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Highlights
e |L7 is a good marker of liver lymphatic endothelial
cells (LyECs).

We developed an isolation method for liver LyECs
using IL7-GFP knockin mice.

Our isolation protocol unveils the distinctive cell
surface structure of LyECs.

Novel genes affected in I/R-induced liver injury
were identified in LyECs.
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Impact and implications

Understanding the lymphatic system in the liver is
challenging because of the absence of specific markers
for liver LyEC. This study has identified IL7 as a reliable
marker for LyECs, enabling the development of an
effective method for their isolation, elucidating their
unique cell surface structure, and identifying LyEC
genes that undergo changes during liver damage. The
development of IL7 antibodies for detecting it in hu-
man liver specimens will further advance our under-
standing of the liver lymphatic system in the future.
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Background & Aims: The lymphatic system plays crucial roles in maintaining fluid balance and immune regulation. Studying
the liver lymphatics has been considered challenging, as common lymphatic endothelial cell (LyEC) markers are expressed by
other liver cells. Additionally, isolation of sufficient numbers of LyECs has been challenging because of their extremely low
abundance (<0.01% of entire liver cell population) in a normal liver.

Methods: Potential LyEC markers was identified using our published single-cell RNA sequencing (scRNA-seq) dataset
(GSE147581) in mouse livers. Interleukin-7 (IL7) promoter-driven green fluorescent protein knock-in heterozygous mice were
used for the validation of IL7 expression in LyECs in the liver, for the development of liver LyEC isolation protocol, and
generating liver ischemia/reperfusion (I/R) injury. Scanning electron microscopy was used for the structural analysis of LyECs.
Changes in LyEC phenotypes in livers of mice with I/R were determined by RNA-seq analysis.

Results: Through scRNA-seq analysis, we have identified IL7 as an exclusive marker for liver LyECs, with no overlap with other
liver cell types. Based on IL7 expression in liver LyECs, we have established an LyEC isolation method and observed distinct
cell surface structures of LyECs with fenestrae and cellular pores (ranging from 100 to 400 nm in diameter). Furthermore, we
identified LyEC genes that undergo alterations during I/R liver injuries.

Conclusions: This study not only identified IL7 as an exclusively expressed gene in liver LyECs, but also enhanced our un-
derstanding of LyEC structures and demonstrated transcriptomic changes in injured livers.

Impact and implications: Understanding the lymphatic system in the liver is challenging because of the absence of specific
markers for liver LyEC. This study has identified IL7 as a reliable marker for LyECs, enabling the development of an effective
method for their isolation, elucidating their unique cell surface structure, and identifying LyEC genes that undergo changes
during liver damage. The development of IL7 antibodies for detecting it in human liver specimens will further advance our
understanding of the liver lymphatic system in the future.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The lymphatic vascular system plays active roles in maintaining
fluid balance, immune regulation and tumour growth."? In the
liver, increased lymphatic vessel expansion, particularly in the
portal tract area, is observed in various pathological conditions.
However, the mechanistic studies on how the liver lymphatic
system is involved in the development of disease is limited. This
is because investigating lymphatic endothelial cells (LyECs) and
lymphatic functions is thought to be challenging, as typical LyEC
markers are expressed by other liver cells.>” In addition, given

that LyECs account for the smallest population among all endo-
thelial cell (EC) populations in the mouse liver (<1%), obtaining
enough LyECs is challenging.® Thus, the aim of this study is to
identify a unique gene that is expressed in LyECs, but not in other
major liver cells, and to apply this knowledge for isolation and
characterization of LyECs in normal and diseased livers.
General LyEC markers in most tissues and organs include
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1),%!°
vascular endothelial growth factor receptor 3 (VEGFR3, also
known as Flt4),"' podoplanin (PDPN),'? and prospero homeobox
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protein 1 (PROX1).”® In the liver, however, hepatocytes express
PROX1, and liver sinusoidal endothelial cells (LSECs, major liver
ECs) express both VEGFR3 and LYVET1. Although PDPN may be the
most frequently used LyEC marker for immunolabeling, it is
expressed by cholangiocytes and myofibroblasts as well as
mesothelial cells in liver capsules. Accordingly, expression of
these common LyEC markers in other liver cells make it difficult
to study detailed molecular mechanisms of lymphatic vessel (LV)
functions in a LyEC-specific manner in the liver. Therefore, the
identification of novel LyEC markers in the liver is an urgent need
and will significantly advance our understanding of the liver
lymphatic system.

We recently identified six heterogeneous liver EC clusters
using single-cell RNA sequencing (scRNA-seq) analysis of the
mouse liver EC population.® One of them was the LyEC cluster
based on the expression of Lyvel, Fit4, Pdpn, and Prox1. The
analysis also identified several unique genes that were highly
expressed in LyECs. However, since the scRNA-seq analysis was
conducted only on the liver EC population, excluding other liver
cells, we did not know whether these unique genes could be
expressed exclusively in LyECs or also expressed in other liver
cell types. Recent scRNA-seq analysis on human liver non-
parenchymal cells has also identified heterogeneous liver EC
clusters, including the LyEC cluster.'* However, there has been no
cross-species comparison of human and mouse LyEC expression
profiles, nor has there been verification of unique gene markers.

In this study, we have identified interleukin-7 (IL7) as a useful
LyEC marker in the liver, minimally or not expressed by other
liver cell types. IL7 is a cytokine that plays a critical role in the
development and maintenance of T lymphocytes, B lymphocytes,
and innate lymphoid cells.”> Because anti-IL7 antibodies have
failed to reliably identify IL7* cells in tissue sections of wild-type
and IL7-deficient mice, multiple IL7 reporter mice have been
generated.'® Studies utilizing IL7-green fluorescent protein (GFP)
reporter mice (IL7°™* knock-in mice) showed strong IL7
expression in LyECs of the lymph node medulla, skin epidermis,
lung, and intestinal tissues,'”'® which are in line with our finding
of IL7 expression in liver LyECs. Further, utilizing the portal tree
(ak.a. biliary tree) where most of LVs are located and IL7¢™/*
knock-in mice, we have established an efficient isolation protocol
for liver LyECs along with LSEC isolation from the same animals.

With this isolation protocol, we have also identified a unique
cell membrane structure of LyECs distinct from that of LSECs. In
addition to the fenestrae structure typical of LSECs, LyECs
showed larger pores (~500 nm) with filopodium-like membrane
protrusion on their membrane surface. This protocol also
allowed us to identify transcriptomic changes and related func-
tional changes of LyECs caused by ischemia/reperfusion (I/R)-
induced liver injury.

Materials and methods
Detailed materials and methods can be found
Supplementary material.

in the

Animal experiments

To examine changes of LyECs as a result of liver I/R injury, we
used IL7 promoter-driven GFP knock-in heterozygous mice
(IL7SFP* knock-in mice, a kind gift from Dr Joao Pereira, Yale
University)'® at the age of approximately 2 months. For a liver I/R
model, a small clamp was placed on the portal vein and bile duct
at the root of three major liver lobes to cause a 70% hepatic
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ischemia, followed by its removal in 60 min, resupplying blood
and oxygen to the ischemic liver lobes. The liver and blood were
collected 3 days after the surgery. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
the Veterans Affairs Connecticut Healthcare System (#YI0001)
and performed in adherence with the National Institutes of
Health Guidelines for the Use of Laboratory Animals.

Single-cell RNA sequencing analysis

All analyses were performed in the Seurat R package (version
4.3.0). For mouse liver scRNA-seq analysis, we reassessed our
previously published data®!* on non-apoptotic ECs isolated from
livers of control or fibrotic EC-specific GFP reporter mice (Cdh5-
Cre-mTmG** mice). Genes expressed in less than three cells and
cells that expressed <200 genes, >8,000 genes, or mitochondrial
gene contents over 40% of the total unique molecular identifier
(UMI) count were excluded. Uniform Manifold Approximation
and Projection (UMAP) was used to visualize cell clusters after
normalizing and scaling the data with one to 20 principal com-
ponents, and cell clusters were identified and divided into sub-
sets for analysis in Fig. 1.

For human liver scRNA-seq analysis, a previously published
human scRNA-seq dataset'? was downloaded from Gene
Expression Omnibus (GEO) under an accession number
GSE136103. The scRNA-seq results from five healthy human
livers in the original dataset was used. Genes expressed in fewer
than three cells were excluded, as well as cells that expressed
<300 genes, >6,000 genes, or mitochondrial gene contents >30%
of the total UMI count. After normalizing and scaling the data, we
used UMAP to visualize cell clusters with one to 40 principal
components. Cells clusters were annotated according to the
original study.

Primary mouse liver cell isolation
Refer to the Supplementary data.

Primary human cells
Refer to the Supplementary data.

Quantitative real-time polymerase chain reaction
Refer to the Supplementary data.

Scanning electron microscopy
Refer to the Supplementary data.

Immunofluorescence
Refer to the Supplementary data.

3D immunofluorescence imaging
Refer to the Supplementary data and the publication by Jeong
et al’®

RNA sequencing analysis of isolated liver LyECs
Refer to the Supplementary data.

Flow cytometry
Refer to the Supplementary data.

Statistical analysis

Data were expressed as mean * standard error of mean (SEM).
Statistical analysis was performed using the GraphPad Prism
version 8.0 (GraphPad Software, San Diego, CA). Statistical
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Fig. 1. IL7 is highly expressed in liver lymphatic endothelial cells. (A) Uniform Manifold Approximation and Projection (UMAP) showing clusters of liver cells
from healthy (n = 3) and cirrhotic (n = 3) mouse livers (Cdh5-Cre-mTmG** mice) (GSE147581). The identified 10 liver cell clusters were defined by marker genes
as hepatocyte, MP (macrophage), T cell, B cell, cholangiocyte, HSC (hepatic stellate cell), arterial EC (arterial-like EC), venous EC (central venous EC), LSEC (liver
sinusoidal EC), and LyEC (lymphatic EC). Each dot represents a single cell. The LyEC cluster is marked with a red circle. (B) Violin plots of gene expression of IL7,
Tbx1, Mmrn1, Tmod2, Dtx1, Wipf3, Ahnak2, and Rassf9 in mouse liver cells. (C) UMAP showing clusters of liver cells from healthy human livers (n = 5) (GSE136103).
The identified 15 liver cell clusters were defined by marker genes as ILC (innate lymphoid cell), T cell, MP (mononuclear phagocyte), hepatocyte, cholangiocyte,
mesenchyme (mesenchyme cell), B cell, cycling cell, plasma cell, pDC (plasmacytoid dendritic cell), mast cell, arterial EC, venous EC, LSEC, and LyEC. Each dot
represents a single cell. The LyEC cluster is marked with a red circle. (D) Violin plots of gene expression of IL7, TBX1, MMRN1, TMOD2, DTX1, WIPF3, AHNAK2, and
RASSF9 in human liver cells. (E) mRNA expression levels of IL7 in primary human aortic ECs (AoECs), primary human umbilical veinous ECs (HUVECs), primary
human LSECs, primary human hepatic lymphatic ECs (Liver LyECs), and primary human dermal lymphatic ECs (Skin LyECs) (n = 4). Data are the mean + SEM. (F)
mRNA expression levels of IL7 in primary human hepatocytes, primary human liver LyECs, and primary human skin LyECs (n = 4). (G) Green fluorescent protein
(green: IL7-GFP) and Lyve1 (red: a marker of lymphatic vessels) immunolabeling in the livers of WT and IL7*""/* knock-in mice. DAPI (blue: nuclei). BD, bile duct;
LV, lymphatic vessel; PV, portal vein (n = 5). Scale bar: 50 um. Data are the mean + SEM.
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significance was determined by unpaired t test for comparisons
of two groups or one-way ANOVA followed by Tukey’s test for
comparisons of multiple groups. A p value of <0.05 was consid-
ered as statistically significant.

Results

IL7 is a marker of liver lymphatic endothelial cells

We explored specific markers of liver lymphatic ECs, utilizing the
10 x scRNA-seq data in our previous study on an EC-enriched
liver cell population isolated from healthy and cirrhotic livers
of EC-specific GFP reporter mice (Cdh5-Cre-mTmG** mice).®
Cirrhosis in these mice was induced by inhalation of carbon
tetrachloride for 3 months. Our reanalysis revealed 19 cell clus-
ters from 13,969 cells with their respective marker genes
(Fig. S1A and B). We then consolidated them into 10 clusters of
liver cell populations based on marker genes described in our
previous study,® which included hepatocytes, macrophages (MP),
T cells, B cells, cholangiocytes, hepatic stellate cells (HSCs),
arterial ECs, venous ECs, LSECs, and LyECs (Fig. S1A and C). The
LyEC cluster was identified (Cluster 18 in Fig. S1A and B) based
on the expression of three well-known LyEC markers, Lyvel,
Pdpn, and Prox1(Fig. S1C). From a list of genes uniquely
expressed in the LyEC cluster (Table S1), we selected eight genes
from the top 20, namely 117, Thx1, Mmrnl, Tmod2, Dtx1, Wipf3,
Ahnak2, and Rassf9, for further verification (Fig. 1B). These genes
were selected because their expression was not detected in other
liver ECs, such as arterial ECs, venous ECs, and LSECs.

For a cross-species verification, we also reanalyzed a scRNA-
seq data on non-parenchymal cells of healthy human livers
published by Ramachandran et al.'* and assembled 31 cell clus-
ters from 35,067 cells with their respective gene markers
(Fig. S2A and B). We further grouped them into 15 clusters ac-
cording to marker genes used in their study and annotated them
as innate lymphoid cell (ILC), T cell, mononuclear phagocytes
(MP), hepatocyte, cholangiocyte, mesenchyme, B cell, cycling
cell, plasma cell, plasmacytoid dendritic cell (pDC), mast cell,
arterial EC, venous EC, LSEC, and LyEC (Fig. 1C and Fig. S2C). The
LyEC cluster was identified to be Cluster 29 (Fig. S2A and B)
based expression of CCL21, PDPN, and PROX1 (Fig. S2C). We then
examined whether the eight LyEC marker genes selected from
our mouse scRNA-seq data were expressed specifically in the
human LyEC cluster and found IL7, TBX1, and MMRN1 specifically
expressed by human liver LyECs as well with the other genes
showing no specific or low expression (Fig. 1D).

We also examined whether our selected eight LyEC genes
could be specific to liver LyECs by screening their expression in
primary human aortic ECs (AoECs), primary human umbilical
venous ECs (HUVECs), primary human LSECs, primary human
skin LyECs, and primary human liver LyECs. The identity of these
ECs was confirmed by expression of DLL4 (an arterial EC marker),
EPHB4 (a venous EC marker), PROX1 and PDPN (LyEC markers).
LSEC identity was validated by expression of FLT4 in the absence
of expression of PROX1 and PDPN (Fig. S3A). Expression levels of
the eight LyEC genes in these ECs were presented in Fig. 1E and
Fig. S3B, showing specific gene expression of IL7 in both primary
human liver and skin LyECs with the other genes not exhibiting
such LyEC specificity.

IL7 was reported to be expressed in hepatocytes and to play a
role in the survival of naive and memory T cells.>’ However, the
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identity and distribution of IL7-expressing cells in the liver in
physiological conditions have still been unclear because of its
very low mRNA and protein levels, making its detection difficult.
We compared IL7 mRNA levels between primary human hepa-
tocytes and primary human liver or skin LyECs and found
significantly higher IL7 expression in LyECs and minimal
expression in hepatocytes (Fig. 1F). IL7 gene expression was also
minimal in human cholangiocytes and hepatic stellate cells
(Fig. S4A). Further, immunofluorescence staining of livers from
IL7SFPF knock-in mice showed colocalization of GFP and Lyvel (a
LyEC marker) in the portal area, confirming that a majority of
GFP-positive cells (IL7-expressing cells) are LyECs with no
measurable detection of lI7-driven GFP in hepatocytes (Fig. 1G).

To evaluate IL7 levels in the mouse liver at a whole organ
level, we compared whole-tissue IL7 and GFP mRNA expression
levels between the liver and the thymus, a lymphoid organ
known to produce abundant IL7.?! We observed that liver tissue
IL7 gene expression was very low compared to that of the
thymus, which was consistent with GFP mRNA levels in these
two organs (Fig. S4C and D). Collectively, these observations
show that IL7 is expressed in LyECs, but not in other liver cell
types, and can thus serve as an excellent marker of liver LyECs.
1175%P1* knock-in mice, which had been used to mark LyEC in the
lung and lymph nodes,'® show GFP expression specifically in
liver LyECs as well, so these mice can be used to label liver
lymphatics.

IL7-expressing GFP+ cells isolated from the liver portal
venous biliary tree cell fraction are liver LyECs

Lack of specific LyEC markers has been one of the hurdles for
efficient isolation of liver LyECs® on top of their very small
portion of the liver EC population in the normal liver.®?? As liver
lymphatic vessels are predominantly located in the portal area,
we hypothesized that isolating LyECs from the liver portal
venous biliary tree (PV tree) fraction could enhance their yield
and isolation efficiency. To test this hypothesis, we established a
protocol to isolate IL7-expressing GFP+ cells from PV tree cell
fractions of IL7°"™* knock-in mice (Fig. 2A). Liver collagenase
perfusion separated the PV tree fraction that included bile ducts,
portal vein, hepatic artery, and lymphatic vessels from the
parenchymal and non-parenchymal fractions. Whole-mount 3D
immunofluorescence imaging of these PV trees isolated from
IL7S** knock-in mice demonstrated enriched GFP and Lyvel
positive lymphatic vessels (Fig. 2B). As a positive control, Fig. S5
presents 3D images of mesenteric lymphatic vessels, which
similarly show GFP and Lyvel positive lymphatic vessels. We
then further digested the PV tree to isolate its constituent cells
(Fig. 2A) and compared them with components of the liver
parenchymal cell or non-parenchymal cell fraction. The liver
parenchymal cell fraction mostly contained hepatocytes, while
the non-parenchymal fraction included LSECs, Kupffer cells, and
hepatic stellate cells, and could be used to isolate LSECs. qPCR
analysis of liver cell fractions (parenchymal cells, non-
parenchymal cells, and PV tree cells) detected highest expres-
sion of IL7 and GFP in the PV tree cell fraction, as well as highest
expression of Ccl21a and Pdpn (LyEC markers) (Fig. 2C), sug-
gesting the congruence between IL7-expressing cells and LyECs.
We also examined the GFP+ cell frequency in parenchymal, non-
parenchymal, and PV tree cell suspensions by flow cytometry,
and found that GFP+ cells were almost absent from the
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parenchymal cell fraction, slight in the non-parenchymal cell
fraction (~0.07%), and highest in the PV tree cell fraction(~1%)
(Fig. 2D). All these observations indicate that the PV tree cell
fraction contains highest IL7-expressing GFP+ cells in the livers
of IL7°™/* knock-in mice.

To confirm the identity of GFP+ cells in liver PV tree cell
fractions from IL7/* knock-in mice, we examined expression of
Pdpn and CD31 in GFP+ cells. Flow cytometry analysis of gated
GFP+ cells showed a ~89% purity of LyECs (Pdpn+ CD31+)
(Fig. 2E). In accordance with the flow cytometry analysis,
immunofluorescence staining of fluorescence-activated cell
sorting (FACS) sorted GFP+ cells from the PV tree cell fraction
showed ~90% GFP+ Pdpn+ CD31+ population (Fig. 2F), indicating
that GFP+ cells from the PV tree cell fraction are LyECs. We have
thus established a simple and efficient isolation method for liver
LyECs using IL7°"""* knock-in mice.

Morphological features of liver LyECs vs. LSECs isolated from
IL7SFPF* knock-in mouse

An additional advantage of our isolation method is to achieve
isolation of both liver LyECs and LSECs from the same IL7¢F/*
knock-in mouse (Fig. 2A). This allowed us to compare their
morphological differences by scanning electron microscopy
(SEM) for the first time (Fig. 3A and B). LSECs represent the major
EC population in the liver and their morphology has been char-
acterized in many studies,>*>* thus serving as a reference for this
comparison. Fig. 3A compares an SEM image of liver LyECs with
that of LSECs collected from the same mouse 4 h after seeding on
fibronectin-coated plates. Like LSECs, liver LyECs presented
sieve-structure on their surface. However, cellular pores on liver
LyECs were larger in diameter (100-400 nm) and greater in
variation than those of LSECs (100-200 nm in diameter). We also
took SEM images of liver LyECs and LSECs cultured for 16 h after
seeding (Fig. 3B) and observed loss of the surface sieve-structure
on both cell types more dramatically in LyECs with decreased
cellular pore diameters to 40-100 nm in LyECs and 60-150 nm in
LSECs after long-term in vitro culture.

I/R injury alters transcriptomic profiles in liver LyECs

A recent study reported that hepatic I/R injury enhanced liver
lymphangiogenesis with the lymphatic vessel area and density
increasing in 24 h after I/R surgery and culminating at 72 h.*
However, it was not known whether I/R injury could change
LyEC characteristics. We leveraged our liver LyEC isolation
method to examine liver LyEC biology in a mouse model of I/R.
We first evaluated lymphatic vessels in the livers of IL7SF/*
knock-in mice subjected to sham or 3-day I/R (3d-I/R) surgery
and observed increased GFP-positive cells co-localized with
Lyvel in the livers of 3d-I/R mice (Fig. 4A and B), indicating that
IL7 remains expressed exclusively in LyECs under liver I/R injury.
Increased IL7 mRNA levels were also detected in liver tissue from
3d-1/R mice (Fig. 4C) with their positive correlation with hepatic
LV numbers (Fig. 4D). Consistently, GFP expression was also
significantly increased in liver tissue from 3d-I/R mice and was
positively correlated with hepatic LV numbers (Fig. S6A and B).
These results further support IL7 as a reliable marker of hepatic
LyECs even during pathological conditions such as liver I/R
injury.
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To further understand the biology of liver LyECs in I/R injury,
we isolated hepatic LyECs (GFP* cells) from IL7°™/* knock-in
mice with sham or 3d-I/R surgery by FACS and performed RNA-
seq analysis. We detected a significantly increased number of
GFP+ cells in the liver PV tree cell fractions isolated from 3d-I/R
mice than those from sham mice (~1.8-fold change, Fig. S6C),
consistent with increased lymphangiogenesis in the 3d-I/R group
shown in Fig. 4A and B.

A volcano plot shows a comprehensive gene profile from the
RNA-seq analysis, in which red and green dots represent
upregulated and downregulated genes, respectively (Fig. 4E).
We identified 46 differentially expressed genes (DEGs) between
the 3d-I/R and sham groups with 38 genes upregulated and
eight genes downregulated in the 3d-I/R group. A heatmap of
the 46 DEGs is presented in Fig. 4F. Gene set enrichment
analysis (GSEA) revealed that I/R injury could activate
vasculature-related pathways such as extracellular matrix
(ECM)-related pathways, endothelial cell proliferation, and
leukocyte adhesion to vascular endothelial cells and suppress
inflammatory responses (Fig. 4G).

Discussion

This study identified IL7 as a useful LyEC marker in the liver and
established a protocol for isolation of LyECs from the portal tree
fraction of the liver of IL7°™* knock-in mice. Importantly, a
unique LyEC cell surface structure is revealed using our isolation
protocol. Further, we identified novel genes in LyECs that are
altered in I/R-induced liver injury.

In the liver, LSECs share similar phenotypes to LyECs. They
both have minimal basement membranes with loosely organized
cell junctions. LSECs express some LyEC markers, such as Lyvel,
VEGFR3(FIt4), and CLEC4M (a C-type lectin receptor, also known
as LSIGN, CD209L, or CD299).?%%” In addition, both LSECs and
LyECs have immunological functions and are able to influence
the composition of hepatic immune populations.?® However, the
role of liver LyECs has often been overlooked compared with that
of LSECs. Thus, our identification of IL7 as a specific marker of
hepatic LyECs is a crucial advancement and will significantly
contribute to the study of the hepatic lymphatic system.

Isolation of LyECs is challenging because they constitute only
a small fraction of the total liver cell population. LSECs are the
major ECs in the liver, accounting for nearly 90% of all the liver EC
population, whereas LyECs occupy only ~0.12% of the liver EC
population.® Therefore, their efficient isolation is particularly
important. An isolation protocol recently reported for liver LyECs
showed around 2,200 LyECs isolated from the non-parenchymal
cell fraction per naive mouse liver.?? To improve the isolation
efficiency of LyECs, we utilized the portal tree fraction of the liver
and IL7SFP"* knock-in mice to enrich and specifically mark liver
LyECs. As a result, we achieved isolation of 20,000~40,000 LyECs
per mouse liver.

To our knowledge, the cellular architecture of LyECs remains
largely unknown. Our study showed that the surfaces of both
LSECs and LyECs displayed a sieve-like structure called opened
fenestrae (usually 100-200 nm), which form a permeable barrier
allowing direct communication between hepatocytes and the
bloodstream. The LyEC surface, however, revealed more hetero-
geneous sieve-like structures and pores (100-400 nm) with
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Fig. 2. Lymphatic EC isolation from the portal venous biliary tree cell fraction of IL7°""/* knock-in mouse liver. (A) Cell isolation workflow using IL7/*
knock-in mice. After liver collagenase perfusion, liver cells were separated into digested cell suspension and the remaining residual with biliary tree structure (PV
tree). The digested cell suspension was centrifuged to separate parenchymal and non-parenchymal cell fractions (in the pink and blue backgrounds, respectively).
The non-parenchymal cell fraction was used for isolation of liver sinusoidal ECs (LSECs) by Percoll centrifugation. The undigested PV tree was used for immu-
nofluorescence imaging or further digested to obtain a PV tree cell faction (in the green background). The PV tree cell faction was further sorted by FACS to isolate
GFP+ LyECs. (B) Whole-mount 3D immunofluorescence images of GFP (green: IL7-GFP) and Lyve1 (red: a marker of lymphatic vessels) in PV trees from IL7¢F"/*
knock-in mice. Scale bar: 100 um. (C) Expression levels of GFP, IL7, and lymphatic markers (Ccl21a and Pdpn) in parenchymal/non-parenchymal/PV tree cell
fractions (n = 7). Data are the mean + SEM. One-way ANOVA with Tukey’s multiple comparison test. (D) GFP+ cell frequency was quantified based on the gated
GFP+ subset (n = 4). Data are the mean + SEM. One-way ANOVA with Tukey’s multiple comparison test. (E) Parenchymal/non-parenchymal/PV tree cell fractions
were stained with anti-Pdpn and anti-CD31 antibodies. The left panel shows gated GFP+ cells in the liver PV tree cell fractions of IL7°""/* knock-in mice, and the
right panel shows the percentages of Pdpn+ CD31+ cells in gated GFP+ cells (n = 3). Given their low percentages, enough GFP+ cells could not be isolated from the
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A 4-hour culture

LSEC

Fig. 3. Morphological characterization of LyECs and LSECs isolated from
same [L7°""/* knock-in mice. (A,B) Liver lymphatic endothelial cells (LyECs)
and liver sinusoidal endothelial cells (LSECs) were isolated from same IL7SF"/*
knock-in mice and seeded on fibronectin-coated plates. (A) Scanning electron
microscopy images of liver LyECs and LSECs cultured for 4 h and 16 h (B) after
isolation. Scale bar: 1 pm.

protruding objects. Similar to LSECs, longer cell culture (e.g. 16 h)
dramatically diminished these unique structures. We speculate
that large pores, not fenestrae structure, in LyECs may allow
immune cells to easily move from the outer side of the lymphatic
vessels (e.g. the space of Mall) into its lumen side and help their
discharge. It is also possible that loss of pore structure in the cell
surface may occur in pathological conditions and decrease effi-
ciency of lymphatic drainage, resulting in prolonged inflamma-
tion in the liver. Further studies are important to elucidate what
makes LyEC surface structure different from that of LSECs and to
determine whether the pore structure of LyECs is maintained or
lost in the pathogenesis of liver disease.

There is a potential that varying isolation procedures between
the non-parenchymal cell fraction and the PV trees may result in
differences in cell surface structures between LSEC and LyECs.
However, we think it is unlikely, as the distinctive structural
features (large pore and protrusion) were significant lost 16 h
after LyECs were plated. If these unique features were a result of
additional stress or a different isolation procedure applied to the
PV tree, they would not have disappeared within the 16-h period
after plating.

Hepatic lymphatics participate in the clearance of dead tis-
sues and contribute to the reparative process after acute hepatic
injury. However, it remains largely unknown whether func-
tional changes of LyECs accompany liver repair. A recent study
using a mouse model of hepatic I/R injury showed enhanced

JHEP|Reports

lymphangiogenesis around the portal tract with increased
expression of pro-lymphangiogenic growth factors such as
vascular endothelial growth factor (VEGF)-C and VEGF-D.?®
Activation of VEGFR3 signaling improved liver repair by pro-
moting lymphangiogenesis and regulating the number of
reparative macrophages.>”> Consistent with their observation,
we found increased numbers of liver LVs in a hepatic I/R injury
model using IL7°""/* knock-in mice. In addition, our RNA-seq
data on isolated LyECs from sham or I/R livers from IL7FP/*
knock-in mice revealed an upregulated EC proliferation
pathway, upregulated leukocyte adhesion to ECs, upregulated
ECM-related pathways, and downregulated inflammatory
response in LyECs in response to I/R injury, suggesting func-
tional changes of LyECs and the role of LyECs in tissue remod-
elling after hepatic injury.

It has been thought that hepatocytes are the major sources
of IL7 in the liver.??°! However, these studies did not
examine IL7 expression in hepatic LyECs or lymphatic vessels.
In our study, IL7 expression in hepatocytes was very minimal in
the normal postnatal liver, whereas LyECs expressed IL7 seven
times more highly than hepatocytes. Our immunofluorescence
staining of normal liver tissue from IL7°F"/* knock-in mice also
showed a strong GFP signal mostly in LyECs, not in hepatocytes,
indicating LyECs are the major sources of IL7 in the liver. GFP
staining in the livers of IL7°f"/* knock-in mice with sham or /R
surgery also showed no induction of hepatocyte-derived IL7,
suggesting that IL7 can still serve as a good marker of LyECs in I/
R injury. However, it is interesting to note that hepatocytes
started to express IL7 in cell culture conditions in a time-
dependent manner, whereas freshly isolated hepatocytes
without attaching to culture dishes showed minimal or no IL7
expression. This may indicate that caution would be needed
regarding IL7 levels in cultured hepatocytes and that a long-
term cell culture condition could cause overestimation of IL7
levels in hepatocytes.

Studies have shown that IL7 is produced by LyECs in the
skin,"? lymph node,'” and lung.'® Furthermore, it was demon-
strated that IL7 induces lymphangiogenesis in cultured skin
LyECs, promotes fluid uptake by lymphatic capillaries, and en-
hances lymphatic drainage in ear skin.>? Thus, IL7 may also play a
crucial role in maintaining LyECs integrity and their function in
the liver. This topic is essential for future exploration and will
contribute to advancing our understanding of the regulation of
lymphatic function in both normal and diseased liver.

To the best of our knowledge, there is currently no well-
established IL7 antibody available, thereby limiting the applica-
tion of IL7 for immunolabeling to detect lymphatic vessels in
human livers or for isolating LyECs in human livers. The devel-
opment of such antibody is essential to advance our under-
standing of lymphatic systems in human livers. Alternatively, the
validation of our findings can be achieved through in situ hy-
bridization of IL7 RNA in human liver biopsies.

In conclusion, the identification of IL7 as an excellent marker
for liver LyECs, together with the establishment of isolation of
LyECs from the portal tree fraction, will advance the study of the
hepatic lymphatic system. Mechanistic implications of the

parenchymal and non-parenchymal cell fractions. (F) Immunolabeling of GFP, Pdpn, and CD31 in FACS isolated GFP+ cells in liver PV tree cell fractions of IL7¢F/*
knock-in mice (n = 3). Scale bar: 1 um. EC, endothelial cell; FACS, fluorescence-activated cell sorting; GFP, green fluorescent protein; IL7, interleukin 7; LyECs,

lymphatic endothelial cells; Lyve1l, hyaluronan receptor 1.
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caused by I/R injury. BD, bile duct; GFP, green fluorescent protein; I/R, ischemia/reperfusion; LSECs, liver sinusoidal endothelial cells; LyECs, lymphatic endothelial
cells; LV, lymphatic vessel, PV, portal vein; PV tree, portal venous biliary tree.
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unique cell surface structure of LyECs, distinct from that of LSECs,
is an important area to be explored in the future. Although IL7
has been successfully used as a marker to isolate LyECs from

JHEP|Reports

normal livers and livers with I/R injury, further validation is
required to determine whether IL7 can also serve as a marker for
chronic liver diseases or liver cancer.
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