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Neoangiogenesis plays a key role in diverse pathophysiological conditions, including liver regeneration. Yet, the source 
of new endothelial cells (ECs) remains elusive. By analyzing the regeneration of the liver vasculature in irradiation-based 
myeloablative and nonmyeloablative bone marrow transplantation mouse models, we discovered that neoangiogenesis 
in livers with intact endothelium was solely mediated by proliferation of resident ECs. However, following irradiation-
induced EC damage, bone marrow–derived mononuclear cells were recruited and incorporated into the vasculature. Further 
experiments with direct bone marrow infusion or granulocyte colony–stimulating factor (G-CSF)–mediated progenitor cell 
mobilization, which resembles clinically relevant stem cell therapy, demonstrated that bone marrow–derived cells did not 
contribute to the regeneration of liver vasculature after two-thirds partial hepatectomy (PHx). Taken together, the data 
reconcile many of the discrepancies in the literature and highlight that the cellular source of regenerating endothelium 
depends on the fitness of the residual vasculature.
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Introduction
Successive processes of vasculogenesis and angiogenesis form 
the embryonic vasculature. In adults, the blood vessels remain 
largely quiescent. Nevertheless, they play a central role in main-
taining tissue homeostasis (Hu et al., 2014; Rafii et al., 2016; 
Augustin and Koh, 2017). During tissue repair and pathophysio-
logical conditions like tumor growth or cardiovascular diseases, 
the formation of new blood vessels was long believed to result 
from the expansion of resident endothelial cells (ECs) of neigh-
boring vessels (Chung and Ferrara, 2011). Yet, a growing number 
of studies suggest that a small population of bone marrow–de-
rived mononuclear cells (BMD MCs), which express a variety of 
endothelial surface markers and have thus been designated as 
endothelial progenitor cells, could promote neovascularization in 
adults (Asahara et al., 1997; Shi et al., 1998; Peichev et al., 2000; 
Wang et al., 2012). Based on these compelling preclinical find-
ings, it was hypothesized that diseases involving a deficient adult 
neovascularization should benefit from a bone marrow–based 
cellular therapy.

The adult liver is the only organ that can completely regener-
ate after injury or partial resection. This remarkable feature has 

led to the development of innovative therapeutic strategies: par-
tial hepatectomy (PHx) for patients with early-stage resectable 
hepatocellular carcinoma, and split or living donor liver trans-
plantation for patients with end-stage liver disease (Clavien et 
al., 2007; Michalopoulos, 2007, 2017). The successful evaluation 
of bone marrow–based cellular therapies in preclinical liver re-
generative models (Almeida-Porada et al., 2010; DeLeve, 2013) 
promoted clinical trials with either autologous bone marrow 
transplants or mobilization of stem/progenitor cells with the 
administration of G-CSF (Forbes et al., 2015). Results from initial 
uncontrolled clinical trials indicated increased serum albumin 
levels and an overall improvement in several clinical parameters 
such as the Child-Pugh-Turcotte score or the model for end-
stage liver disease score (Huebert and Rakela, 2014). However, 
in a recent randomized, controlled phase 2 trial involving 81 pa-
tients with compensated liver cirrhosis, administration of G-CSF 
alone or in combination with hematopoietic stem cell (HSC) in-
fusion failed to improve liver function or to ameliorate fibrosis 
(Newsome et al., 2018). These contradictory clinical observations 
highlight a lack of understanding of the mechanism of action of 
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different cell therapies as well as their relative cellular contri-
bution to the regenerating tissue (Forbes and Newsome, 2016). 
To date, it remains controversial if BMD MCs can physically in-
corporate into the regenerative vasculature or if they merely 
stimulate liver regeneration via secretion of paracrine-acting 
factors (Bautch, 2011; Medina et al., 2017; Dickson, 2018). Hence, 
it is necessary to use better preclinical liver regeneration models 
that allow quantitative assessment of BMD MC contribution to 
the newly formed blood vessels in clinically relevant pathophys-
iological settings.

We have in the present study employed multiple irradia-
tion-based myeloablative and nonmyeloablative mouse models 
that allowed us to unambiguously evaluate the contribution of 
different cellular sources to the regenerating liver vasculature 
following two-thirds PHx. These definite experiments revealed 
that BMD MCs do not incorporate into the liver vasculature under 
nonvascular-damaging conditions. Based on these findings, we 
hypothesized that in patients with intact liver endothelium, bone 
marrow–based cellular therapies will not contribute to liver vas-
cular regeneration. Indeed, bone marrow transplant, as well as 
G-CSF–mediated stem cell mobilization experiments, revealed 
that regeneration of liver vasculature relies primarily on preex-
isting intact liver ECs.

Results and discussion
BMD MCs incorporate in the irradiation-damaged 
liver vasculature
In adult mice, the liver is able to restore its original mass and 
structure within 10 d following PHx. Thereby, it uniquely en-
abled us to trace ECs in newly formed blood vessels of the re-
generating liver. We initially employed bone marrow chimeras 
in which GFP+ Lin−Sca-1+Kit+ (LSK) bone marrow cells, which 
consist of HSCs and multipotent progenitor cells that are able to 
fully reconstitute the bone marrow, were transplanted into le-
thally irradiated syngeneic WT recipients (Fig. S1 A). 1 mo later, 
bone marrow chimeric mice (Fig. S1 B) were subjected to PHx to 
induce liver regeneration, and the liver vasculature was analyzed 
10 d after PHx. In line with a previous study (Wang et al., 2012), 
a fraction of GFP+ cells was found incorporated into the liver 
vasculature (Fig. S1 C, upper panel). Surprisingly, though, GFP+ 
ECs were also detectable in livers of sham-operated mice (Fig. S1 
C, lower panel; Fig. 1 A; and Video 1), suggesting that bone mar-
row–recruited cells had incorporated into the liver vasculature 
independent of the PHx-induced regenerative burst, possibly 
as a result of irradiation-induced vascular damage. The num-
ber of GFP+ ECs in PHx mice was ∼1.8× higher as compared with 
the sham-operated mice (Fig. S1 D). However, this observation 
could be attributed either to an increased recruitment of GFP+ 
BMD MCs or to a higher proliferation of bone marrow–derived 
cells following PHx. A microarray analysis comparing the bone 
marrow–recruited ECs and the corresponding resident liver ECs 
revealed that BMD MCs incorporated as bona fide liver ECs after 
irradiation (Fig. S1 E). However, the bone marrow–derived ECs 
retained expression of a few stem cell lineage genes (Fig. S1 E), 
indicating their cell of origin. Further, the bone marrow–derived 
ECs showed similar expression of cell cycle regulatory genes 

when compared with the resident liver ECs (Fig. S1, F and G), in-
dicating that both cell populations possess a similar proliferation 
capacity. These data demonstrate that bone marrow–derived ECs 
are functionally indistinguishable from the resident liver ECs.

The majority of previous studies investigated the contribu-
tion of BMD MCs in irradiation-conditioned bone marrow chi-
meric mice (Asahara et al., 1997; Mathews et al., 2004; Zhang et 
al., 2014). However, the effect of irradiation on the liver vascu-
lature has not been taken into consideration. To investigate why 
irradiation-based conditioning induced BMD MC incorporation 
into the liver vasculature, WT mice were irradiated with 9 Gy. 
As early as 2 h after irradiation, a strong phosphorylation of his-
tone H2A.X (Ser139), a marker of double-strand DNA breaks, was 
detected in the nuclei of both hepatocytes and ECs (Fig. 1, B and 
C). We hypothesized that the observed DNA damage might cause 
EC apoptosis. Concurrently, liver ECs were found positive for the 
apoptotic marker cleaved caspase-3 following irradiation (Fig. 1, 
D and E), which is in line with a previous study (Langley et al., 
1997), suggesting that ECs are sensitive to irradiation exposure. 
Quantitative PCR analysis revealed higher expression of Bax, an 
apoptotic activator, in livers of irradiated but not partially hepa-
tectomized mice compared with nonirradiated and partially 
hepatectomized mice (Fig. 1 F). Interestingly, Icam1 was highly 
upregulated in livers of irradiated mice as compared with the 
PHx group (Fig. 1 G). It was previously demonstrated that apop-
totic ECs upregulate Icam1 expression, resulting in enhanced 
BMD MC recruitment and vascular incorporation (Gao et al., 
2008; Bhatwadekar et al., 2009). Thus, our results demonstrate 
that irradiation induced EC double-strand DNA breaks and apop-
tosis, which eventually led to impaired endothelial self-repair. 
Consequently, transplantation of healthy bone marrow into a 
preirradiated host resulted in BMD MC recruitment and incorpo-
ration as bona fide liver ECs to restore the injured endothelium.

To generate bone marrow chimeras without damaging the 
liver vasculature, a radio-protective shield was applied over the 
upper abdomen while irradiating the animals (Halder et al., 1998; 
Fig. 2 A). To quantitatively evaluate whether BMD MCs incorpo-
rate into the liver vasculature following irradiation, GFP+ bone 
marrow cells were transplanted into lethally irradiated recipi-
ents. Mice receiving 9 Gy whole-body irradiation in the presence 
of a liver shield had a strong reduction of GFP+ BMD MCs in their 
livers as compared with mice irradiated without a liver shield 
(Fig. 2 B). This observation was confirmed by flow cytometry–
based analysis revealing a reduction of the GFP+ liver EC fraction 
from 3.85% in mice without a liver shield to 0.4% in mice with a 
liver shield (Fig. 2 C). Thus, the observed induction of phosphor-
ylated histone H2A.X and cleaved caspase-3 after irradiation, as 
well as the significantly reduced incorporation of GFP+ BMD MCs 
into the liver vasculature by a liver shield, clearly shows that 
whole-body irradiation had caused catastrophic damage to the 
liver vasculature, which led to an emergency recruitment and 
incorporation of bone marrow–derived cells for tissue repair and 
rejuvenation of organ function. These data hint at a reparative 
role of bone marrow cells following irradiation damage, which 
was similarly reported for irradiation-caused injury of the cen-
tral nervous system (Dietrich et al., 2018) and the bone marrow 
stromal niche (Abbuehl et al., 2017).



Singhal et al. 
Origin of ECs during tissue regeneration

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180008

2499



Singhal et al. 
Origin of ECs during tissue regeneration

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180008

2500

BMD MCs do not incorporate in the intact vasculature during 
liver regeneration
To circumvent the limitations of irradiation, the contribution 
of GFP+ BMD MCs to vascular expansion following PHx was fur-
ther analyzed in three nonmyeloablative models: (1) parabiotic 
pairs of WT and GFP-expressing mice, (2) bone marrow chimera 
in Rag2−/−γc

−/−KitW/Wv animals, and (3) VECad-CreERT2xRosa26- 
YFPfl/fl mice. First, a parabiotic experiment was performed with 
syngeneic WT and CAG-GFP mice (Fig. 3 A; Kamran et al., 2013). 
In both WT (Para-WT) and CAG-GFP (Para-GFP) mice, approxi-
mately half of the mononuclear fraction of blood, which contains 
endothelial progenitor cells (Aoki et al., 2004), was GFP+, indicat-
ing that the circulatory systems of the two mice had successfully 
fused (Fig. S2 A). We hypothesized that if BMD MCs contribute 
to the regenerating vasculature, then there should be GFP+ ECs 
incorporated into the regenerated liver in Para-WT mice after 
PHx. To induce maximal liver regeneration in the parabiotic 
mice, both Para-WT and Para-GFP mice were simultaneously 
subjected to PHx. Flow cytometry analysis revealed no increase 
of GFP+ ECs in the livers of hepatectomized Para-WT (Para-WT-
PHx) mice compared with the livers of sham-operated Para-WT 
(Para-WT-Sham) mice (Fig. 3 B). Most of the GFP+ cells in the 
livers of Para-WT-PHx mice were CD45+ and maintained their 
hematopoietic identity (Fig. S2, B and C). Similarly, there was 
no significant decrease in the GFP+ fraction of liver ECs in Para-
GFP-PHx mice as compared with Para-GFP-Sham mice (Fig. 3 B). 
Further, staining for the proliferation marker Ki67 demonstrated 
that the proliferating ECs in Para-WT mice were GFP– resident 
ECs (Fig. 3 C and Fig. S2 D).

To further examine the contribution of BMD MCs during liver 
regeneration, YFP+ LSK cells were transplanted into Rag2−/−γc

−/−

KitW/Wv mice. These mice lack T and B cells (Rag2−/−) and nat-
ural killer cells (γc

−/−, common gamma chain of the Il2r) and 
have an impaired HSC self-renewal capacity (KitW/Wv). They are 
thereby able to accept HSCs without prior irradiation (Waskow 
et al., 2009; Fig. 3 D). Bone marrow chimeric mice (Fig. 3 E) were 
subjected to PHx to induce liver regeneration. The regenerated 
livers of Rag2−/−γc

−/−KitW/Wv mice showed a similar vascular mi-
crostructure as WT controls 10 d after PHx, suggesting that liver 
regeneration was not impaired in Rag2−/−γc

−/−KitW/Wv mice (Fig. 
S2 E). The YFP+ EC ratio of both the resected and the regenerated 
liver lobes of an individual mouse was analyzed to precisely eval-
uate the contribution of YFP+ BMD MCs to vascular regeneration. 
However, the percentage of YFP+ ECs among total liver ECs was 
found to be unaltered before and 10 d after PHx (Fig. 3 F), indi-
cating that YFP+ BMD MCs did not integrate into the regenerating 
liver vasculature following PHx. Thus, these data demonstrate 

that bone marrow–derived cells did not physically incorporate 
into the regenerating liver vasculature after PHx under nonvas-
cular-damaging conditions.

After ruling out the direct contribution of BMD MCs in two in-
dependent nonirradiation-conditioned preclinical models, we in-
vestigated the contribution of terminally differentiated resident 
ECs to the regeneration of liver vasculature upon PHx. To this end, 
we applied a fate mapping strategy with VECad-CreERT2xRosa26- 
YFPfl/fl mice, in which transient tamoxifen administration resulted 
in permanent YFP labeling of the adult vasculature (Fig.  3  G). 
Consistent with a previous report (Höfer et al., 2016), the VECad 
promoter was specifically active in ECs and silenced in the hema-
topoietic compartment of adult mice. The tamoxifen adminis-
tration in adult VECad-CreERT2xRosa26-YFPfl/fl mice successfully 
labeled the liver vasculature with YFP (Fig. S2 F). However, nei-
ther LSK cells in the bone marrow nor mononuclear cells in the 
peripheral blood were YFP labeled (Fig. S2, G and H). Following a 
resting period of 4 wk after tamoxifen administration, these mice 
were subjected to PHx to induce liver regeneration. There were 
no significant changes in the frequencies of YFP+ liver ECs while 
performing an indexed analysis comparing resected and regener-
ated liver lobes of six individual mice (Fig. 3 H). Additional labeling 
of proliferating cells with EdU revealed YFP+ resident ECs to be 
proliferation efficient, as they constituted up to 95% of the EdU+ 
liver EC population (Fig. 3 I). In concordance with the other two 
nonmyeloablative models, the data demonstrate that liver vascu-
lature depended on differentiated resident ECs during PHx-in-
duced liver regeneration. Likewise, resident ECs were previously 
reported to mediate adult neovascularization following cardiac 
injury (He et al., 2017) and during tumor progression (Peters et 
al., 2005; Purhonen et al., 2008). Interestingly, a subset of liver 
ECs coexpressing CD157 and CD200 was recently identified as 
tissue-resident vascular endothelial stem cells that are capable of 
local clonal expansion and thereby can support neovascularization 
during liver repair (Wakabayashi et al., 2018). Similar findings 
have recently been reported during large vessel regeneration in 
an aortic injury model (McDonald et al., 2018). Thus, under non-
vascular-damaging conditions, the vascular regeneration proceeds 
exclusively by the expansion of preexisting tissue-resident ECs.

Liver neovascularization during chronic liver damage
To substantiate our findings from acute PHx-induced liver re-
generation in chronic liver damage models, liver neovascular-
ization was further analyzed in VECad-CreERT2xRosa26-YFPfl/fl 
mice after either repeated administration of carbon tetrachlo-
ride (CCl4) or a single injection of empty adenovirus. First, 
VECad-CreERT2xRosa26-YFPfl/fl mice with labeled ECs were in-

Figure 1. Irradiation-based myeloablation induces EC injury and primes for BMD MC incorporation. (A) Representative images of liver sections of irra-
diation-conditioned GFP+ bone marrow–transplanted sham-operated mice. (A’ and A’’) Zoomed-in images illustrating GFP+ cells incorporated into the liver 
vasculature. Arrows indicate GFP+ ECs. Scale bars, 100 µm. For complete confocal reconstruction, see Video 1. (B) Representative images of liver sections 
of control or irradiated mice costained with phospho-H2A.X (Ser139), CD31 (EC-specific surface marker), and ERG (EC-specific nuclear marker). Zoomed-in 
images are shown on the right. Arrows indicate phospho-H2A.X (Ser139)–positive ECs. Scale bars, 50 µm. (C) The plot shows the count of pH2A.X+ ECs per 1 
mm2 of liver tissue (mean ± SD, n = 6 mice). (D) Representative images of liver sections of control or irradiated mice costained with cleaved caspase-3 (CC3) 
and CD31 (EC-specific surface marker). Zoomed-in images are shown on the right. Arrows indicate CC3+ ECs. Scale bars, 50 µm. (E) The plot shows the count 
of CC3+ ECs per 1 mm2 of liver tissue (mean ± SD, n = 6 mice). (F and G) Quantitative PCR analysis of mRNA expression of Bax (F) and Icam1 (G) in livers of mice 
after irradiation or PHx (mean ± SD, n = 5–6 mice for each time point). ND, nondetectable; *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-tailed Student’s t test).
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jected with either oil or CCl4 to induce liver injury over a period 
of 4 wk. A strong increase in plasma alanine aminotransferase/
aspartate aminotransferase (ALT/AST) levels was observed after 
CCl4 treatment, indicating liver damage (Fig. S3 A). Following a 
recovery period of 2 wk after CCl4 treatment, Sirius red stain-
ing was performed on the liver sections of CCl4-treated mice, 
which showed a strong deposition of collagen, an indication of 
liver fibrosis (Fig. S3 B). Further, flow cytometry analysis re-
vealed no significant changes in the frequencies of YFP+ liver 
ECs between mice treated with either oil or CCl4 (Fig. S3 C). 
Next, VECad-CreERT2xRosa26-YFPfl/fl mice with labeled ECs were 
injected with 1011 viral particles of empty replication-deficient 
adenovirus. This causes an early cytopathic effect on hepatocytes 
and a secondary adaptive immune response against infected he-
patocytes during later stages of the experiment, as illustrated by 
enhanced plasma ALT/AST values (Fig. S3 D). 6 wk after adeno-
virus infection, flow cytometry analysis showed no significant 
alterations in YFP positivity of liver ECs when comparing adeno-

virus-infected to PBS-injected control mice (Fig. S3 E). Thus, the 
data from both chronic liver damage models coherently demon-
strate that intact endothelium is self-sufficient for tissue repair.

Bone marrow–based cellular therapies fail to promote liver 
vascular regeneration
Bone marrow–derived cells have previously been reported to 
supposedly constitute ∼25% of total liver ECs following PHx 
(Wang et al., 2012; DeLeve, 2013). These compelling preclinical 
observations have stimulated clinical stem cell therapeutic ap-
proaches for patients with end-stage liver disease. Initial case 
studies and proof-of-concept trials with the administration of 
autologous stem cell grafts showed improvement in liver func-
tion and accelerated hepatic regeneration (Huebert and Rakela, 
2014; Moore et al., 2014). However, a subsequent randomized 
controlled trial involving 58 patients with decompensated alco-
holic liver disease resulted in no additional benefit from autolo-
gous BMD MC infusion combined with standard medical therapy 

Figure 2. A radioprotective shield reduces the 
recruitment of BMD MCs to the liver vasculature. 
(A) Experimental outline of PHx-induced liver regen-
eration in irradiation-conditioned GFP+ bone mar-
row–transplanted mice in the absence or presence of 
a liver shield. (B) Mice were irradiated with or with-
out liver shield. Representative images of liver sec-
tions of bone marrow chimeric mice costained with 
GFP, CD45, and CD31 (EC-specific surface marker). 
Zoomed-in images are shown at the bottom. Arrows 
indicate GFP+ ECs. Arrowheads indicate GFP+ hema-
topoietic cells in the shielded liver. Scale bars, 50 
µm. (C) The percentage of GFP+ ECs in livers of mice 
irradiated in the presence or absence of a liver shield 
was analyzed by FACS (mean ± SD, n = 6 mice). ***, 
P < 0.001 (two-tailed Student’s t test).
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as compared with standard medical therapy alone (Spahr et al., 
2013). Likewise, the phase 2 REA LIS TIC trial with 81 randomly 
assigned liver cirrhosis patients concluded that the addition of 
G-CSF and stem cell infusion did not improve liver dysfunction 

as compared with standard care alone (Newsome et al., 2018). To 
quantitatively assess the physical contribution of bone marrow–
based cellular therapies to liver vascular regeneration, we em-
ployed direct infusion of bone marrow cells or administration of 

Figure 3. BMD MCs do not contribute to the regeneration of liver vasculature in nonmyeloablative models. (A) Experimental outline of the parabiotic 
model. The circulatory systems of WT and CAG-GFP mice were surgically conjoined, and both mice were subjected to PHx to induce liver regeneration. (B) The 
ratio of GFP+ ECs in the livers of Para-WT (sham operated and PHx) as well as Para-GFP (sham operated and PHx) mice was analyzed by FACS (mean ± SD, n = 
3–4 mice). (C) Representative images of liver sections of Para-WT-PHx or Para-GFP-PHx mice costained with Ki67, GFP, and CD31 (EC-specific surface marker). 
Zoomed-in images are shown on the right. Arrows indicate Ki67+ ECs. Scale bars, 50 µm. (D) Experimental outline for transplantation of LSK cells into Rag2−/−

γc
−/−KitW/Wv mice. (E) FACS analysis of donor chimerism in CD45+ cells from peripheral blood of Rag2−/−γc

−/−KitW/Wv recipients (mean ± SD, n = 4 mice). (F) The 
percentage of YFP+ ECs in the livers of Rag2−/−γc

−/−KitW/Wv mice before and 10 d after PHx was analyzed by FACS (mean ± SD, n = 4 mice). (G) Experimental 
outline of the VECad-CreERT2xRosa26-YFPfl/fl genetic labeling model. (H) The frequency of YFP+ ECs in livers of the same VECad-CreERT2xRosa26-YFPfl/fl mouse 
before and 10 d after PHx was analyzed by FACS (mean ± SD, n = 6 mice). (I) The proportion of YFP+ cells among the total proliferated liver ECs (as labeled by 
EdU) after PHx (mean ± SD, n = 6 mice). Two-tailed Student’s t test.
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G-CSF to mobilize BMD MCs after PHx, which closely resembles 
clinical conditions. To this end, YFP-labeled bone marrow cells, 
consisting of ∼20,000 LSK cells, were injected via tail vein into 
the NOD-scid gamma (NSG) mice on day 2 after PHx (Fig. 4 A), 
i.e., before proliferation of liver ECs. In line with a previous re-
port (Verbiest et al., 2016), the NSG mice successfully accepted 
the allograft, as there were ∼15% YFP+ cells among total circulat-
ing CD45+ cells in the peripheral blood on day 10 following PHx 
(Fig.  4  B). Circulating YFP+ cells could infiltrate into the liver 
tissue, as they constituted around 25% of the CD45+ population 
in the livers of BM-transplanted NSG mice (Fig. 4 B). Yet, when 
comparing the livers of PHx and sham-operated animals, there 
was no significant incorporation of YFP+ cells among total liver 
ECs (Fig. 4 C). Further, immunofluorescence analysis revealed 
that there were YFP+ cells in the liver tissue; however, they ex-
clusively maintained their hematopoietic identity (Fig. 4, D and 
E). High-resolution image analysis failed to identify a significant 
number of YFP+ liver ECs in the regenerated liver, clearly sug-
gesting that the infused bone marrow cells do not directly con-
tribute to the regeneration of the liver vasculature.

To expand and mobilize endogenous BMD MCs, Neulasta 
(PEGylated G-CSF), a clinically approved agent for mobilizing 
hematopoietic progenitor cells (Hopman and DiPersio, 2014), 
was injected in WT mice on day 2 following PHx (Fig. 5 A). There 
was a strong increase in the number of circulating LSK cells in 
G-CSF–injected mice as compared with saline-injected control 
mice (Fig.  5  B). Circulating liver EC progenitors were reported 
to express CD133 (Harb et al., 2009), and the infusion of CD133+ 
BMD MCs could accelerate liver regeneration (Wang et al., 2012). 
Yet, we did not observe any significant expansion or recruitment of 
CD133+ liver ECs when comparing PHx to sham-operated mice fol-
lowing G-CSF administration (Fig. 5 C). High-resolution three-di-
mensional image analysis revealed that CD133 staining in the liver 
tissue was exclusively restricted to epithelial cells of bile ducts 
(Fig. 5 D). Further, we did not detect a CD133+ fraction of the liver 
EC, which was previously described as sinusoidal progenitor cells 
(Wang et al., 2012), in either sham-operated or PHx mice. These 
data recapitulate the observations from the REA LIS TIC trial, as nei-
ther direct infusion of bone marrow cells in NSG mice nor G-CSF–
mediated mobilization of progenitor cells in WT mice showed any 
BMD MC contribution to the regenerating liver vasculature. Our 
data clearly suggest that stem cell infusion/mobilization therapies 
do not physically contribute to the regeneration of liver vasculature 
in mice with healthy remaining vasculature. Yet, BMD MCs might 
contribute through other mechanisms toward liver regeneration, 
e.g., by differentiating into other cellular compartments in the liver 
or by improving liver function via paracrine signals. Additionally, 
our data cannot exclude the impact of the immune system on the 
success of BMD MC contribution toward liver parenchyma. Future 
studies involving stringent and mechanistic preclinical experi-
mental approaches will need to address these questions to possibly 
establish a scientific rationale for bone marrow cell–involved stem 
cell therapies to interfere with liver dysfunction.

In summary, using a wide array of lineage-tracing tools, the 
present study was aimed at unveiling the source of newly formed 
vessels during liver regeneration. Our data demonstrate that (1) 
irradiation causes irreversible damage to the liver vasculature, 

thereby restricting the proliferative capacity of residing liver ECs 
and resulting in recruitment and incorporation of BMD MCs for 
vascular repair; (2) under nonvascular-damaging conditions, re-
constitution of the liver vasculature relies on preexisting vessels 
with no direct contribution of BMD MCs; and (3) systemically in-
fused bone marrow cells or G-CSF–mobilized progenitor cells do 
not integrate into the regenerating liver vasculature after PHx. In 
conclusion, by unraveling under which conditions BMD MCs may 
contribute to vascular regeneration, the present study reconciles 
many of the discrepancies in the published literature regarding 
the cellular source of liver neovascularization. We conclude that 
both preexisting liver ECs and BMD MCs can act as a potential 
source of new vessels depending on the vascular fitness.

Materials and methods
Mouse experiments
C57BL/6N (WT) and NSG mice were purchased from Charles 
River. CAG-GFP (chicken β-actin promoter and cytomegalovirus 
enhancer regulate expression of enhanced GFP) mice were pur-
chased from the Jackson Laboratory. Rag2−/−γc

−/−KitW/Wv mice were 
generated as described previously (Waskow et al., 2009). C57BL/6 
Rosa26-YFPfl/fl mice were crossed with C57BL/6 VECad-CreERT2 
mice to specifically label ECs upon tamoxifen application. Male 
mice (8–10 wk of age) were used in this study unless otherwise 
indicated. All mice were housed on a 12-h light/dark cycle with 
free access to food and drinking water in specific pathogen–free 
animal facilities. All animal experiments were approved by the 
institutional and governmental Animal Care and Use Committees 
(IRC BC-2016-02 to J. Hu and G220/11, G213/17, and G219/17 to H.G. 
Augustin from Regierungspräsidium Karlsruhe, Germany). All 
experiments were performed in accordance with the institutional 
guidance for the care and use of laboratory animals.

PHx
PHx was performed according to the methods described by 
Mitchell and Willenbring (2008) to induce liver regeneration. In 
brief, mice were anaesthetized with a mixture of ketamine (100 
mg/kg body weight) and xylazine (10 mg/kg body weight). Then, 
the left lateral lobe and the median lobe were ligated with 4–0 silk 
sutures and resected. The mice were kept for 10 d to regenerate 
the lost liver mass. Finally, the mice were euthanized, and livers 
were collected for FACS analysis or immunostaining.

Transplantation of HSCs without irradiation
PanRosaYFP mice were used as donors. Bone marrow cells of 
PanRosaYFP mice were flushed from femurs, tibias, coxae, and 
humeri using PBS supplemented with 5% heat-inactivated FCS. 
Cells were filtered through a 40-µm cell strainer (Falcon). Fc re-
ceptors were blocked by incubating cells in 5% FCS with purified 
mouse IgG (500 mg/ml; Jackson ImmunoResearch). All stainings 
were performed in 5% FCS on ice for 30 min with optimal dilu-
tions of commercially prepared antibodies. Reagents used were 
CD3ε PE (145-C11), CD11b PE (M1/70), CD45R PE (RA3-6B2), CD117 
eFluor780 (2B8), Sca-1 PerCP-Cy5.5 (D7; eBiosciences), CD4 PE 
(H129.19), CD8a PE (53–6.7), CD19 PE (1D3), Gr-1 PE (RB6-8C5), 
NK1.1 PE (PK136), and Ter119 PE (Ter119; BD Pharmingen). The 
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Figure 4. Infused bone marrow cells do not incorporate into the regenerating liver vasculature. (A) Experimental outline of PHx-induced liver regener-
ation in NSG mice. Prior to the angiogenic phase (on day 2 after PHx), mice were infused intravenously with YFP-labeled bone marrow cells as a regenerative 
cellular therapy. (B) The frequency of YFP+ hematopoietic cells (CD45+) in the liver and the peripheral blood of sham-operated and PHx mice was analyzed by 
FACS (mean ± SD, n = 4–5 mice). (C) The ratio of YFP+ ECs in the livers of sham-operated and PHx mice was analyzed by FACS (mean ± SD, n = 4–5 mice). (D) 
Representative images of liver sections of sham-operated and PHx mice costained with YFP, CD45, and liver EC–specific marker (Lyve-1/Col-IV). Zoomed-in 
images are shown at the bottom. Arrows indicate YFP+ cells. All traced YFP+ cells were positive for CD45 but negative for EC markers. Scale bars, 25 µm. (E) 
Shown are the absolute numbers of YFP+ cells, YFP+ hematopoietic cells, and YFP+ ECs counted per 1 mm2 of the liver tissue of sham-operated and PHx mice 
(mean ± SD, n = 4–5 mice). Two-tailed Student’s t test.
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lineage cocktail was composed of CD3ε, CD4, CD8a, CD11b, CD19, 
CD45R, Gr-1, NK1.1, and Ter119. Dead cells were excluded by stain-
ing with Sytox Blue (Invitrogen). Approximately 5,000 LSK cells 
were sorted by FAC SAriaIII (Becton Dickinson) and injected intra-
venously into nonirradiated triple transgenic Rag2−/−γc

−/−KitW/Wv 
recipient mice. Donor chimerism of blood cells was determined 1 
mo after transplantation.

Irradiation and bone marrow transplantation
8-wk-old WT mice were lethally irradiated with a total dose of 9 
Gy (split dose, 2 × 4.5 Gy). For liver shield experiments, 8-wk-old 
WT mice were first anaesthetized by a ketamine/xylazine mixture. 
Then, a customized circular lead plate was put over the upper ab-
domen of the mouse to protect the liver from irradiation. After a 
2-h rest, the mice were injected with bone marrow cells or 5,000 

Figure 5. G-CSF–mobilized bone marrow cells do not incorporate into the regenerating liver vasculature. (A) Experimental outline of PHx-induced liver 
regeneration in C57BL/6N mice. Prior to the angiogenic phase (on day 2 after PHx), mice were injected subcutaneously with 100 µg G-CSF (as a regenerative 
therapy) to mobilize bone marrow–derived progenitor cells. (B) The frequency of circulating LSK cells in the peripheral blood of sham-operated and PHx mice 
was analyzed by FACS (mean ± SD, n = 5 mice). (C) The ratio of CD133+ ECs in the livers of sham-operated and PHx mice was analyzed by FACS (mean ± SD, n = 
5 mice). (B and C) Saline-injected mice served as controls. (D) Representative images of liver sections of sham-operated and PHx mice costained with CD133 
(progenitor cell marker), CD45, and liver EC–specific marker (Lyve-1/Col-IV). Zoomed-in images are shown at the bottom. Arrows indicate CD133+ cells. All 
traced CD133+ cells were negative for CD45 and EC markers. Scale bars, 50 µm. Two-tailed Student’s t test.
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LSK cells isolated from CAG-GFP transgenic mice via the tail vein.  
1 mo later, mice were subjected to two-thirds PHx. The resected 
liver lobes were isolated and subjected to FACS analysis and cryo-
preservation, respectively. 10 d after PHx, the regenerated livers 
were resected and analyzed. Donor chimerism in the bone marrow 
of recipient animals was determined after sacrificing animals.

Microarray analysis
For gene expression analysis, microarrays were performed by the 
German Cancer Research Center Genomics Core Facility. Briefly, 
liver ECs were isolated from irradiation-conditioned bone marrow 
chimeric mice for surface marker expression (DAPI− CD45− CD31+ 
CD146+). Further, liver ECs were segregated based on YFP expres-
sion (YFP−: resident liver ECs; YFP+: bone marrow–derived liver 
ECs). Thereafter, RNA was isolated with the Arcturus PicoPure 
RNA Isolation Kit (Life Technologies), and RNA quality and quan-
tity were analyzed on an Agilent Bioanalyzer. Next, cDNA was hy-
bridized on mouse Clariom S assay (Applied Biosystems) according 
to the manufacturer’s protocol. Microarray data were normalized 
and analyzed with the Chipster software. The microarray data with 
the description are deposited under GEO accession no. GSE116377.

Parabiosis
To fuse the blood circulation of two independent mice, female 
WT and CAG-GFP mice were subjected to parabiotic surgery as 
described previously (Kamran et al., 2013). In brief, mice were 
anaesthetized with 1.5% isoflurane. A longitudinal skin incision 
was made to expose the elbow and knee joint. Then, the elbows 
and knee joints of the two mice were bound together with surgi-
cal sutures. Afterwards, the skins of the two mice were sewn to-
gether. To prevent infection and to relieve pain, the skin wounds 
were treated with hydrogel containing lincomycin hydrochloride 
(5 mg/g) and lidocaine (4 mg/g) for 3 d. 1 mo later, blood was 
collected from the tail veins of all the operated mouse pairs for 
FACS analysis to confirm the blood chimerism. To induce liver 
regeneration, both mice of the operated pairs were subjected to 
two-thirds PHx. 10 d later, the mice were euthanized, and the 
regenerated livers of WT mice and CAG-GFP mice were analyzed.

Constitutive labeling of ECs in VECad-
CreERT2xRosa26-YFPfl/fl mice
4–5-wk-old animals were administered four doses of tamoxi-
fen (100 mg/kg) twice a week. The animals were rested for 1 mo 
after tamoxifen application. Afterwards, mice were subjected to 
two-thirds PHx. The resected and regenerated liver lobes of an 
individual mouse were analyzed with flow cytometry. To label the 
proliferating liver ECs after PHx, EdU (40 mg/kg) was administered 
intraperitoneally daily during the angiogenic phase of liver regen-
eration (days 2–6). The regenerated liver lobes were stained with an 
EdU Flow Cytometry Kit (Baseclick GmbH) and analyzed by FACS.

Chronic liver injury models
The CCl4 model
VECad-CreERT2xRosa26-YFPfl/fl mice with labeled ECs were intra-
peritoneally injected with either peanut oil alone or in combi-
nation with CCl4 (0.7 µl/g body weight) three times a week for a 
duration of 4 wk (Scholten et al., 2015). After the last treatment, 

mice were allowed to recover for 2 wk, and, thereafter, mice were 
euthanized, and livers were collected for FACS analysis or im-
munostaining. Mice were bled, and plasma ALT/AST levels were 
monitored during the course of the experiment.

Adenovirus-mediated liver damage
VECad-CreERT2xRosa26-YFPfl/fl mice with labeled ECs were intra-
venously injected with either PBS or 1011 viral particles of empty 
replication-deficient adenovirus (VB180308-1016nff; Vector-
Builder Inc.). Afterward, mice were bled at regular intervals, 
and plasma ALT/AST levels were monitored. Once the ALT/AST 
levels subsided, mice were euthanized, and livers were collected 
for FACS analysis or immunostaining.

Regenerative therapy
Direct infusion of YFP-labeled stem cells
Whole bone marrow cells were isolated from PanRosaYFP mice 
as described above. On day 2 after PHx or sham operation, the 
NSG mice were injected intravenously with suspension of bone 
marrow cells (consisting of 20,000 LSK cells). After 8 d, the mice 
were euthanized, and blood and livers were collected for FACS 
analysis or immunostaining.

G-CSF–mediated bone marrow–derived progenitor mobilization
On day 2 after PHx or sham operation, the mice were injected 
with 100 µg of Neulasta (PEG-G-CSF) subcutaneously. After 8 d, 
the mice were euthanized, and bone marrow, blood, and livers 
were collected for FACS analysis or immunostaining.

Flow cytometry analysis
Blood chimerism
Blood samples were drawn from the tail veins and kept in anticoag-
ulant EDTA-K2–coated tubes. Erythrocytes were lysed with 1× ACK 
(ammonium chloride potassium) lysis buffer, and the remaining 
cells were collected by centrifugation at 500 g for 5 min. Cells were 
resuspended with PBS and analyzed by flow cytometry. Cells were 
gated based on size and granularity. Then the percentage of YFP+/
GFP+ cells within the mononuclear population was determined.

Liver EC incorporation
Livers were collected and minced into small pieces and incubated 
with collagenase I buffer (200 U/ml collagenase I, 0.01% CaCl2, 
and 1.25% DNase in DMEM) for 30 min at 37°C with agitation. The 
cell suspension was filtered through a 100-µm cell strainer before 
being centrifuged twice at 50 g for 2 min to remove the hepatocytes. 
The cell suspension was further treated with 5 ml 1× ACK lysis buf-
fer to remove erythrocytes. After centrifugation, the cells were in-
cubated in staining solution with antibodies CD45-PE (#561087; 
BD Pharmingen), CD45-APC-Cy7 (#557659; BD Pharmingen), 
CD31-APC (#551262; BD Pharmingen), CD133-FITC (#11-1331-82; 
eBioscience), and CD146-PerCP-Vio700 (#130-103-865; Miltenyi 
Biotec). All stainings were performed in 5% FCS (in PBS) on ice for 
30 min with optimal dilutions of commercially prepared antibod-
ies. For FACS analysis, DAPI+ dead cells were first excluded, and 
CD45−CD31+CD146+ populations were defined as liver ECs. Finally, 
the percentage of GFP+ or YFP+ cells in the liver EC population was 
measured using either Beckman Coulter Cytoflex or BD Canto-II.
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Immunostaining and image analysis
Livers were fixed in 4% PFA overnight. 50-µm sections were pre-
pared with a vibratome (Leica VT1000S). Sections were blocked 
and permeabilized with PBS containing 10% normal donkey 
serum and 0.3% Triton for 2 h at room temperature. Sections 
were then incubated with primary antibodies overnight at 4°C, 
followed by fluorophore-conjugated secondary antibodies for 
2 h at room temperature. Images were taken with a Leica SP8 
confocal microscope. The following antibodies were used in 
this study: rabbit anti-mouse Lyve-1 (#103-PA50AG; Reliatech), 
hamster anti-mouse CD31 (MA3105; Thermo Scientific), rabbit 
anti-mouse cleaved caspase-3 (9661; Cell Signaling Technology), 
rabbit anti-mouse phospho-histone H2A.X (9718; Cell Signal-
ing Technology), rabbit anti-mouse Ki-67 (12202; Cell Signaling 
Technology), rabbit anti-mouse collagen-IV (polyclonal; Abcam), 
rat anti-mouse CD133-FITC (#11-1331-82; eBioscience), rat an-
ti-mouse CD45 (#CL9446APl; Cedarlane Laboratories), donkey 
anti-rabbit IgG-Rhodamine Red-X (711–296-152; Jackson Immu-
noResearch), donkey anti-rabbit IgG–Alexa Fluor 647 (711–606-
152; Jackson ImmunoResearch), goat anti-Armenian hamster 
IgG-Rhodamine Red-X (127–295-160; Jackson ImmunoResearch), 
and goat anti-Armenian hamster IgG–Alexa Fluor 488 (127–545-
160; Jackson ImmunoResearch). All stainings were performed 
with optimal dilutions recommended by the manufacturer.

For Video  1, a semiautomatic surface rendering module in 
Imaris (Bitplane) was used to create three-dimensional volumet-
ric surface objects corresponding either to individual cells or to 
the liver vascular system.

Comparative gene expression
Total RNA was extracted from the livers of irradiated or hepa-
tectomized mice using a Trizol isolation system (Thermo Sci-
entific) according to the manufacturer’s instructions. RNA was 
transcribed into cDNA using the ReverTra Ace qPCR RT Mas-
ter Mix with gDNA Remover (Toyobo). Quantitative PCR was 
performed with SYBR Green Master Mix (Invitrogen). Prim-
ers (Bax: 5′-AGA CAG GGG CCT TTT TGC TAC-3′, forward, and 5′-
AAT TCG CCG GAG ACA CTCG-3′, reverse; Icam1: 5′-CTG GAT CTC 
AGG CCG CAAG-3′, forward, and 5′-TGT CGA GCT TTG GGA TGG 
TAG-3′, reverse) were ordered from Sangon Biotech. Gene ex-
pression levels were calculated based on the Delta-Delta Ct rel-
ative quantification method. mRNA levels were normalized to 
β-actin expression.

Statistical analyses
P values were determined by two-tailed Student’s t test. Values 
of P < 0.05 were considered statistically significant. Error bars 
represent mean ± SD.

Online supplemental material
Fig. S1 shows that BMD MCs incorporate into the liver vascula-
ture in irradiation-conditioned bone marrow chimeric mice. It 
includes microarray-based gene expression analyses to compare 
the resident and the bone marrow–derived liver ECs. Fig. S2 
contains validation data for different nonmyeloablative models 
employed to lineage trace liver ECs after PHx. Fig. S3 includes 
data from chemical- and immune-mediated chronic liver injury 

models. Video 1 illustrates three-dimensional reconstruction of 
the liver vasculature of the sham-operated mouse 1 mo after ir-
radiation-conditioned bone marrow transplantation.
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