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Dynamic differentiation of F4/80+ tumor-associated
macrophage and its role in tumor vascularization in a syngeneic
mouse model of colorectal liver metastasis
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Tumor-associated macrophages (TAMs) are highly heterogeneous and play vital roles in tumor progression. Here we adopted a
C57BL/6 mouse model imitating the late-stage colorectal liver metastasis (CRLM) by Mc38 colorectal cancer cell injection via the
portal vein. With serial sections of CRLM biopsies, we defined 7–9 days post-injection as the critical period for tumor
neovascularization, which was initiated from the innate liver vessels via vessel cooption and extended by vascular mimicry and
thereof growth of CD34+cells. In samples with increasing-sized liver metastases, the infiltrated Ly6C+ CD11b+ F4/80− monocytes
steadily gained the expression of F4/80, a Kupffer cell marker, before transformed into Ly6C− CD11bint F4/80+ cells, which, the
same phenotype was also adapted by Ly6C− CD11b− F4/80+ Kupffer cells. F4/80+ TAMs showed proximity to neovascularization
and tumor vessels, functionally angiogenic in vivo; and greatly promoted the activation of a few key angiogenic markers such as
VEGFA, Ki67, etc. in endothelial cells in vitro. Depletion of macrophages or diversion of macrophage polarization during
neovascularization impeded tumor growth and vascularization and resulted in greatly reduced F4/80+ TAMs, yet increased CD11b+

cells due to inhibition of TAM differentiation. In summary, our results showed dynamic and spatial–temporal F4/80+ TAM
transformation within the tumor microenvironment and strengthened its role as perivascular and angiogenic TAMs in CRLM.
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INTRODUCTION
Approximately half of the patients with colorectal cancer (CRC)
develop colorectal liver metastases (CRLM), which result in poor
prognosis and high mortality [1, 2]. The liver is unique among
organs in that it receives blood with differing compositions via
both systemic circulation and hepatic portal circulation, which
allow the liver cells to perform vital digestive and metabolic
functions [2, 3]. The metastatic CRC cells mostly enter the liver via
the portal vein; their interactions with the tumor microenviron-
ment play a vital role throughout the disease [3, 4]. Thus, the
unique hepatic architecture and immune-tolerant and/or -permis-
sive microenvironment greatly contribute to the tropism for
metastatic tumor cells to seed and form CRLM.
CRLM formation can be subdivided into four major stages

including a microvascular stage of cancer cell intravasation and
arrest in sinusoidal vessels; a pre-angiogenesis stage and an
angiogenic stage to build up tumor vasculatures; and a growth
stage in which CRLM expands rapidly to form big liver metastases
[1, 5]. Among these, the angiogenic stage is an extremely pivotal

time to aid the invasion of a growing tumor upon the cells and
surrounding liver tissue and result in a series of histopathological
growth patterns (HGPs) of CRLM [6, 7]. Vermeulen et al. described
three distinct HGPs [7] including a desmoplastic HGP, where the
metastases are separated from the liver structure and create their
own supporting stroma. In a pushing HGP, where the liver plates
at the interface are compressed but have increased angiogenic
activity. As for a replacement HGP, the metastatic cells infiltrate
and replace the hepatocytes and hijack the liver architecture by
aptly adopting sinusoidal vessels, which is achieved mostly via a
non-angiogenic process named ‘vessel co-option’ [8]. These HGP
subtypes are mainly featured with varied degrees of tumor
vasculature by sprouting angiogenesis and disparities in relevant
cytokine profiles and immune infiltration, which suggests that
different HGPs may reflect immune heterogeneity in the tumor
microenvironment [1, 9, 10]. Traditionally, tumor angiogenesis
marks the sprouting of new blood vessels lined with endothelial
cells. However, Hendrix et al. found that tumor cells may actively
create their own blood-delivering tubes and vessels forming a
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mini-circulatory system [11]. Other studies showed that not only
tumor cells, but also other cells in the tumor environment can
form tubular structures, such a phenomenon is termed vasculo-
genic mimicry (VM), which is directed to the high plasticity of the
stromal, tumor microenvironment, tumor cells, and cross-talks
between tumor and the immune system [12–14].
Kupffer cells, the liver-resident macrophages usually lie in

hepatic sinusoids wherein serve as the first line of defense against
pathogens entering from the portal and/or arterial circulation and
play a role in monitoring hepatic metastases derived from blood-
borne tumor cells [15, 16]. However, the surveillance system
seems limited in capacity [17, 18]. Until the CRLM reaches the pre-
angiogenesis stage, it may have disturbed the sinusoidal vessels
and blood flow dynamics and resulted in an ischemic-hypoxic
situation, which may incite Kupffer cells to secrete cytokines and
chemokines and differentiate into tumor-associated macrophages
(TAMs). CRLM progression in time recruits myeloid cells to the
liver, among which, monocytes are infiltrated in response to pro-
inflammatory signaling including TNF, CCL2, CCL9, etc., and turn
into TAMs [17, 19]. Macrophages are strongly adapted to their
environment and can have different polarization states with
distinct antitumor and tumor-promoting entities, termed as M1- or
M2-like [19, 20]. In general, M1-like macrophages are pro-
inflammatory and exert antitumor effects, whereas M2-like
macrophages largely promote tumor growth via the secretion of
growth factors such as VEGF, EGF, FGF2, and TGFβ [21]. However,
recent studies indicate transitional or mixed phenotypes of these
two entities, even within M1-, or M2-like, there is substantial
heterogeneity. For example, M2-like macrophages were further
subdivided into M2a, M2b, and M2c, which exhibited distinct cell
markers and functions under varied regulatory factors [15, 20].
Both Kupffer cell- and monocyte/macrophage-derived TAMs can
promote tumor angiogenesis via secretion of growth factors,
inflammatory cytokines, extracellular matrix-degrading proteases
to support neovascularization and growth of tumor vessels
[9, 17, 22]; and thus, function to promote CRLM progression.
Kupffer cells constitute up to 10% of all liver cells and are

constantly replenished via self-renewal in the liver to maintain
homeostasis [15, 18]. Under pathological conditions, bone marrow-
derived monocyte/macrophages are recruited to the liver on
demand, they might act as a backup supplement to Kupffer cells
[23]. A recent study elucidated that the recruited monocytes could
fully differentiate into Kupffer cells in the liver upon conditional
depletion of Kupffer cells in transgenic mice [24]. Under CRLM,
understanding how these two sources of macrophages route to
tumor-promoting TAMs can provide important clues for effective
therapy. In this study, with a C57BL/6 mouse model of CRLM, we
showed dynamic growth of CRLM and the formation of tumor
vascularization in vivo. Moreover, we delineated the differentiation
of F4/80+ TAMs from Kupffer cells and myeloid infiltration of
monocytes/macrophages within the tumor microenvironment. F4/
80+ TAMs play an essential role in tumor vascularization and can be
employed as therapeutic targets in CRLM.

RESULTS
Seven to nine days post-injection is the critical period for
growth of small-sized liver metastases
The mouse CRLM model mimicked the late-stage of colorectal liver
metastasis in patients, during which the metastatic CRC cells entered
the liver via spleen-portal veins and gradually built-up metastases.
The mice formed similar liver metastases at 14 dpi (days post-
injection), yet most mice suffered from huge liver metastases and
cachexia at 21 dpi (Fig. 1A–C). The metastatic niches of only the
needle tip size oddly appeared on the liver surface at 8 dpi, with
~1mm3 as calculated according to the correlated H&E staining (Fig.
1D, E). At 10 dpi, the small tumor pieces grew into the sizes of
2–3mm3; whereas at 12 dpi around 8mm3 of metastatic nodules

arose on the liver surface, some of them showed bean-shaped
tumors. At 14 dpi, large metastases protruded from the liver (Fig.
1D–G). Such a dynamic disease course allowed us to investigate the
disease at different stages with the varied tumor microenvironment.
Compared to the control mice, changes in the body weight
percentages in Mc38-injected mice showed an accelerated growth
of the metastases during 10–14 dpi; notably, a relative body weight
loss was observed at 8–10 dpi, when it could be assumed as a pivotal
transition from pre-angiogenesis to angiogenesis stages to support
further CRLM growth (Fig. 1F–G). Together, these results showed that
small tumor blocks could be established around 7–9 dpi.

Replacement growth pattern of the CRLM incorporates liver
vessels and vasculogenic mimicry to construct the tumor
vasculature
We used GFP+ Mc38 cells to grow CRLM. IHC-staining on the
metastasis-associated protein S100 calcium-binding protein A4
(S100A4) showed striking similarity with that of GFP+ staining on
varied CRLM (Fig. 2A, B), from which we observed a replacement
growth pattern. Mc38 cells initially colonized near the hepatic
sinusoids or portal veins and co-opted the sinusoidal blood vessels

Fig. 1 The mouse liver metastasis model and its dynamic disease
course. A The liver metastasis model in C57BL/6 mice. Mc38
colorectal cancer cells were injected via the spleen-portal vein into
the liver. B At 21 days post injection (dpi), the abdomen of a tumor-
bearing mouse showed large tumor bumps. C H&E staining showed
huge and non-necrotic liver metastases. Up to 14 dpi, the liver
metastases appeared as small to large-sized tumors on the liver
surface; arrows pointed to liver metastases (D); and under the
microscope by H&E staining (E). F The weight changes in the control
and Mc38-injected mice during disease (weight changes were
shown in the mean value of 4 mice per group). G Metastases
volumes in the liver were calculated by measuring the tumor sizes in
H&E staining during 8–14 dpi (N= 3, with 3–5 fields imaged and
quantified). *p < 0.05; ***p < 0.001.

T. Qiao et al.

2

Cell Death and Disease          (2023) 14:117 



in a stepwise manner (Fig. 2A–C). At 14 dpi, the interface between
the tumor and the surrounding liver parenchyma was poorly
defined, indicating tumor cells and hepatocytes had intimate
cell–cell contact without causing inflammation or fibrosis. H&E
showed that some of the liver plates were enclosed at the centers of
these tumors, in which the remaining liver sinusoid structures
contained well-perfused red blood cells (Figs. 1E, 2C); GOMORI
staining manifesting the interface of tumor–liver tissues also showed
tumors with nearby portal tracts and co-opted for internal liver
vessels (Fig. 2D). Furthermore, GO enrichment analysis with RNA-
Sequencing data of varied grade of tumor-centric samples indicated
that the most significant events during CRLM progression to the late
stages, from medium tumor-sized CRLM (Mt) to high tumor-volume
CRLM (Ht) matched with the liver function decline, as most liver
metabolism-related genes were significantly down-regulated (Sup-
plementary Fig. S1A the blue lettered GO terms).
We next checked endothelial markers CD34, CD31, and CD146

expression with IHC in vivo. CD34 expression is mostly associated
with tumor neovascularization or budding endothelial cells [25],
whereas periodic acid Schiff (PAS)+ components represent poly-
saccharides as the intact basement in each tissue. Thus, double
staining of CD34+ PAS+ or CD31+ PAS+ vessels may represent
sprouts of angiogenesis or blood vessels, whereas CD34− PAS+ or
CD31−PAS+ tubes showed a pattern of vascularization as non-

angiogenesis, named vasculogenic mimicry (VM), in which the
tumor cells or non-endothelial cells formed vessels [14, 26]. We
observed tubular or circled filaments of single PAS+ structures
within big metastases, as well as S100A4+PAS+ tubes (Fig. 2E);
Moreover, non-necrotic huge metastases implied well-functioning
vessels with continuous blood and gas supply (Fig. 2C–E). We next
applied IHC serial section analysis with anti-CD34, -CD31, CD146, or
-GFP antibodies, respectively, revealing relations of tumor or blood
vessels and GFP+ Mc38 cells on varied-sized metastases. We found
that, while GFP+ Mc38 cells just began to colonize (Supplementary
Fig. S1B, S1C); some CD34+ staining showed even before tumor cells
arrived (Supplementary Fig. S1B and S1C, the 2nd columns: CD34+

vs. GFP+ staining); later an intensive CD34+ staining almost
overlapped with that of GFP+ on bigger metastases. CD34+ staining
showed along the walls of liver vessels in which metastases fitted
indicating that Mc38 cells co-opted the liver for their colonizing and
forming CRLM (Supplementary Fig. S1B, S1C). In contrast, the mature
blood vessel endothelial marker CD31+ and endothelial adhesion
marker CD146 were sparsely shown within CRLM or outside.
Therefore, CD34+ staining may well represent rapidly budding
tumor vessels within CRLM and was used for later analysis
(Supplementary Fig. S1B, S1C).

Dynamics of F4/80+ macrophage transformation within CRLM
and its correlation with tumor vascularization in vitro and
in vivo
The reconstructed IHC serial sections on a 14-dpi CRLM displayed
a 3D version of a big tumor trunk protruded from a big liver vessel
(Supplementary Figs. S2A, 3A). In varied CRLM stages, S100A4+

vessels may indicate typical VM tubes progressed along the liver
vessels (Fig. 3B). Further Transmission Electron Microscopy (TEM)
confirmed the co-existence of the flat-shaped endothelial cells
(Fig. 3C left) and round-shaped tumor cells (Fig. 3C middle) and
lysosome-containing macrophages (Fig. 3C right) lining the
vascular structures. Additional macrophage-related markers i.e.,
Lyve-1 or S100A9 expressed inside the tumor chunks exhibiting
loop-like patterns; F4/80+ staining appeared next to PAS+ VM
tubes (Fig. 3D).
Within CRLM, heterogenous tumor-associated macrophages

(TAMs) include myeloid-infiltrated monocyte/macrophage- and
Kupffer cell-differentiated TAMs [17]. Using the tumor-centric
CRLM samples (Fig. 4A, the tumor biopsy series), we analyzed the
dynamic content of infiltrated CD11b+ monocytes/macrophages
and F4/80+ macrophages by parallel flow cytometry and bulk
RNA-sequencing. Most F4/80+ staining represented Kupffer cells
in normal liver and early CRLMs; flow cytometry showed that,
during CRLM progression, CD11bhi F4/80− cells entered the liver
and became CD11bint F4/80int cells, which further turned into
CD11bint F4/80hi cells within large tumors (Fig. 4A, the flow
cytometry data). The transformation of Ly6ChiCD11bhi cells into
Ly6Clo CD11bint F4/80hi cells was confirmed in vitro via co-culture
of bone marrow-derived monocytes with Mc38 cell-conditioned
medium (TCM) for 7 days (Fig. 4B). Consistently, as more than 80%
of CD11bint F4/80int cells were Ly6C+ cells (Fig. 4A, C), <30% of
Ly6C+ cells in CD11bint F4/80hi cells (Fig. 4A, D), we proposed that
Ly6Chi CD11bhi monocytes may differentiate into Ly6Clo/−

CD11bint F4/80hi macrophages; thus, the increased CD11bint F4/
80hi cells were functional TAMs within CRLM (Fig. 4E). Moreover,
with parallel RNA-Seq data collected from the same CRLM
samples, bioinformatics analysis on the dynamic content of
monocyte and macrophages by ImmuCC [27] showed that timing
of the monocyte influx and dynamic ratios of monocytes/
macrophages were highly relevant to those by flow cytometry
and GO enrichment analysis on DEGs (Fig. 4A and F, Supplemen-
tary Fig. S1A) during CRLM growth.
We then proved the accumulation of F4/80+ macrophages in

varied CRLMs on IHC serial sections (Supplementary Fig. S2B). In
contrast to normal liver, F4/80+ staining during CRLM progression

Fig. 2 The replacement growth pattern and vascular mimicry
(VM) in CRLM. Immunohistochemistry (IHC) with anti-GFP or anti-
S100A4 antibodies tracing of Mc38 cells in varied stages showed a
replacement growth pattern of CRLM (A) and positive staining
quantification (B). C H&E staining showed remaining hepatic tissues
and retained red blood cells within the liver metastases (the red
arrow pointed to red blood cells and black to vessel co-option).
D GOMORI staining showed the tumor–liver interface was smoothly
interacted indicating a replacement growth pattern of the liver
metastases. E Serial IHC sections on the respective double staining
with anti-CD34, -CD31, -S100A4, or -GFP antibodies, and Periodic
acid-Schiff (PAS) showed CD34− PAS+ or CD31−PAS+ vasculogenic
mimicry (VM) tubes (red arrows) and S100A4+ PAS+ VM (black
arrows) within CRLMs.
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became diffuse-like, light brown, and loop-like patterns along the
liver vessel or within CRLM, indicating vital transitions of these
cells. Moreover, greatly increased F4/80+ cells gathered at the
tumor-liver interfaces, became much more at 14 dpi CRLM
(Supplementary Fig. S2B). Further IHC data series showed that,
throughout the disease esp. 7–9 dpi, F4/80+ but not CD11b+

staining showed typical tubular-like patterns, signifying the role of
F4/80+ macrophages in tumor vascularization (Supplementary Fig.
S3). To reveal the functions of F4/80+ macrophages within CRLM,
we extracted F4/80+ and CD11b+ cells from medium-sized CRLM
by magnetic beads (Mt2, Fig. 4A tumor samples) and applied bulk
RNA-sequencing analysis. Compared to tissue samples, immune
cell infiltration analysis by mMCP-counter (http://
134.157.229.105:3838/webMCP/) showed that both cell popula-
tions contained mostly macrophages, we thus named after F4/
80+TAM and CD11b+TAM (Fig. 5A). Furthermore, Gene Set
Enrichment Analysis (GSEA) analysis on the up-regulated differ-
entially expressed genes (DEGs) indicated significant organogen-
esis, vascular endothelial growth, etc. on F4/80+TAM; yet GSEA on
the down-regulated DEGs showed negative regulation of granu-
locyte chemotaxis, etc. on CD11b+ TAM (Fig. 5A inserts). We next

proved that in vitro co-culture of the ex vivo F4/80+TAMs with the
endothelial cells (SVEC4–10) under tumor-cell conditioned media
(TCM) greatly stimulated the expression of a few key angiogenic
markers including CD31, CD34, TIE2, VEGFA, Ki67, etc. (Fig. 5B).
Moreover, we showed that both cell populations, overlapping to a
large extent, showed a distinct spectrum of angiogenesis-related
activation from those in the liver or bulk CRLM tissues in vivo
(Fig. 5C). Taken together, these data highlighted F4/80+ TAMs
greatly contributed to CRLM vascularization.

Clodronate liposome-mediated depletion of macrophages
during formation of small-sized liver metastases disrupted
tumor neovascularization
We next treated the mice at 7–9 dpi of critical neovascularization
with 3 doses of Clodronate liposome® (CL) to deplete phagocytic
macrophages [28]. The results showed that, at 14 dpi, whereas
some of the treated mice showed minor tumors, other treated
mice still developed big-sized CRLM indicating treatment resis-
tance (Supplementary Fig. S4A–C). H&E results showed hollow
tumors with large necrotic areas in the mice with effective
treatment, in contrast to the huge and non-necrotic tumors in the
control and treatment-resistant mice (Supplementary Fig. S4D). In
IHC data, whereas F4/80+ staining was strong within the tumors in
the control (Supplementary Fig. S5A the upper channel) and
treatment-resistant mice (CL-NS, Supplementary Fig. S5A the
bottom channel), the staining was only minimal in effectively CL-
treated mice (Supplementary Fig. S5A the middle channels),
whose tumor also showed greatly reduced CD146+ or CD34+

staining (Supplementary Fig. S5A, B). These results showed that
effective macrophage depletion at the critical period of tumor
formation impeded tumor growth via poor vascularization within
CRLM. Further, IF data also showed respective expression on CD68,
S100A9, or CD206, which was an M2-like marker, was greatly
decreased in CL-treated liver (Supplementary Fig. S5C, D).

CD11bint F4/80hi TAMs contribute to tumor vascularization
within CRLM
We next treated mice with a Class IIa Histone deacetylase (HDAC)
inhibitor TMP195 which acted on macrophage polarization towards
an M1-like phenotype in vivo [29]. Our results verified that the
treatment given during 7–12 dpi greatly disrupted tumor vascular-
ization and inhibited CRLM growth (Figs. 1C and 6A). At 14 dpi,
whereas all control and 2 of 5 treated mice showed big metastases,
3 of 5 treated mice significantly less suffered from the disease (Fig.
6B–D). IHC data showed that the treatment greatly undermined
CD34+ staining showing a hollow appearance within CRLM. In
contrast, CD34+ expression in the control mice showed greatly more
intensive staining with much more rigid wire-like structures (Fig. 6E,
F). The treatment also resulted in greatly decreased expression of
M2-like marker CD206 yet increased M1 marker iNOS indicating
altered macrophage polarization; and greatly decreased expression
of CD31 and CD146 confirming corrupted tumor vessels in TMP195-
treated livers (Supplementary Fig. S6A, B).
Previous data showed that TMP195 treatment did not act on

differentiated macrophages but induced the recruitment of
CD11b+ cells within the tumor microenvironment [29]. In flow
cytometry, as compared to the control mice, the treatment
significantly reduced CD11bint F4/80+ cells but increased CD11b+

F4/80int cells within 14 dpi CRLM (Fig. 7A and C); yet these two cell
populations kept similar within the liver area between the control
and treated mice (Fig. 7B, C). Moreover, CD11b+ and F4/80+ cells
respectively contained mixed M1-like (CD86+) and M2-like
(CD206+) macrophages within CRLM (Fig. 7D). Consistently, the
treatment greatly increased CD11b+ yet reduced F4/80+ expres-
sion at 14 dpi CRLM (Supplementary Fig. S7A–D). These results
showed that TMP195 treatment resulted in greatly decreased F4/
80+ TAMs via inhibition of the transformation of CD11b+

monocyte/macrophages into F4/80+ TAMs within CRLM.

Fig. 3 F4/80+ macrophages were highly linked to CRLM-adopted
liver vessel co-option and VM tubes on tumor vascularization.
A IHC with an anti-CD34 antibody staining on serial tissue sections
of CRLM at 14 dpi displayed 3-D versions of the CD34+ tumor mass
grown along an innate liver vessel (the elliptical white space). B IHC
staining on S100A4+ cells showing the tumor cells formed tubular
structures in a VM manner during disease progression; the arrow
showed circular staining with 14 dpi CRLM. C Representative
transmission electron microscopy showed endothelium-lining ves-
sels, tumor cell-lined tubular structure as VM; and macrophages in
proximity to VM tubes. *The arrowhead showed the flatted
endothelial cell (left) or a round tumor cell (middle); the red arrow
showed a few lysosomes within a macrophage (right). D IHC staining
on the liver metastases showed tubular expression patterns on
respective macrophage-related markers such as Lyve1, S100A9, and
F4/80; F4/80+ expression showed proximity to PAS+ channels.
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DISCUSSION
Kupffer cells constitute the largest population of tissue-resident
macrophages [15]. These cells generally ensure immune tolerance
to avoid undesired immune responses to food antigens, yet they
are central to the hepatic response to pathogens and invaders
[16]. In our syngeneic mouse CRLM model, survived Mc38 cells in
the liver may in time create a tumor microenvironment that
favored Kupffer cells to proliferate in situ and/or myeloid
monocyte/macrophages to infiltrate, both differentiated into
tumor-promoting F4/80+ TAMs. Consistently, the replacement
growth pattern of CRLM implied that the liver itself was tolerant
and supportive of the rapid CRLM growth by actively providing
liver vessels at the expense of liver function decline during CRLM

progression [7]. The metastatic Mc38 cells made full use of liver
vessels and perivascular TAMs; they further adopted VM vessels to
match the rapid growth of tumor vasculature. Moreover, we
showed that the recruited CD11b+ monocyte/macrophages
adapted to the local environment by gaining F4/80 expression
and transformed into F4/80+ TAMs. Our results strengthened the
essential roles of Kupffer cells in guiding and contributing to CRLM
growth and tumor vessel construction.
Relevant studies show that CRLM growth and liver regeneration

shared a few common features regarding tissue environment such
as growth factors and cytokines, hemodynamic changes, extra-
cellular remodeling, and angiogenesis [30, 31]. Similarly, the
replacement growth pattern of CRLM in our animal model also

Fig. 4 The infiltrated monocytes/macrophages and Kupffer cells transformed into F4/80+ TAMs within CRLMs. A Tumor-centric samples
contained low- (Lt), medium- (Mt3, Mt2, and Mt1), and high- (Ht) tumor-sized liver metastases, the normal liver (con) and the tumor-free liver
tissue from the CRLM (liver con), on which flow cytometry analyzed the staining with anti-CD11b and -F4/80 antibodies after CD45+ gating
(A). B Co-culture of bone marrow-derived monocytes under Mc38-cell conditioned medium (TCM) for 7 days in vitro confirmed monocyte-
transformation into Ly6CloCD11bintF4/80hi cells. The relative proportions of Ly6C+ cells in CD45+ CD11bint F4/80int subsets (C) and CD45+

CD11bint F4/80hi subsets (D) were shown with CRLM samples in (A). E The schematic diagram showed the routes of F4/80+ TAM differentiation
from the infiltrated monocytes and Kupffer cells within CRLM. F Bioinformatics analysis with ImmuCC algorithm showed relative immune cell
content based on the bulk RNA-seq data from the same samples in (A); *attention to monocytes (red) and macrophages (purple) in varied
samples.
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Fig. 5 F4/80+TAM greatly promoted tumor vascularization in vitro and in vivo. A The immune infiltration analysis by mMCP-counter with
the bulk RNA-seq data of F4/80+ cells and CD11b+ cells extracted from CRLM showed mainly macrophages. GSEA analysis showed F4/
80+TAM was greatly linked to vascularization. B Co-culture of ex vivo F4/80+TAM from CRLM with the endothelial cells (SVEC4–10, S) under
TCM (Mc38 cell conditioned medium) greatly increased the expression of angiogenesis markers in SVEC4–10 cells in vitro by RT-PCR. C F4/
80+TAM and CD11b+TAM showed distinct angiogenesis profiles from those in the liver and varied CRLM at the transcriptomic level by
bioinformatics analysis. *p < 0.05; **p < 0.01; ***p < 0.001.
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indicated a permissive liver environment for rapid tumor growth,
where liver non-parenchyma cells including Kupffer cells may
secret growth factors and cytokines to promote tumor vascular-
ization [31]. However, bigger-sized metastases are mainly fed by
the hepatic artery [5]. We showed that neovascularization of CRLM
was mostly initiated from an existing liver vessel via vessel co-
option; and its rapid growth adopted a replacement growth
pattern, where the liver parenchyma contacted the tumor
smoothly at the interface [7]. Our IHC showed that CD34+ staining
dynamics well matched the process of tumor vascularization
during CRLM progression, whereas the positive staining of other
endothelial cell markers, i.e., CD146 or CD31 did not. The
expression of CD34 marks highly functional endothelial progenitor
cells in bone marrow [32] and angiogenic tip cells in neovascular-
ization, vessel formation, or lateral branch establishment [33].

Thus, the rapid tumor vasculature construction well adopted
CD34+ budding endothelial cells leading to swift extension of the
existing liver vessels into and around the growing tumor [30].
Moreover, we showed the compensatory endothelial-free tubules
with single positive PAS staining indication of vascular mimicry
(VM) mechanisms of either tumor cells or F4/80+ TAMs, thereby
providing an alternative perfusion pathway for CRLM progression
[13, 14].
Macrophages are capable of sensing the tissue environment,

responding to the needs, and actively maintaining organ function
[34]. In early human embryos, tissue macrophages promote tissue
regeneration prior to the development of blood vessels [35].
Studies showed macrophages in the perivascular (PV) niche of
tumors regulate tumor angiogenesis via direct contact with
endothelial cells or pericytes and can form primitive, non-

Fig. 6 TMP195 treatment greatly inhibited CRLM growth and vascularization. A The treatment regimen with TMP195. B The weight
changes of mice in vehicle and TMP195 groups during 0–14 dpi. C The liver and CRLM samples at 14 dpi with/out TMP195 treatment. D The
liver weights with/out TMP195 treatment at 14 dpi. E IHC with anti-CD34 antibodies showed greatly disturbed neovascularization within CRLM
in TMP195-treated liver biopsies; *the numbers in the lower left corner of the samples were in relation to the livers as shown (C). The
treatment significantly decreased CD34+ microvascular density (MVD) and the number of CD34+-positive cells per HPF (F). MVDs were
counted in the most active areas of neovascularization per 200× field according to the previous method. *p < 0.05; ***p < 0.001.
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endothelial VM channels in tumor models in vivo [22, 36]. We
confirmed F4/80+ TAMs as PV-TAMs by spatial and temporal
measurement and as unique angiogenic promotors on the
endothelial cells in vivo and in vitro. Intensive accumulation of
F4/80+ macrophages in situ indicating that these TAMs may be
highly linked to Kupffer cells and function [37]. Recent data
indicated that recruited monocytes, monocyte-derived and
resident macrophages may all proliferate in situ to control
relevant cell numbers within the tissue [35]; our data on varied
stages of CRLM showed that the recruited macrophages may gain
F4/80 expression within CRLM, replenishing the pool of Kupffer
cells on turning into tumor-promoting TAMs [24, 37]. These facts
implied that certain mechanisms may be necessary to unify the

recruited monocyte/macrophages to Kupffer cell properties, and
the total number of macrophages to coordinate the process of
CRLM growth and/or tissue regeneration [30, 34]. We further
proved that such a program of monocyte/macrophage diversion
to Kupffer-like cells was essential to CRLM progression. Consistent
with the diverting effect on macrophage polarization in a breast
cancer model in vivo [29], we showed that the treatment of
TMP195, a selective class IIa histone deacetylase (HDAC) inhibitor,
resulted in an increased number of CD11b+ macrophages within
CRLM, as well as decreased PV F4/80+ TAMs and tumor vessel
corruption. Furthermore, effective Kupffer cell depletion with
Clodronate liposome (CL) resulted in greatly decreased CRLM
growth. Together, these data reflect systemic support and local

Fig. 7 TMP195 treatment depleted CD11bint F4/80+ TAMs in late-stage CRLMs. Flow cytometry analysis on 14 dpi liver biopsies of the
tumor area (A) and liver area (B) with/without TMP195 treatment. TMP195 treatment greatly reduced the number of CD11bint F4/80+ cells
whereas increased that of CD11b+ F4/80− cells in the tumors (A, C left) but not the tumor-free livers (B, C right) of CRLMs. D Further flow
cytometry analysis on CD11bint F4/80+ (a) and CD11b+ F4/80− (b) cell populations shown in A (the lower panel) indicated mixed expression of
M1-like type marker CD86 and M2-like marker CD206 in both CD11b+ or F4/80+ cells. *p < 0.05; **p < 0.01.
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permission on CRLM growth. Nonetheless, however, recent studies
show that, in addition to PV TAMs, neutrophils were also
proangiogenic [38, 39] and may have supported metastatic
seeding [40, 41] in certain tumor models. We also observed
infiltration of myeloid dendritic cells, and CD4+ and CD8+ T cells
into the liver during CRLM progression. Further elucidation of the
mechanisms of differential myeloid infiltrations is highly
warranted.
In summary, the tumor microenvironment TAMs were derived

from macrophage transformation in situ, determined by cells in
the local liver microenvironment, and dynamically supplemented
by systemic myeloid cells. As a typical example, the CRLM growth
is the result of cooperation between local organs and integrated
body environment and purposes. How to break the integrated
network and reverse the determined tumor growth requires an in-
depth understanding of its operating mechanisms and vital points
in vivo, which has been partially explained by our data. However,
our presented results may only reflect model-specific dynamics
and spatial–temporal changes, as liver metastases may grow
randomly among varied liver lobules and lobes [1]. Nonetheless,
our results imply that a profound understanding of dynamic
mechanisms of the tumor microenvironment in disease models
may accelerate target discovery that just reverses tumor-
promoting entities and effective combination therapies for
patients with CRLM.

MATERIALS AND METHODS
Cells and animals
Mc38 colorectal cancer cell line was derived from C57BL/6 murine colon
adenocarcinoma cells and originally granted from Dr. Shoshana Yakar
(New York University) [42] were cultured at 37 °C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (Hyclone) supplemented with 10% fetal bovine
serum (Gibco). The mouse lymph node endothelial cells SVEC4-10 cells
(Beijing Zhongyuan Limited, China) were cultured under the same
condition. The female C57BL/6 mice, 6–8 weeks (Changsheng Biological
Technology Co. Ltd.) were maintained under specific pathogen-free (SPF)
conditions. The mouse experiments were approved by the Institutional
Animal Care and Use Committees (IACUC) of the Southern University of
Science and Technology (No. SUSTC-JY2020093).

Liver metastasis mouse model in C57BL/6 mice
The mouse liver metastasis model was established via splenic injection
of syngeneic Mc38 cells following previous methods as indicated in
Fig. 1A [43]. The mice were sacrificed on varied days post injection (dpi)
to collect either liver samples or tumor biopsies for further analysis. For
hematoxylin and eosin (H&E) staining and tumor sizes in the liver, the
mouse body weights were recorded every second day; tumor diameters
(r) were analyzed by the magnification of relevant H&E-staining images,
and matching volumes of the liver metastases were calculated by
4*3.14*r3/3.

H&E, immunohistochemical (IHC) and immunofluorescent (IF)
analysis
The collected tissues were fixed, and H&E, IHC, and IF assays were
performed by standard procedures (Solarbio), with either a primary
antibody (Supplementary Table 1) or the antibody dilution buffer as
negative controls. The IHC and H &E samples were analyzed with a Nikon
DS-Fi1 microscope; A fluorescence microscope (Nikon 80i) was used to
analyze IF images. To quantify the marker-positive cells, three independent
fields of the sections were calculated. At least 300 total cells and the
positive-staining cells were counted, and the data were reported as
percent cells positive for the marker.

Three-dimensional reconstruction of IHC serial sections
The biopsy of 14 dpi CRLM in the IHC serial section include 100
consecutive slides, 25 of which were scanned into images on TissueFAXS
Imaging Software (TissueGnostics, China) and then using Imaris software
(Bitplane) to reconstruct the serial images into a short 3-D video
(Supplementary Fig. 2A).

Periodic acid-schiff (PAS) staining and Gomori’s Trichome
staining
For PAS staining, the slide sections were treated with periodic acid (Solarbio)
before being stained with Schiff’s reagent (Solarbio). For Gomori’s Trichome
staining, apply warmed Bouin’s fluid, then Hematoxylin and Weigert’s Iron
mixture, Gomori Trichrome Stain solution (ScyTek Laboratories), before
differentiating with acetic acid solution and allow further dehydration.

Co-culture experiments in vitro
Bone marrow-derived monocytes were prepared by flushing the mouse
femurs and tibias with PBS with 2% fetal calf serum, plated on a Petri dish,
and collected unattached cells post 24 h extraction. Co-cultured the cells
with/out tumor cell-conditioned medium (TCM, the cell supernatant from
cultured Mc38 cells) for 7 days before harvesting the cells for flow
cytometry.
F4/80+ cells were extracted from the medium-sized CRLM by microbe-

ads and MS column (130-110-443 and 130-042-201, Miltenyi Biotech) and
co-cultured with SVEC4-10 cells with/out TCM for 72 h. The endothelial
cells were collected after removing F4/80+ cells with microbeads and
prepared for RT-PCR analysis.

Tissue sample preparation for flow cytometry and analysis
Liver biopsy samples with/out varied metastases were prepared for flow
cytometry and bulk RNA-Sequencing. Briefly, each tissue sample of ~1 cm3

(Volume= length*width*height/2) was used. These samples were tumor-
centric and included liver metastases with increasing volumes of the
tumor, besides the liver tissue to reflect tumor microenvironment at varied
stages of the disease, i.e., low-content tumor (Lt), medium-content (Mt3,
Mt2, Mt1), and high-content tumor (Ht) samples which contained more
than 90% tumor. Two types of control samples including the tumor-free
liver tissue of the 12-dpi mouse liver (L-con), and the control liver tissue.
Two livers were prepared for each group except L-con (Fig. 4A). Hepatic
mononuclear cell suspensions were prepared from these tissue samples.
The cells were stained with the fluorochrome-conjugated antibody for
30min at 4 °C in the dark and resuspended in FACS buffer before being
analyzed in BD FACSCanto SORP.

RNA-Sequencing samples and data analysis with ImmuCC,
mMCP-counter, GO enrichment, Heatmap, and GSEA
A set of aliquot samples (about 0.25 cm3) as shown in Fig. 4A were used for
bulk RNA-Sequencing, Ht1 and Ht3 were made identical among 14 samples
(Novogene, www.novogene.com). F4/80+ cells and CD11b+ cells were
selected from medium-sized CRLM (Mt2) with microbeads and MS column
(130-110-443, 130-049-601 and 130-042-201, Miltenyi Biotech) before
being prepared for RNA-sequencing.
The resulted RNA-sequencing data clean reads >95%, Q30 > 90%, and

error rate <0.05%; Square of Pearson correlation coefficient (R2) between the
biological replicates was >0.89; R2 of the identical samples (Ht-1 and Ht-3)
was >0.98. The hierarchical clustering and principal component analysis (PCA)
showed that the biological duplicated samples were clustered together but
all grouped into con, L-con, Lt, Mt, and Ht accordingly.
The FPKM files were extracted from all RNA-Seq data and uploaded to

ImmuCC web server [27], or mMCP-counter (http://134.157.229.105:3838/
webMCP/) to estimate the abundance of tumor-infiltrating immune cells.
For Gene Ontology (GO) enrichment analysis, we performed a differential
gene expression of two adjacent samples using the edgeR R package
(3.22.5), padj ≤ 0.05 and |log2 (fold change)| ≥ 1 as the threshold and GO
enrichment analysis by the cluster Profiler R package (3.8.1). Biological
process (BP) GO terms with corrected p value < 0.05 were considered
significant. The heatmap plot was generated using the R pheatmap
package; the angiogenesis-related gene sets were taken from the MSigDB
and Gene ontology (GO) databases. The up-regulated and down-regulated
differentially expressed genes (DEGs) between RNA-seq data of F4/80+

cells and CD11b+ cells were further applied to gene set enrichment
analysis (GSEA) analysis.

Macrophage depletion and modulation of macrophage
polarization in vivo
The mouse was randomized before treatment so that each group had
animals of similar weight and age; no blinding was done. For depletion of
macrophages in vivo, Clodronate liposomes (CL, Liposoma BV) or PBS
liposomes (200 μl/mouse) were injected intraperitoneally at 7, 9, and 11 dpi
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of the CRLM. For modulation of macrophage polarization in vivo, a class IIa
Histone deacetylase (HDAC) inhibitor, TMP195 (MedChemExpress), or the
solvent DMSO was injected intraperitoneally. The mice were treated with
either solvent or TMP195 of 50mg/kg daily from 7 to 12 dpi before all
biopsies were collected at 14 dpi.

Transmission electron microscopy
The samples of the liver metastases were prepared as 1 mm3 samples
before embedded in Araldite. The sections were observed under a
transmission electron microscope (H-765, Hitachi).

Statistical analysis
Data were presented as mean ± SD and analyzed with the unpaired, two-
tailed Student’s t-test. Statistical analysis was performed on the Prism
7.0 software (GraphPad), and p < 0.05 was considered significant.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files, further inquiries can be directed to the
corresponding author HR. RNA-Sequencing data were deposited at the GEO
database: accession number GSE206211.

REFERENCES
1. Tsilimigras DI, Brodt P, Clavien PA, Muschel RJ, D’Angelica MI, Endo I, et al. Liver

metastases. Nat Rev Dis Prim. 2021;7:27.
2. Van den Eynden GG, Majeed AW, Illemann M, Vermeulen PB, Bird NC, Hoyer-

Hansen G, et al. The multifaceted role of the microenvironment in liver metas-
tasis: biology and clinical implications. Cancer Res. 2013;73:2031–43.

3. Sutcliffe RP, Bhattacharya S. Colorectal liver metastases. Br Med Bull.
2011;99:107–24.

4. Brodt P. Role of the microenvironment in liver metastasis: from pre- to prome-
tastatic niches. Clin Cancer Res. 2016;22:5971–82.

5. Shankar A, Loizidou M, Taylor I. The vascularity of colorectal liver metastases. Eur
J Surg Oncol. 1996;22:389–96.

6. Eefsen RL, Van den Eynden GG, Hoyer-Hansen G, Brodt P, Laerum OD, Vermeulen
PB, et al. Histopathological growth pattern, proteolysis and angiogenesis in
chemonaive patients resected for multiple colorectal liver metastases. J Oncol.
2012;2012:907971.

7. van Dam PJ, Daelemans S, Ross E, Waumans Y, Van Laere S, Latacz E, et al.
Histopathological growth patterns as a candidate biomarker for immunomodu-
latory therapy. Semin Cancer Biol. 2018;52:86–93.

8. Kuczynski EA, Vermeulen PB, Pezzella F, Kerbel RS, Reynolds AR. Vessel co-option
in cancer. Nat Rev Clin Oncol. 2019;16:469–93.

9. Riabov V, Gudima A, Wang N, Mickley A, Orekhov A, Kzhyshkowska J. Role of
tumor associated macrophages in tumor angiogenesis and lymphangiogenesis.
Front Physiol. 2014;5:75.

10. Milette S, Sicklick JK, Lowy AM, Brodt P. Molecular pathways: targeting the
microenvironment of liver metastases. Clin Cancer Res. 2017;23:6390–9.

11. Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LMG, Pe’er J, et al. Vascular
channel formation by human melanoma cells in vivo and in vitro: vasculogenic
mimicry. Am J Pathol. 1999;155:739–52.

12. Knopik-Skrocka A, Kręplewska P, Jarmołowska-Jurczyszyn D. Tumor blood vessels
and vasculogenic mimicry—current knowledge and searching for new cellular/
molecular targets of anti-angiogenic therapy. Adv Cell Biol. 2017;5:50–71.

13. Wei X, Chen Y, Jiang X, Peng M, Liu Y, Mo Y, et al. Mechanisms of vasculogenic
mimicry in hypoxic tumor microenvironments. Mol Cancer. 2021;20:7.

14. Hendrix MJ, Seftor EA, Hess AR, Seftor RE. Vasculogenic mimicry and tumour-cell
plasticity: lessons from melanoma. Nat Rev Cancer. 2003;3:411–21.

15. Dixon LJ, Barnes M, Tang H, Pritchard MT, Nagy LE. Kupffer cells in the liver.
Compr Physiol. 2013;3:785–97.

16. Doherty DG. Immunity, tolerance and autoimmunity in the liver: a comprehen-
sive review. J Autoimmun. 2016;66:60–75.

17. Keirsse J, Van Damme H, Geeraerts X, Beschin A, Raes G, Van Ginderachter JA. The
role of hepatic macrophages in liver metastasis. Cell Immunol. 2018;330:202–15.

18. Racanelli V, Rehermann B. The liver as an immunological organ. Hepatology.
2006;43:S54–62.

19. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, home-
ostasis and disease. Nature. 2013;496:445–55.

20. Wu K, Lin K, Li X, Yuan X, Xu P, Ni P, et al. Redefining tumor-associated macro-
phage subpopulations and functions in the tumor microenvironment. Front
Immunol. 2020;11:1731.

21. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte
subsets: cancer as a paradigm. Nat Immunol. 2010;11:889–96.

22. Lewis CE, Harney AS, Pollard JW. The multifaceted role of perivascular macro-
phages in tumors. Cancer Cell. 2016;30:18–25.

23. Scott CL, Zheng F, De Baetselier P, Martens L, Saeys Y, De Prijck S, et al. Bone
marrow-derived monocytes give rise to self-renewing and fully differentiated
Kupffer cells. Nat Commun. 2016;7:10321.

24. Bonnardel J, T’Jonck W, Gaublomme D, Browaeys R, Scott CL, Martens L, et al.
Stellate cells, hepatocytes, and endothelial cells imprint the Kupffer cell identity on
monocytes colonizing the liver macrophage niche. Immunity. 2019;51:638–54.e9.

25. Sidney LE, Branch MJ, Dunphy SE, Dua HS, Hopkinson A. Concise Review: evi-
dence for Cd34 as a common marker for diverse progenitors. Stem Cells.
2014;32:1380–9.

26. El Hallani S, Boisselier B, Peglion F, Rousseau A, Colin C, Idbaih A, et al. A new
alternative mechanism in glioblastoma vascularization: tubular vasculogenic
mimicry. Brain. 2010;1334:973–82.

27. Chen Z, Quan L, Huang A, Zhao Q, Yuan Y, Yuan X, et al. Seq-Immucc: cell-centric
view of tissue transcriptome measuring cellular compositions of immune
microenvironment from mouse Rna-Seq data. Front Immunol. 2018;9:1286.

28. Moreno SG. Depleting macrophages in vivo with clodronate-liposomes. Methods
Mol Biol. 2018;1784:259–62.

29. Guerriero JL, Sotayo A, Ponichtera HE, Castrillon JA, Pourzia AL, Schad S, et al.
Class Iia Hdac inhibition reduces breast tumours and metastases through anti-
tumour macrophages. Nature. 2017;543:428–32.

30. Lim C, Cauchy F, Azoulay D, Farges O, Ronot M, Pocard M. Tumour progression
and liver regeneration—insights from animal models. Nat Rev Gastroenterol
Hepatol. 2013;10:452–62.

31. Riddiough GE, Jalal Q, Perini MV, Majeed AW. Liver regeneration and liver
metastasis. Semin Cancer Biol. 2021;71:86–97.

32. Yang J, Ii M, Kamei N, Alev C, Kwon SM, Kawamoto A, et al. Cd34+ cells represent
highly functional endothelial progenitor cells in murine bone marrow. PLoS ONE.
2011;6:e20219.

33. Siemerink MJ, Klaassen I, Vogels IM, Griffioen AW, Van Noorden CJ, Schlingemann
RO. Cd34 marks angiogenic tip cells in human vascular endothelial cell cultures.
Angiogenesis. 2012;15:151–63.

34. Mosser DM, Hamidzadeh K, Goncalves R. Macrophages and the maintenance of
homeostasis. Cell Mol Immunol. 2021;18:579–87.

35. Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue macrophages.
Immunity. 2014;41:21–35.

36. Barnett FH, Rosenfeld M, Wood M, Kiosses WB, Usui Y, Marchetti V, et al. Macro-
phages form functional vascular mimicry channels in vivo. Sci Rep. 2016;6:36659.

37. Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-
resident macrophages self-maintain locally throughout adult life with minimal
contribution from circulating monocytes. Immunity. 2013;38:792–804.

38. Tazzyman S, Barry ST, Ashton S, Wood P, Blakey D, Lewis CE, et al. Inhibition of
neutrophil infiltration into A549 lung tumors in vitro and in vivo using a Cxcr2-specific
antagonist is associated with reduced tumor growth. Int J Cancer. 2011;129:847–58.

39. Sionov RV, Fridlender ZG, Granot Z. The multifaceted roles neutrophils play in the
tumor microenvironment. Cancer Microenviron. 2015;8:125–58.

40. Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau CS, et al. Il-17-
producing gammadelta T cells and neutrophils conspire to promote breast
cancer metastasis. Nature. 2015;522:345–8.

41. Wculek SK, Malanchi I. Neutrophils support lung colonization of metastasis-
initiating breast cancer cells. Nature. 2015;528:413–7.

42. Xing W, Xiao Y, Lu X, Zhu H, He X, Huang W, et al. Gfi1 downregulation promotes
inflammation-linked metastasis of colorectal cancer. Cell Death Differ. 2017;24:929–43.

43. VanSaun MN, Lee IK, Washington MK, Matrisian L, Gorden DL. High fat diet
induced hepatic steatosis establishes a permissive microenvironment for color-
ectal metastases and promotes primary dysplasia in a murine model. Am J Pathol.
2009;175:355–64.

ACKNOWLEDGEMENTS
We thank Dr. Shoshana Yakar (New York University, USA) for kindly providing Mc38
colorectal cancer cell line. We also acknowledge the assistance of SUSTech Core
Research Facilities.

AUTHOR CONTRIBUTIONS
TQ contributed to FCM staining, and RNA-seq sample preparation and wrote part of the
draft. WY contributed to the mouse model and FCM staining and data interpretation. XH
interpreted and finished some of the experiments and wrote the draft manuscript. PS
executed the main part of H&E staining and immunohistochemistry. RL assisted with
IHC staining and the mouse model. JX helped with data analysis. ML helped FCM

T. Qiao et al.

10

Cell Death and Disease          (2023) 14:117 



staining and analysis for technical support. XY and YG, XC contributed to FCM staining
and RNA-seq sample preparation and analysis. GC, YL provided helpful discussions and
suggestions. JL and JZ supervised the experimental design and revised the manuscript.
HR led the study, supervised the overall project, wrote, and revised the final manuscript.
All authors reviewed and approved the submitted manuscript.

FUNDING
This work was supported by the Natural Science Foundation of China (NSFC-81472367,
-81871993, -81972766, -82173336, -81972420, and -81773146) and Shenzhen Science
and Technology Innovation Commission (JCYJ20190809161811237).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-05626-1.

Correspondence and requests for materials should be addressed to Jian Zhang,
Jing Leng or Huan Ren.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

T. Qiao et al.

11

Cell Death and Disease          (2023) 14:117 

https://doi.org/10.1038/s41419-023-05626-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dynamic differentiation of F4/80&#x0002B; tumor-associated macrophage and its role in tumor vascularization in a syngeneic mouse model of colorectal liver metastasis
	Introduction
	Results
	Seven to nine days post-injection is the critical period for growth of small-sized liver metastases
	Replacement growth pattern of the CRLM incorporates liver vessels and vasculogenic mimicry to construct the tumor vasculature
	Dynamics of F4/80&#x0002B; macrophage transformation within CRLM and its correlation with tumor vascularization in�vitro and in�vivo
	Clodronate liposome-mediated depletion of macrophages during formation of small-sized liver metastases disrupted tumor neovascularization
	CD11bint F4/80hi TAMs contribute to tumor vascularization within CRLM

	Discussion
	Materials and methods
	Cells and animals
	Liver metastasis mouse model in C57BL/6 mice
	H&#x00026;E, immunohistochemical (IHC) and immunofluorescent (IF) analysis
	Three-dimensional reconstruction of IHC serial sections
	Periodic acid-schiff (PAS) staining and Gomori&#x02019;s Trichome staining
	Co-culture experiments in�vitro
	Tissue sample preparation for flow cytometry and analysis
	RNA-Sequencing samples and data analysis with ImmuCC, mMCP-counter, GO enrichment, Heatmap, and GSEA
	Macrophage depletion and modulation of macrophage polarization in�vivo
	Transmission electron microscopy
	Statistical analysis

	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




