also model
late metastatic growth using an in vivo approach by
selectively depleting proliferating HSCs. Elimination of
aHSCs has proven successful in uncovering the role
of HSCs in liver fibrosis.[2] However, to date no studies
have selectively eliminated the aHSCs during meta-
static colonization of the liver. Puche et al used a
transgenic (TG) model based on the ectopic expres-
sion of the herpes simplex virus-thymidine kinase
(HSV-Tk) gene using glial fibrillary acidic protein
(GFAP) as a promoter. Therefore, HSCs will express
HSV-Tk and will, therefore, metabolize ganciclovir
(GCV). However, only proliferating GFAP-expressing
cells are susceptible to apoptotic cell death upon GCV
metabolism due to metabolite toxicity. In rodent liver
GFAP is mainly expressed in HSCs;[13] thus, this
model is suitable for the study of HSCs in the injured
liver. Additionally, this model allows us to eliminate
tumor-activated HSCs (TaHSCs) that are in a
proliferative state.

METHODS

Animals

Eight to ten-week-old male GFAP-Tk mice (B6.Cg-Tg
(Gfap-Tk)7.1Mvs/J, Jackson Laboratory) were used for
in vivo experiments. Wild-type (WT) littermates were
used as controls. For early tumor cell retention, 6–8-week
Balb/c mice were obtained from Charles Rives, synge-
neic with CRC CT26 cells. Animal housing, care, and
experimental conditions were conducted in conformity
with institutional guidelines that are in compliance with
the relevant national and international laws and policies.

Cancer cell lines

CT26 CRCmurine cell line (ATCC), murine CRC cell line
MCA38 (Kerafast) were maintained in RPMI-1640, and
melanoma cell line B16-F10 (ATCC, LGC Standards
SLU) was maintained in DMEM. The three cell lines were
supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/mL), streptomycin (100 µg/mL), and
amphotericin B (0.25 µg/mL) (Thermo Fisher Scientific).

Carboxyfluorescein succinimidyl ester vital
probe labeled cancer cell retention in the
sinusoid and αSMA immunohistochemistry

Detailed description in additional methodological
details, http://links.lww.com/HC9/B948.

Tumor-derived secretomes

A total of 1×105 cells were cultured in 24 well plates
overnight in a complete growth medium. Afterward, cells
were cultured in a serum-free medium for 24 hours, and
the supernatants or conditioned medium were collected
and centrifuged at 4000 rpm for 5 minutes to eliminate
any cell debris. The supernatants were kept at −20 °C.

Isolation and primary culture of hepatic
sinusoidal cells

Mouse liver perfusion, isolation, and primary culture of
liver sinusoidal cells have been described elsewhere[9]
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(additional methodological details, http://links.lww.com/
HC9/B948).

HSC secretome analysis

Detailed description in additional methodological
details, http://links.lww.com/HC9/B948.

Flow cytometric analyses

HSC cells were first incubated for 30 minutes at 4 °C
with 1 µg/106 cells of mouse anti–α-smooth muscle actin
(αSMA) antibody (Dako) followed by conjugated Alexa
488-IgG2a anti-mouse antibody labeling (Invitrogen).
Cells were then analyzed by flow cytometry using a
FACS Vantage SE flow cytometer (Becton Dickinson)
by using a wavelength analysis (green: 530 nm) after
excitation with 488 nm light. Dead cells (<10%) were
excluded from the analysis using Viaprobe (Becton
Dickinson).

In vitro migration assay

LSEC and HSC cell migration assays were performed
using modified Boyden chambers as previously
described.[5,9] Detailed description in additional method-
ological details, http://links.lww.com/HC9/B948.

Measurement of VEGF and IL-6
concentration

Detailed description in additional methodological
details, http://links.lww.com/HC9/B948.

Quantification of HSC proliferation upon
tumor-derived secretome activation

Freshly isolated HSCs were cultured in 48 plate wells
for 18 hours in serum-free conditions. Then, HSCs were
cultured for 4 days in the presence of RPMI 1% FBS,
MCA38-derived and B16-derived secretomes, and
diluted 1:2 in 1% FBS and gentamycin-supplemented
medium. Afterward, cell viability was assessed using
PrestoBlue Viability Reagent (Thermo Fisher Scientific).
Briefly, PrestoBlue was diluted 1:10 in fresh medium
and incubated for 3 hours with HSCs. Then, the
absorbance was measured through Gen5 Software
(Agilent BioTek). The absorbance was linked with cell
number through a standard curve to calculate HSC
number and proliferation. All treatment routines were
compared to untreated control cells (both WT-HSCs
and TG-HSCs) and considered 100% viability.

Selective in vitro killing of HSCs-TK cells
by GCV

Freshly isolated HSCs from WT and HSCs-TK (TG)
littermates were cultured for 18 hours in 48 well plates
under serum-free conditions. Afterward, the medium
was replaced with fresh RPMI medium supplemented
with 1% FBS and gentamycin. HSCs were cultured in
the presence of either the control medium or MCA38 or
B16-F10 derived secretomes (diluted 1:2 in 1% FBS
containing RPMI medium). Cultures were then supple-
mented with either 5 µM GCV solution or saline solution
(0.9% NaCl) for 4 days. Finally, cell viability was
quantified using PrestoBlue viability assay as previously
specified. Cell viability was calculated using WT-HSCs
and TG-HSCs under control conditions as a reference.

Liver metastasis assay

Murine MCA38 CRC cells or B16-F10 melanoma cells
were diluted in PBS (2×106 cells/mL), and 100 µL of the
cell solution was intrasplenically injected. Littermates were
divided into 4 groups (n=4) based on their genotype and
GCV treatment schedule (Supplemental Figure S1, http://
links.lww.com/HC9/B934). Paraffin-embedded liver sec-
tions, 10 µm thick, were stained using hematoxylin and
eosin for the metastatic area and foci number quantifica-
tion. Three different liver sections were analyzed sepa-
rated by 500 µm between each other. In vivo assays were
carried out 2 times (n=8/group).

In vivo HSC selective killing

Mice received i.p. injections of GCV (100 µg/g/day)
(200 µL) or saline from day 5 to day 13. This GCV
concentration effectively eliminates proliferating HSCs
without toxic effects.[2]

Western blot analysis

Western Blot procedure has been detailed elsewhere.[5]

In vitro detection of cell apoptosis by
immunofluorescence

Detailed description in additional methodological
details, http://links.lww.com/HC9/B948.

Immunohistochemistry

For collagen accumulation, picrosirius red staining was
utilized in liver paraffin sections.[5] Two sections

ROLE OF TUMOR-REACTIVE STELLATE CELLS IN METASTASIS | 3

http://links.lww.com/HC9/B948
http://links.lww.com/HC9/B948
http://links.lww.com/HC9/B948
http://links.lww.com/HC9/B948
http://links.lww.com/HC9/B948
http://links.lww.com/HC9/B934
http://links.lww.com/HC9/B934
http://links.lww.com/HC9/B948


separated by 500 µm were analyzed from each liver
(n=6/group).

Frozen tissue Immunohistochemistry

The protocol is detailed elsewhere.[4] αSMA incubated
samples were washed, blocked, and incubated with
anti-mouse CD31 (1:500) for 2 hours followed by Alexa
fluor 488 incubation. Sections were mounted using a
DAPI-containing fluoromount (Abcam) and visualized
under an Axioscope Fluorescent microscope. Two
sections separated by 500 µm were analyzed from
each liver (n=6/group).

Gene expression quantification

Detailed description in additional methodological
details, http://links.lww.com/HC9/B948.

Statistical analyses

Data were expressed as means±SD. Statistical analysis
was performed by SPPS statistical software for MS
Windows, release 13.0 (Professional Statistic). For
different group comparisons and 2 categoric variables,
two-way ANOVA was carried out. For single comparisons
(treatment vs. control), a one-tailed Mann–Whitney no
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parametric test was carried out. The criterion for signif-
icance was at least p≤0.05 for all comparisons. Unless
stated, all the experiments were performed in triplicate.

RESULTS

αSMA-expressing cells co-localized with
intrasinusoidally arrested CT26 cancer
cells within the hepatic microvasculature

Tumor cell retention in the liver occurs in the sinusoids.
Here we observed that 48 hours after the injection,
αSMA-expressing cells mainly co-localized with intra-
sinusoidally arrested both intact and damaged CT26
cells (Figures 1A and B) and rarely occurred around
tumor-unaffected sinusoidal segments. However, up to
35% of the arrested cancer cells were not associated
with αSMA-positive cells (Figure 1B), indicating either
later recruitment or absence of αSMA-expressing cells
during this very early stage of liver invasion.

LSECs act as activators and recruiters of
αSMA-expressing HSCs in the early stage
of liver metastasis

LSECs represent the first barrier for the circulating
tumor cell when invading the liver, and tumor-endothe-
lial crosstalk facilitates the metastatic process.[1] There-
fore, it is tempting to hypothesize that tumor activation
of LSECs may precede the recruitment of HSCs to the
nascent foci. Indeed, in vitro activation of isolated
primary mouse HSC with secretomes from in vitro
tumor-activated freshly isolated LSECs (TaLSEC) pro-
moted αSMA expression in primary HSCs in vitro 5-fold
compared to non-stimulated HSCs (Figure 1C). To
further analyze the involvement of TaLSECs in the
recruitment of HSCs into the early metastatic niche, we
analyzed the migration of HSCs under basal conditions,
LSEC-secretomes activation, and TaLSEC-secretomes
activation. LSEC secretomes boosted HSC migration
by 2-fold compared to the basal medium (Figure 1D).
Furthermore, we reported a 2-fold increased migration
of HSCs when stimulated with TaLSEC secretomes,
compared to that of control LSECs (Figure 1D).
Interestingly, this TaLSEC-mediated aHSC promoted
the secretion of VEGF by aHSCs. In detail, VEGF was
increased 4-fold in TaLSEC secretome-treated HSCs
in vitro (Figure 1E), confirming TaLSEC-driven activa-
tion of HSC during early stages of liver metastasis.
Finally, we observed that the soluble factors released
by HSC activated with TaLSEC secretomes promote
the migration of LSECs 3.5-fold compared to control
HSCs (cHSCs) (Figure 1E), confirming the angiogenic
crosstalk between invading cancer cells, LSECs, and
HSCs during early colonization of the liver.

Tumor cell interplay with HSC boosts their
GFAP expression and proliferation

In the liver, GFAP is constitutively expressed in most
HSCs and is increased upon activation.[3] Here we show
that soluble factors released from CRC MCA38 cancer
cells mediate the upregulation of GFAP protein in vitro. As
observed in Figure 2A, immunofluorescence analysis
revealed higher GFAP expression in vitro TaHSCs than in
control primary HSCs (cHSCs). In line with this result,
western blot analysis revealed a 3-fold increase in GFAP
protein level in TaHSCs upon stimulation with tumor-
derived secretomes compared to control ones (Figure 2B).
Further in vivo inmunohistochemical analysis shows high
GFAP expression in peritumoral HSC during liver metas-
tasis of B16 melanoma and CRC (Figure 2C), along with
GFAP expression in infiltrating HSCs (Figure 2C, white
arrows). In line with this result, GFAP RNA expression
was increased by 3-fold in TaHSCs compared to cHSCs
in vitro (Figure 2D). Along with the upregulation of this
cytoskeletal marker, tumor-derived secretomes stimulated
the proliferation of primary mouse HSC in both CRC and
melanoma models (Figure 2E). In detail, the freshly
isolated primary mouse HSC cell number increased by
50% after 4 days of incubation with tumor-derived
secretomes compared to control primary HSCs. Prolifer-
ation is essential for the activity of the TG model since
TaHSCs increase GFAP expression and proliferate, both
requirements for the proper function of the GFAP-Tk
model for the depletion of TaHSCs during liver metastasis.

Tumor secretomes–mediated proliferation
renders HSCs susceptible to selective
killing by GCV

As previously shown, cultured TaHSCs proliferate more
than untreated HSCs. To further validate the model for
liver metastasis, we analyzed the effect of GCV in freshly
isolated HSCs treated with tumor secretomes. Here, we
show that GCV treatment neither affected the viability of
HSCs isolated from WT littermate mice nor of untreated
HSCs nor that of TaHSCs (Figure 3A) after 4 days in
culture. However, GCV was cytotoxic to HSCs isolated
from TG mice. More specifically, GCV slightly affected TG
cHSCs, being much more effective in MCA38 and B16-
F10 secretomes–treated TG primary HSCs (Figure 3B,
squares 6 and 9). Cell viability analysis revealed a
significant 70% reduction in viable TaHSCs compared to
control TG HSC challenged with GCV. This finding
confirms the selective killing of proliferating TaHSC upon
GCV treatment. Saline control did not affect HSC viability
in any treatment routine. To deepen the mechanisms
behind this selective cell death, immunohistochemical
analyses were conducted in both WT and TG mice
isolated HSC stimulated with tumor-derived secretomes
for 4 days. As represented in Figure 3C, the expression of
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proapoptotic protein caspase-3 was absent in WT TaHSC
cultures, while cell morphology and nuclei appearance
were not affected. However, TG-isolated TaHSC pre-
sented high levels of apoptotic cell death. On the one
hand, caspase-3 expression was present in a high
percentage of cells, while on the other hand, nuclei
condensation and myofibroblast-like shape loss were
notable, with pronounced shrinkage of cell cytoplasm and
nuclei condensation (Figure 3C).

Selective killing of TaHSCs reduces liver
metastasis

As shown before, αSMA-expressing sinusoidal cells
(HSCs) are in close contact with tumor cells 48 hours

after tumor cell injection. The interplay with both tumor
cells and, especially, LSECs, initiates angiogenic
reaction in the nascent foci, a key requirement for
tumor growth.[14] To further clarify the involvement of
HSCs in the development of liver metastasis, an
in vivo assay was performed using the GFAP-Tk mice
model. Following specific depletion of tumor-reactive
proliferating HSCs (checked by αSMA quantification in
the metastatic foci, Supplemental Figure S2, http://
links.lww.com/HC9/B934), there was a significant and
relevant role of these pericyte-like cells during the
metastatic growth of both MCA38 CRC and B16-F10
melanoma cells in the liver. WT mice treated either
with saline or GCV showed high liver colonization after
14 days, while TG mice treated with saline exhibited
the same invasion pattern. On the contrary, GCV
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treatment almost completely reduced the metastatic
development in both tumor models. The metastatic
area in the liver was reduced by 85% and 90% in
MCA38 CRC and B16-F10 melanoma models, respec-
tively (Figures 4A and C). Selective depletion of
TaHSC during liver colonization not only reduced
metastatic area but also the number of metastatic foci.
CRC metastatic area was decreased by 3-fold in TG
treated with GCV compared to the other treatment
routines (Figure 4B), while melanoma metastatic foci
were reduced 4-fold in the liver of TG mice under GCV
treatment (Figure 4D and Supplemental Figure S3,
http://links.lww.com/HC9/B934). Differences in the
metastatic area were not produced by GCV toxicity
against tumor cells, as high doses of GCV did not

reduce tumor cell viability in vitro (Supplemental
Figure S4, http://links.lww.com/HC9/B934).

Tumor-reactive HSC depletion alters ECM
remodeling in the metastatic niche

In the liver, HSCs represent the main ECM source,
since they secrete collagen during the development of
liver cancer and metastasis.[6] We further explored the
involvement of HSCs during liver metastasis by means
of intratumoral collagen accumulation and secretion of
matrix remodeling soluble factors. Picrosirius red stain-
ing revealed a characteristic collagen accumulation
around the inner limit of the foci especially in CRC,

WT HSC TG HSC(A)

(C)

(B)
Saline GCV- Saline GCV-

1

C
on

tr
ol

M
C

A
38

 C
M

B
16

 C
M

C
on

tr
ol

M
C

A
38

 C
M

B
16

 C
M

4

7

200

150

100

H
SC

 v
ia

bi
lit

y

50

0

200

150

100

H
SC

 v
ia

bi
lit

y

50

0

100

Primary HSC

C
as

pa
se

-3
 p

os
iti

ve
 c

el
l %

80

60

40

20

0
WT TG

GCV

W
T 

H
SC

GFAP Dapi Merge

MergeDapi

Caspase-3

GFAP Caspase-3

TG
 H

SC

- Saline GCV - Saline

MCA38 CM B16 CM

GCV - Saline GCV - Saline GCV - Saline

MCA38 CM B16 CM

GCV - Saline GCV

8

* * * * * * * *

# #

*

***

*

9

5 6

2 3 1

4

7 8 9

5 6

2 3

F IGURE 3 GCV promotes TaHSC cell death in TG mice. Both WT (A) and TG (B) mice isolated HSCs were treated with MCA38 (MCA38 CM)
and B16-F10-derived secretomes (B16 CM) for 4 days. HSCs were also challenged with saline and GCV (5 µM) to analyze cell death. Differences
between control-derived and tumor-derived secretome-treated HSCs were considered statistically significant for *p<0.05 using the Student t test.
Differences between saline and GCV-treated HSCs were considered statistically significant for #p<0.01 using the Student t test. 1—control HSC,
2—control cells + saline, 3—control HSC + GCV, 4—MCA38 CM–treated HSC, 5—MCA38 CM + saline-treated HSC, 6—MCA38 CM + GCV-
treated HSC, 7—B16 CM–treated HSC, 8—B16 CM + saline-treated HSC, 9—B16 CM + GCV-treated HSC. Cell death was analyzed in TaHSC
after 5 days in culture through caspase-3 detection (red). Treatment versus control data were considered statistically significant for p< 0.05 using
a two-way ANOVA test. GCV-treated versus saline-treated in TG HSCs was considered statistically significant for #p< 0.01 using one-tailed
Mann–Whitney test (C). The cells were labeled for GFAP (green) for HSC detection and DAPI (blue) for nuclei visualization. Data were considered
statistically significant for the p<0.001 one-tailed Mann–Whitney test. Scale bar: 50 µm. Abbreviations: GCV, ganciclovir; GFAP, glial fibrillary
acidic protein; TaHSC, tumor-activated HSC; TG, transgenic; WT, wild type.
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along with intratumoral collagen areas. Our data reveals
that selectively depleting proliferating HSCs through
GCV treatment effectively reduced fibrillar deposition in
TG mice. In fact, GCV treatment promoted a 50%
reduction in collagen accumulation in CRC liver
metastatic foci, as observed through Sirius red, com-
pared to the groups with no HSC depletion (Figure 5A).
To note that fibrillar collagen followed a specific pattern
in CRC, with accumulation in the inner limit of the
metastatic foci. The same trend was observed in
melanoma, with half the intratumoral fibrillar collagen
accumulation with a more centered intratumoral pattern
(Figure 5B). The reduction was more evident in the
CRC model using MCA38 rather than in B16-F10
melanoma. Moreover, the ECM remodeling by HSCs
is not limited to collagen production. In fact, by
secretome analysis there was increased secretion of
remodeling proteins by primary TaHSCs in vitro.
Twenty-four-hour activation with secretomes from
MCA38 CRC cells increased the secretion of metal-
loprotease (MMP)-3 and MMP-9 around 80 and 2.8-fold

respectively, in freshly isolated primary mouse TaHSCs
compared to cHSCs. Besides, the secretion of TIMP-1
was stimulated in TaHSCs by 79% compared to cHSCs
(Figure 5C).

TaHSC ablation impairs tumor angiogenesis

We have previously shown a close interplay between
LSECs and HSCs, driving reciprocal activation and
migration (Figure 1). Here we show that treatment of TG
mice with GCV during liver metastasis reduced the
infiltration of αSMA-expressing cells in CRC and mela-
noma liver metastatic foci. This observation correlated
with reduced intratumoral expression of CD31, an
angiogenic mouse LSEC marker (Figures 6A and B),
leading to reduced and shorter colocalization sections in
the tumors. Consequently, the length of capillaries formed
by these 2 cell populations was reduced in HSC-depleted
mouse tumors compared to vehicle-treated tumors
(Figures 6A and C). Specifically, CRC tumors with
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activated and proliferating HSCs displayed an average of
180–210 µm long intratumoral neovessels formed with
colocalization of αSMA-expressing and CD31-expressing
cells (Figure 6B). However, upon TaHSC elimination,
capillaries were dramatically reduced by 75%, with an
average of 35 µm long intratumoral capillaries. Regarding
melanoma, the same pattern was observed, with
150–160 µm long new vessels in TaHSC-bearing mice
compared to 30 µm long vessels in proliferating HSC-
depleted mice foci (Figure 6D).

The activation of HSCs with tumor
secretomes stimulates the production of
proangiogenic factors

In order to identify possible mechanisms driving this
angiogenic response dependent on TaHSCs, we further

analyzed the secretome of freshly isolated primary
mouse HSCs in vitro (Figure 7A) using a Proteome
Profiler Angiogenesis Array Kit. TaHSCs showed myofi-
broblastic shape by the time of collection of secretomes
(Supplemental Figure S5, http://links.lww.com/HC9/
B934). In line with this observation, the results showed
increased secretion of several angiogenic factors. Pro-
liferin was stimulated in TaHSCs up to 8-fold. Cyr61 was
increased 2-fold and osteopontin was upregulated by
37% in TaHSCs compared to that of cHSCs, showing
increased expression in RNA levels too (Supplemental
Figure S6, http://links.lww.com/HC9/B934). Thrombo-
spondin increased 24%, HGF 23%, SerpinE1 46%,
VEGF 15%, Cyr61 100%, and angiopoietin-1 40% in
the supernatants of TaHSCs compared to that of cHSCs
(Figure 7E). Therefore, depletion of TaHSC from the
tumor microenvironment reduces proangiogenic signals
to impair the formation of new intratumoral vessels.
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TaHSC elimination impairs the creation of a
supportive immunosuppressed liver
microenvironment

HSCs have been linked with the creation of a
permissive milieu for tumor cells through the creation
of an immune-tolerant hepatic microenvironment.[15,16]

This process includes the recruitment of myeloid-
derived suppressor cells (MDSC) through CXCL12–
CXCR4 axis[17] and other mediators. Here we found that
livers subjected to selective depletion of TaHSC
exhibited much less permissive liver microenvironment
for invading CRC metastatic cells, as the accumulation
of MDSC, characterized by the double staining with
CD11b+ Ly6G+ (Supplemental Figure S7, http://links.
lww.com/HC9/B934) was robustly reduced up to 50% in
CRC bearing mice liver (Figure 8A). The same trend
was observed in B16 melanoma-bearing mice liver, with
a 45% reduction in MDSC counts (Figure 8B). The only
group showing significant changes in the MDSC
population was the one from TG mice treated with

GCV and, therefore, selectively depleted for TaHSCs.
Further in vitro analysis revealed increased levels of
chemoattractant proteins in TaHSC secretomes
(Figure 8C). To sum up, TaHSCs showed 180%
augmented IL-6, 320% increased levels of CXCL12,
14% of CCL2, and 18% of CXCL10. Besides, tumor
activation of HSC promoted the secretion of CXCL4 up
to 20%. All these results suggest a significant role of
TaHSCs in the generation of a more permissive liver
microenvironment which may potentially promote meta-
static growth.

DISCUSSION

Depleting HSC has been a major goal for different
groups, leading to a better understanding of their function
during liver fibrosis and liver damage.[2,18] HSC have
been postulated to play a major role during hepatic
malignancies,[19] involved in angiogenesis, ECM dynam-
ics, and immune regulation (120-2219).[20–22]
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Using intrasplenically injected murine CT26 colon
cancer cells, we demonstrated that circulating colon
carcinoma cells' interactions with LSECs favor HSC
transdifferentiation into myofibroblasts in the early
colonization of the liver, within the hepatic micro-
vasculature. Thereafter, αSMA-positive HSCs formed
the first premetastatic niche surrounding extravasated
cancer cells. In line with these dynamic morphologic
data, we showed that the TaLSECs secretomes
contained αSMA expression-stimulating factors for
quiescent murine HSCs, which suggests that myofibro-
blastic transdifferentiation accounts for αSMA expres-
sion by HSCs located around LSECs cells specifically
interacting with circulating CRC cells. TaLSEC cells
also released HSC migration-stimulating factors. More-
over, TaLSEC released VEGF secretion-stimulating
factors for HSCs, which was consistent with its high
endothelial cell migration-stimulating activity, and with
previous reports on the proangiogenic role of aHSCs.[23]

We confirmed that tumor cell/HSC crosstalk stimu-
lates GFAP expression in primary mouse HSCs in vitro
and in vivo, in line with previous reports.[3] Moreover,
CRC and melanoma-derived secretomes increased the
proliferation of freshly isolated primary mouse HSC by
50% in vitro, which might be promoted by tumor
VEGF.[24] Moreover, viability was reduced by 75% in
HSC isolated from TG mice stimulated with tumor-
derived secretomes upon GCV treatment. Mechanisti-
cally, GCV promoted caspase-3–mediated apoptotic
cell death, in line with previous results using this HSC
depletion model.[2]

For in vivo assays, we treated mice i.p. for 9 days to
observe liver-specific effects and avoid reported
unspecific GCV toxicity,[25] (Supplemental Figures S8A
and B, http://links.lww.com/HC9/B934).

In vivo depletion of HSCs uncovered HSC-depen-
dent liver metastasis, showing 80% and 90% reduced
tumor growth in CRC and melanoma, underscoring a
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liver-specific protumoral response, independent from
the primary tumor origin. Decreased tumor-reactive
HSC number may reduce IL-6, VEGF, and HGF in the
tumor microenvironment, upregulated in TaHSCs,
impairing metastasis, since these mediators boost
tumor growth.[3,26] Even though no study has depleted
HSC during liver tumorigenesis, the inhibition of aHSC
impaired subcutaneous hepatocarcinoma growth in
mice, while HCC/HSC crosstalk favors metastasis of
this malignancy, supporting the significant role of HSC
in cancer progression.[27,28] Several protumoral pro-
cesses have been related to HSC, such as tumor cell
proliferation, migration, and secretion of proinflamma-
tory cytokines.[6,29] Interestingly, the presence of peritu-
moral HSC has been related to hepatic recurrence after

CRC lesion resection.[30] All these data support the
critical role of HSC during liver tumor growth.

Regarding collagen accumulation, the dominant
role of HSC during fibrosis and liver scar formation[1]

may explain the reduced fibrillar collagen upon HSC
depletion. Interestingly, the same reduction in collagen
matrix was reported by Puché et al[2] during liver
damage, while targeting collagen synthesis in HSC
during fibrosis facilitated the resolution of the
disease.[31] Moreover, tumor cells stimulate collagen
synthesis in HSCs[32] and consequently, the reduction
in tumor stimuli may prevent collagen accumulation
by not depleting HSCs, since only about 70% of
mouse HSC express GFAP and will render to GCV
treatment.[2,33]
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HSCs are required for neoangiogenesis formation in
the metastatic foci,[3,34] where they interact with LSECs
to form vessels to supply the growing tumor.[9,33] We
reported diminished angiogenesis upon HSC depletion,
maybe due to a reduced fibrotic matrix to support new
vessels[35] and reduced αSMA-expressing contractile
HSCs, which may act as vascular smooth muscle cells
that aid in the maintenance and the structure of new
vessels as observed in other cancers.[36] Besides,
TaHSCs promote the migration of LSECs to form new
capillaries through VEGF secretion.[3,12] We demon-
strate that TaLSECs stimulate the secretion of VEGF in
HSCs and, in turn, HSCs promote the migration of
LSECs (Figure 1F). Thus, the lack of TaHSCs may
reduce the availability of VEGF and the promigratory
stimuli for LSECs, leading to impaired vascularization of
the growing foci. Angiogenesis proteome profiler in
TaHSCs revealed increased secretion of angiogenic
mediators in vitro. The secretion of osteopontin was
increased by 40%, which may facilitate metastatic
growth and angiogenesis since osteopontin is involved
in several liver pathologies,[37] plays several roles in
cancer,[38] and targeting osteopontin reduces aHSC and
fibrosis in vivo.[39] Moreover, upregulated Cyr61 may
facilitate metastasis, promoting immunosuppression in
CRC liver metastasis[40] and facilitating angiogenesis
and tumor growth.[41,42]

Regarding immunosuppression, TaLSEC-activated
HSCs, and TaHSCs increased VEGF, IL-6, and
CXCL12 secretion, known to promote the recruitment of
MDSC,[17,28,42] which impede the antitumor immune
response of lymphocytes, which may be taking place in
our model. Therefore, it is tempting to hypothesize that
fewer aHSCs may produce lower levels of these soluble
signals, leading to decreased MDSC counts, as
observed in our model, impairing liver metastasis.[4]

Interestingly, CXCL4 and CXCL1 secretion increased
in TaHSCs, which mediates the induction of MDSC
while favoring their accumulation and proliferation in the
premetastatic niche.[43–45]

In conclusion, we uncover a prometastatic role of
tumor-reactive HSCs during liver metastasis from
different primary origins as an organ-specific response
to invading cells. These findings reinforce HSCs as a
potential target for new therapies sensitizing the tumor
microenvironment to emerging antitumor approaches.
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