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Abstract

This update focuses on two main topics. First, recent developments in our understanding of liver
sinusoidal endothelial cell (LSEC) function will be reviewed, specifically elimination of blood-
borne waste, immunological function of LSECs, interaction of LSECs with liver metastases,
LSECs and liver regeneration, and LSECs and hepatic fibrosis. Second, given the current emphasis
on rigor and transparency in biomedical research, the update discusses the need for standardization
of methods to demonstrate identity and purity of isolated LSECs, pitfalls in methods that might
lead to a selection bias in the types of LSECs isolated, and questions about long-term culture of
LSECs. Various surface markers used for immunomagnetic selection are reviewed.
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This review is an update rather than a comprehensive review of liver sinusoidal endothelial
cell (LSEC) ultrastructure, biology, and physiology. This update will focus on new findings
on LSEC functions reported in the last few years, as well as some of the concerns about
isolation and characterization of isolated LSECs that have dogged this field for more than a
decade (Table 1).1 Readers looking for comprehensive reviews of LSEC biology rather than
an update have other excellent choices.?3

LSEC Function

Major functions of LSECs include (1) elimination of macromolecules and small particulates
from the blood, (2) an immunological role, (3) LSEC interactions with tumor metastases, (4)
LSECs as determinants of hepatic fibrosis, and (5) LSECs as drivers of liver regeneration.

Elimination of Macromolecules and Small Particulates from Blood

The reader is referred to dedicated comprehensive reviews on this topic.3# LSECs have
higher endocytotic activity than other vascular endothelial cells and are able to rapidly
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endocytose cellular and extracellular components, modified macromolecules of mammalian
origin, and nonmammalian ligands3 through several families of endocytotic receptors:
stabilin-1, stabilin-2, scavenger receptors, mannose receptor, and FcyRIIb2. Although much
of the clearance of blood-borne waste was previously attributed to Kupffer cells, in recent
decades it has become clear that LSECs and Kupffer cells play a complementary role in this
process. LSECs clear macromolecules and nanoparticles by clathrin-mediated endocytosis
and Kupffer cells clear larger particles by phagocytosis.

Viral clearance—Both LSECs and Kupffer cells contribute to viral clearance. Older in
vitro studies demonstrated LSEC uptake of duck hepatitis B virus,® but newer studies of
viral clearance have examined in vivo uptake, which allowed investigators to compare the
respective contributions of LSECs and Kupffer cells. Ninety percent of adenovirus cleared
by the mouse localized to LSECs and only 10% to Kupffer cells.® Similarly, studies that
examined clearance of HIV-like particles in the mouse found that 90% of HIV-like particles
were cleared by LSECs and only 10% by Kupffer cells. Astonishingly, the sinusoid is
capable of eliminating 100 million HIV-like particles per minute.” Studies with virus-like
particles of two nonenveloped human DNA viruses, polyoma-viruses BK and JC,
demonstrated that liver uptake in the mouse was predominantly in LSECs and that LSECs
rapidly cleared a large fraction of these virus-like particles.

Lipid clearance—The first article that definitively characterized LSECs as a cell type
distinct from Kupffer cells raised the hypothesis that LSEC fenestration functioned as a
sieve that permitted filtering of chylomicrons.® The sieve is composed of nondiaphragmed
fenestrae, 100-150 nm openings that traverse the cytosol of the LSECs. The LSECs also
lack an organized basement membrane. Studies have confirmed that LSEC fenestration
permits filtering of chylomicron remnants,19-12 and it has been postulated that the loss of
fenestration with aging might account for postprandial hypertriglyceridemia.13 The role of
lipid uptake by LSEC endocytosis has been addressed more recently. Uptake of oxidized
low-density lipoprotein (LDL) by macrophages within the atherosclerotic lesion plays a
central role in atherosclerosis.1* Older literature had suggested that Kupffer cells play the
major role in uptake of oxidized LDL. A study of LDL with a physiological degree of
oxidation demonstrated that LSECs but not Kupffer cells take up the more physiological,
mildly oxidized LDL through the stabilin-1 endocytosis receptor.1® Future studies will need
to determine whether stabilin-1 mediated endocytosis changes with aging or with the
metabolic syndrome. The latter is of interest given that higher levels of oxidized LDL are
associated with the metabolic syndrome,8 and that oxidized LDL has been proposed as a
risk factor for nonalcoholic steatohepatitis.1’” Scavenger receptor type B 1 (SR-B1) mediates
selective uptake of high-density lipoprotein (HDL).18 It was previously assumed that SR-B1
was present on hepatocytes, but careful imaging studies have now reported that SR-B1 is
present on LSECs.1? Future studies will need to determine whether reduced HDL clearance
by LSECs might contribute to highly elevated levels of HDL, which may increase
cardiovascular risk and all-cause mortality,20-22 or whether aberrant clearance of HDL by
LSECs has implications for ligands that are cleared along with HDL.
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Nanoparticles—Nanoparticles, with or without linkage to biological molecules as address
tags, are under investigation for numerous biological applications. Given their size, it might
be surmised that nanoparticles without address tags might be taken up by the
reticuloendothelial cell system. Poly (lactic-co-glycolic acid) (PLGA) is a biodegradable
polymer that is widely used because its hydrolysis leads to metabolite monomers, lactic acid,
and glycolic acid, which can be effectively eliminated. In mice that had been administered
PLGA nanoparticles (average diameter of 271 + 1.4 nm) in vivo, 98% of Kupffer cells and
89% of LSECs showed uptake but with a higher intensity of uptake by Kupffer cells.23 Over
half the hepatic stellate cells (HSCs) and 7% of hepatocytes also showed uptake. Reports on
the size of murine fenestrae vary widely, but ranges from 78 to 144 nm.24-26 Thus,
nanoparticles of the size used in this study are larger than fenestrae, which raises the
question of how the particles pass the LSEC barrier to reach HSCs and hepatocytes.

The Immunological Role of LSECs

Clearance of blood borne pathogens and macromolecules—Removal of
circulating antigens is a major immunologic function of LSECs. For example, as described
above, LSECs play a major role in clearance of some viruses.

Lipopolysaccharide (LPS) is mainly cleared by the liver.2” Seventy-five percent of LPS
clearance is by LSECs and 25% is by Kupffer cells.28 HDL binds LPS and LSECs also clear
this complex,28 although it remains to be established whether HDL-mediated clearance is
the major route of LPS clearance by LSECs. Capillarization occurs in rodents with fatty
liver29 and prior to fibrosis (see section below on LSECs as determinants of hepatic
fibrosis). It is not known whether LPS clearance is impaired in capillarization of LSECs, but
if it is, then decreased LSEC clearance of LPS might lead to increased Kupffer cell clearance
and/or increased systemic endotoxemia after bacterial translocation. Serum LPS levels are
elevated in nonalcoholic fatty liver disease,30 severe alcoholic hepatitis,3! and cirrhosis32:33
and capillarization could conceivably contribute to this.

The liver clears most small immunoglobulin G (1gG) immune complexes with only minor
participation by the spleen.34 Within the liver, LSECs clear 1gG by receptor-mediated
endocytosis through immunoglobulin gamma Fc region receptor 11-b2 (FcyRI11b2). This
pathway clears blood-borne small IgG immune complexes.3*35 Over 70% of RIIb in the
body is expressed on the liver. Comparing RIIb between LSECs and Kupffer cells, 90% is
expressed on LSECs and 10% is expressed on Kupffer cells.34 Investigators in this field have
posited that immune complex disease may occur when LSEC clearance capacity is
overwhelmed.34

Innate immunity—LSECs express pattern recognition receptors (PRRS) that recognize
pathogen-associated molecular patterns and damage-associated molecular patterns (Table 2).
The mannose receptor and stabilins and endocytosis receptors present on LSECs are
considered an important part of innate immunity by acting as PRRs.36:37 Toll-like receptors
are membrane-spanning receptors that recognize structurally conserved microbial molecules.
Six toll-like receptors have been identified on LSECs.38-40 Inflammasomes are protein
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complexes that induce proteolytic activation of proinflammatory cytokines. Three protein
constituents of inflammasomes are expressed by LSECs.4!

Adaptive immunity—According to the literature, LSECs play critical roles in the
development and establishment of hepatic adaptive immunity. LSECs may function as
antigen presenting cells (APCs) and as CD4 T lymphocytes recruiters during immune
surveillance and liver inflammation.

As noted above, LSECs have high endocytic activity with multiple receptors to take up
blood-borne antigens.3# Interestingly, LSECs are less efficient than dendritic cells in FCyR-
mediated endocytosis.#? The antigen presenting function of LSECs has been attributed to the
constitutive or inducible expression of several surface markers and costimulatory molecules
associated with professional APCs, such as MHC-class | and 11, intercellular adhesion
molecule (ICAM)-I, vascular cell adhesion protein (VCAM)-1, CD80, and CD86.43-46

Cross-presentation of exogenous antigens by LSECs to CD8 T cells does not cause deletion
of naive CD8 T cells.#” It is stringently antigen dependent#’ and results in CD8 T cell
tolerance mediated by B7-H1 signaling in vitro and in vivo.4548:49 |n contrast, LSECs can
mediate cross-talk between CD4 T helper and CD8 T cells, in a process that involves
concomitant activation of both T cell populations by LSECs, LSEC cross-priming by CD4 T
helpers, release of 1L-2, and stimulation of T cell receptors (TCRs) and IL-6 trans-signaling.
41,5051 The result is a rapid upregulation of the effector functions of LSEC-primed CD8 T
cells.

LSECs can induce naive CD4 T cells to produce interferon (IFN)-v, interleukin (IL)-4 and
IL-10, but cannot completely differentiate CD4 T cells into Thi or Th2 phenotypes.52:53
Conversely, direct contact with LSECs inhibits the Th1 and Th17 functions of CD4 T cells®*
and suppresses the autoreactive CD4+ recent thymic emigrant (RTE) lymphocytes.®® The
LSEC is the most efficient hepatic cell in inducing differentiation of CD4 T naive cells into
CD25 + Foxp3+regulatory T cells (Tregs) in the presence and absence of exogenous TGF-
% LSECs also induce CD4+ RTEs differentiation into LAG3 + Fox3- type 1 regulatory T
(Tr1) cells.>® The LSEC is reportedly the only nonparenchymal cell that binds latent tumor
growth factor (TGF)-B (LAP/TGF-B), which suggests that LSECs can recruit TGF-p from
external sources to activate Tregs.56 The tolerance induced by LSEC-mediated Treg
activation has been shown to ameliorate experimental autoimmune encephalomyelitis and
autoimmune hepatitis.>’28

Circulating T cells physically interact with LSECs in vivo.>4 For active recruitment, LSECs
must be preactivated by IFN-y and TNF-a.%° Leukocytes can migrate across endothelial
borders by either paracellular or transcellular migration. Transendothelial migration of CD8
and CD4 T cells across LSECs uses the transcellular route (i.e., directly penetrates the
endothelial cell body),>:60 which is observed less frequently in human umbilical vein
endothelial cells (HUVECS). Surface expression of CD31 (PECAM-1) facilitates
transcellular migration in HUVECs.%! In addition, ICAM-1, VCAM-1, and stabilin-1 also
participate in transcellular migration in LSECs.5%:62 _SECs not only produce, but also
internalize several chemokines involved in T cell recruitment, such as CXCL12 (stromal cell
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derived factor 1 [sdf1]) and CXCL10.%3 Th1 and Th2 lymphocytes depend on CXCL9 and
CXCL12 to transmigrate, while CXCL10 favors the transmigration of effector/memory T
cells.83.64 CXCR3 is involved in the transmigration of Tregs and Th17 cells through the
hepatic sinusoids under inflammatory conditions.%2:6 In addition to T cells, neutrophils
transmigrate across LSEC monolayers, and this process requires LFA-1, Mac-1, CD44, and
integrin B2.86 Adhesion and transmigration of CD16" monocytes across inflamed hepatic
endothelium depends on CX3CL1 and vascular adhesion protein (VAP)-1.67 Although the
transmigration of CD8 T effector cells through LSECs has been described in liver graft
rejection,59 naive LSECs can induce liver allograft tolerance by suppressing polyclonal
expansion of allospecific T cells via Fas ligand (FasL) signaling.58

Much of the work described in this section on adaptive immunity comes from two groups of
investigators. We present the data they have published, but add two caveats for the readers to
be aware of. The cells used were isolated by either CD146 or CD31 immunomagnetic
selection; the readers are referred to the section on surface markers used for
immunomagnetic selection later in this article to review the limitations of these methods.
Many of the studies described were performed in cells after long-term culture (3 to 5 days),
and identity and purity of the cells after long-term culture were not reported; concerns about
long-term culture have been raised elsewherel# and are discussed later in this review.

LSEC Interactions with Tumor Metastases

Two C-type lectins, Dendritic Cell-Specific I ntercellular adhesion molecule-3-Grabbing
Nonintegrin (DC-SIGNR) and liver sinusoidal endothelial cell lectin (LSECtin), are
coexpressed on LSECs.89 Colon cancer cells adhere to LSECtin in vivo and in vitro.69 In
vitro, DC-SIGNR promotes adhesion, migration, and invasion of colon cancer cell lines.”® In
vivo, knocking down DC-SIGNR decreases hepatic metastatic potential of colon cancer and
improves survival in mice.”? Serum-soluble LSECtin and DC-SIGNR are higher in patients
with colon cancer with metastases than in those without,”%71 although the scatter plot shows
overlap of values between the two populations. Thus, serum levels may not be a prognostic
marker, but therapeutic manipulation of expression of one or both of these lectins on the
LSEC surface might be used to reduce colon cancer metastases and perhaps metastases from
other cancers.

LSECs as Drivers of Liver Regeneration

It is well established that LSECs are an important driver of liver regeneration,’2-81 at least in
part by release of hepatocyte growth factor (HGF), Wnt2, and angiopoietin-2 from LSECs.
72,78,82 However, our laboratory has now accumulated substantial evidence that it is not
mature LSECs that drive liver regeneration, but rather that bone marrow (BM)-derived
sinusoidal endothelial cell progenitor cells or sprocs drive this process. These BM sprocs
repair lost or injured LSECs, leading to engraftment of a substantial number of BM sprocs
and BM-derived LSECs after injury or partial hepatectomy.’8-81.83 BM sprocs are of the
same size and share surface markers with LSECs, and thus sprocs are isolated along with
LSECs, which might explain why studies attribute promotion of liver regeneration to mature
LSECs. Recruitment of BM sprocs to the liver occurs through signaling by vascular
endothelial growth factor (VEGF)-stromal cell derived factor 1 (sdf1).78:80 Sdf1 is a
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chemokine with two receptors, CXCR4 (C-X-C chemokine receptor type 4) and CXCR?7.
After partial hepatectomy, CXCR4 is expressed on resident LSECs (i.e., not bone marrow
derived), whereas CXCRY7 is expressed on BM sprocs in the circulation and engrafted in the
liver (as well as on resident sprocs). Thus, VEGF-sdf-1 signaling, either after liver injury or
partial hepatectomy, recruits CXCR7+ BM sprocs. Ablation of CXCR7+ endothelial cells in
the body impairs liver regeneration,84 consistent with the role of CXCR7+ sprocs in liver
regeneration. Irradiation of 40% of the bone marrow impairs liver regeneration by 40%, but
infusion of either whole bone marrow or sprocs on day 1 after partial hepatectomy restores
hepatocyte proliferation and completely normalizes liver regeneration in the bone marrow-
irradiated rats.81

It has been reported that the VEGF/VEGFR2 pathway upregulates Id1, a member of the
helix-loop-helix transcription family, in LSECs after partial hepatectomy. After partial
hepatectomy, HGF and Wnt2 are not upregulated in LSECs from ld1-knockout mice. LSECs
from 1d1-knockout mice do not drive liver regeneration, and this is restored when LSECs
isolated from wild-type mice after partial hepatectomy are transplanted into the 1d1-
knockout mice.”” The authors conclude that the VEGF/VEGFR2 pathway drives liver
regeneration through an ld1-dependent pathway in LSECs. BM sprocs are the subpopulation
of endothelial progenitor cells that become LSECs. 1d1 promotes migration and regulates
proliferation of endothelial progenitor cells through a Wnt2-dependent mechanism.85-87 To
reconcile the Id1 data described above with our findings, we suggest the following alternate
interpretation of the data. The VEGF/VEGFR2 pathway recruits BM sprocs, which have
Id1-dependent proliferation. 1d1-knockout mice have impaired recruitment of BM sprocs
because of impaired migration and proliferation of BM sprocs.85-87 HGF and Wnt2 are not
upregulated in the Id1-knockout mice because the BM sprocs that express HGF and Wnt2
are not recruited after partial hepatectomy. More detailed studies will be needed to
determine which interpretation is correct.

As noted above, suppression of BM sprocs impairs liver regeneration. A clinical implication
of this is that any disease or iatrogenic intervention that suppresses bone marrow sprocs
would impair liver regeneration. Indeed, suppression of bone marrow sprocs is part of the
pathophysiology of sinusoidal obstruction syndrome (formerly known as hepatic
venoocclusive disease).83

LSECs as Determinants of Hepatic Fibrosis

Prior to fibrosis, there is a characteristic change in the LSEC barrier that has been termed
capillarization.88 Ultrastructurally, capillarization is a lack of fenestration and development
of a more organized basement membrane. Capillarization precedes fibrosis in alcoholic liver
disease in humans,89:90 in nonalcoholic fatty liver disease in rats,2? and in experimental
cirrhosis in rats.%2 It is not known whether capillarization occurs in biliary fibrosis. In vitro
studies with LSECs cocultured with HSCs demonstrated that LSECs from normal liver
prevented the activation of HSCs and promoted reversion to quiescence of activated stellate
cells.% In contrast, when hepatic stellates were cocultured with capillarized LSECs, the
LSECs did not prevent HSC activation or promote reversion to quiescence. Thus, these in
vitro studies demonstrate that normal LSECs act as a gatekeeper to HSC activation. As
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LSECs capillarize prior to fibrosis, the gatekeeper function is lost and this is permissive for
HSC activation.

The completely fenestrated LSEC phenotype is maintained by two VEGF-dependent
pathways: the VEGF-endogenous nitric oxide synthase (eNOS)-soluble guanylate cyclase
(sGC)-cGMP pathway plus an undefined VEGF-dependent, nitric oxide (NO)-independent
pathway.93:94 eNOS activity is impaired in LSECs from cirrhotic liver.95:96 In cirrhotic rats,
restoration of LSEC fenestration can be accelerated by administration of an sGC activator,%3
which restores the VEGF-eNOS-sGC-cGMP pathway downstream of eNOS. Normalization
of the LSEC phenotype with the sGC activator promotes stellate cell quiescence and
accelerates regression of cirrhosis. In a second approach, when early cirrhosis is induced,
followed by administration of an sGC activator concurrent with continued administration of
a cirrhosis-inducing toxin, fenestration normalizes, stellate cell quiescence is induced, and
progression of cirrhosis is prevented. The effect of the sGC activator is not a direct effect on
activated HSCs, which lack the a1p1 heterodimeric sGC required for an effect by the sGC
activator.9” These in vivo studies confirm the in vitro finding that normal LSECs promote
HSC quiescence, but add the finding that therapy that induces a normal LSEC phenotype
accelerates regression of cirrhosis after cessation of injury and prevents progression despite
an ongoing injury.

It is as yet unreported what the LSEC mediator is that promotes HSC quiescence. We and
others had reported that the mediator was NO,92:98 but we later demonstrated that this was a
misinterpretation of the data: Blocking NO production in LSEC-HSC coculture does
prevent the LSEC effect on HSC activation, but this is because LSECs capillarize and cannot
maintain HSC quiescence rather than a direct effect on the HSC.?3 The transcription factor,
Kruppel-Like Factor (kIf2) in LSECs is needed for the paracrine, or so-called angiocrine,
gatekeeper effect of LSECs, but the target of kIf2 is, as yet, unknown.%8:9

It has been reported that LSECs isolated from a bile duct ligation model actively promoted
HSC activation through secretion of ElllA-fibronectin,100 but subsequent studies did not
find an effect of ElllA-fibronectin on HSC activation in vitro or in vivo in knockout mice. 101
Thus, capillarization of LSECs is permissive for HSC activation, but it is not clear whether
capillarization actively promotes HSC activation.

Knockout of CXCR4+ on endothelial cells in the body reduces fibrosis on day 21 after bile
duct ligation.84 The article that reported this did not determine which endothelial cells
expressed CXCR4 in fibrosis, and it is therefore difficult to discern what the possible
mechanism of fibrosis reduction might be. Resident LSECs express CXCR4 after partial
hepatectomy in normal liver,”® but it is not known which LSECs express CXCR4 in fibrotic
liver. It is controversial to what degree portal fibroblasts contribute to fibrosis after bile duct
ligation.102-104 |f portal fibroblasts are important for fibrosis in bile duct ligation, it would
be interesting to determine whether there is crosstalk between endothelial cells and portal
fibroblasts analogous to the crosstalk between LSECs and HSCs, which endothelial cells are
involved (large vessel endothelial cells or LSECs), and whether these endothelial cells are
CXCR4 +.
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Isolation, Characterization, and Culture of LSEC Isolates: An Ongoing

Concern

There has been growing concern worldwide about lack of reproducibility of published data.
To address this issue in the United States, the National Institutes of Health (NIH) grant
applications now require a discussion of scientific rigor and transparency in study design and
methods. In the opinion of these authors, the field of LSEC research would benefit from
standardized requirements for characterizing isolated LSECs, as well as greater attention to
LSECs maintained in culture.

LSECs are a small fraction of cells within the liver and isolations can easily become
contaminated by other cell types, in particular large vessel endothelial cells, lymphatic
endothelial cells, HSCs, fibroblasts, dendritic cells, and even natural killer (NK) cells.
LSECs have very distinct physiology, so that even contamination by other endothelial cells
might alter experimental outcomes. Furthermore, there is heterogeneity in the
subpopulations of LSECs and some isolation techniques are unlikely to capture certain
subpopulations of the cells. Unlike the greater standardization of isolation techniques for
hepatocytes and HSCs, the complexity of isolating LSECs has led to a plethora of
techniques. Unfortunately, some of the methods for LSEC isolation that have been
developed in the past 15 years have not been completely validated or are controversial.

Some of the LSEC cell lines that have been developed have shown to have fenestration,
although the degree of fenestration varies and none have completely normal fenestration (see
“Identity” below). Only the SK Hep1 cell line has been shown to take up FITC-FSA (see
“Purity” below).105 Given the heterogeneity of LSECs, experimental outcomes may also be
affected by which type of LSEC has been immortalized. Details of the features of human
and rodent LSEC cell lines were recently compared and contrasted in tabular form.2

The issue of transparency is pertinent to companies that sell human LSECs. Companies that
sell human LSECs do not publish their method of isolation, and to the best of our
knowledge, there are no published data that demonstrate that these cells show ultrastructural
features of LSECs or have been validated properly with a functional assay. Given the pitfalls
in isolation and identification of LSECs, this is a breach of transparency. It would be
desirable to require that investigators who wish to use these commercially obtained cells
either validate the identity and purity of these cells themselves or be able to refer to a
publication that has done so. Given the concerns about nonvalidated isolation methods,
transparency is also a concern for articles that do not provide details of their method of
isolation or that refer to earlier articles that also do not provide details.

The three major criteria to judge the validity of a method of LSEC isolation should be
identity, purity, and lack of selection bias. In these authors’ opinion, demonstrating identity
and purity of an isolation method is absolutely essential to prove methodological rigor. Lack
of selection bias is desirable for many if not most types of studies. For example, it would
simply not be accurate to state that LSECs do not express a given protein when a preparation
does not contain periportal LSECs.

Semin Liver Dis. Author manuscript; available in PMC 2018 December 22.
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Identity

Purity

Any method to isolate LSECs must be shown to yield cells with well-developed sieve plates,
i.e., around 7 to 25 fenestrae per sieve plate on scanning electron microscopy (SEM). This
remains the gold standard to demonstrate that at least some of the cells being isolated are
LSECs. Although it is possible to scan large number of cells by SEM, this is extremely time
intensive. SEM is therefore rarely used to assess purity.

The gold standard for assessing purity is a functional assay with rapid uptake of an LSEC
specific ligand at a low concentration of ligand. In the past, our laboratory assessed purity
based on uptake over 2 hours of di-acetylated LDL with exclusion of Kupffer cells based on
a peroxidase stain. However, endothelial cells,196 Kupffer cells,107:108 dendritic cells,19° and
NK cells!10 take up di-acetylated LDL (di-Ac-LDL) after a lengthy incubation time (hours),
so this assay does not demonstrate that liver cells are LSECs. Di-Ac-LDL might be used to
distinguish LSECs from other liver cells if used at a low concentration and short incubation
time; however, di-Ac-LDL is prone to aggregation,3 not very stable, and there is no
published and validated protocol. In recent years, our laboratory has determined purity based
on the percentage of cells able to take up FITC-labeled formaldehyde-treated serum albumin
(FITC-FSA), 0.5 pg/mL FITC-FSA in medium over 10 minutes at 37°C, as described by the
laboratory of Bard Smedsrod.3 Other ligands specific for LSECs could also be used to
develop a similar functional assay of purity.

Most laboratories that report the purity of their isolations have used immunofluorescence to
detect cell surface markers.111 To the best of our knowledge, no published study has
validated that the presence of any given surface marker or combination thereof is specific as
a test of LSEC purity. Since CD32b is present on myeloid dendritic cells and lymphatic
vessel endothelial hyaluronic acid receptor 1 (LYVE-1) is present on lymphatic endothelial
cells, these are not ideal tools to confirm purity. Periportal LSECs lack CD32b and LYVE-1
(see section on “selection bias”), so that LSEC isolates with high purity based on staining
for either of these ligands likely lack periportal LSECs. Stabilin-2 would appear to be the
most promising candidate for establishment of purity.

Of note, some published studies isolated LSECs by immunomagnetic selection for an
epitope and based their determination of purity on that same epitope; although this approach
demonstrated that the selection technique worked, it did not prove purity. Until the
specificity of immunofluorescence has been validated, uptake of FITC-FSA or another
LSEC-specific ligand should be considered the gold standard for demonstrating purity.

Selection Bias

LSEC phenotype varies across the lobule by size, number, and size of fenestration,
expression of intracellular and surface markers, expression of lectins and von Willebrand
factor, endocytosis, and susceptibility to acetaminophen toxicity.112-120 Given the marked
heterogeneity of LSECs across the lobule, isolation techniques for LSECs would optimally
isolate cells without a selection bias for certain subpopulations. It should be concerning that
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isolation methods that do not include periportal LSECs would exclude one-third of LSECs
with unique characteristics.

A recent immunofluorescence study in human liver demonstrated that periportal LSECs lack
CD32, LYVE-1, and ICAM-1,114 epitopes formerly thought to be present on all LSECs. In
our laboratory, studies of LSECs obtained by elutriation found that only 65% of isolated rat
LSECs were CD32b (FcyRI1b2) positive and 70% were LYVE-1 positive (unpublished
observation). Given that around 30% of LSECs have the ultrastructural features of periportal
LSECs,112 our findings for CD32b and LYVE-1 are quantitatively consistent with the
aforementioned immunofluorescence study. Immunomagnetic separation methods that select
positively for CD32b or LYVE-1 might not be expected to isolate periportal LSECs, and
validation of an LSEC isolation technique based on the presence of these epitopes would not
identify the absence of periportal LSECs.

Elutriation will yield around 9 to 10 million LSECs per mouse liver or 80 to 100 million
LSECs per rat liver and isolates LSECs from all regions.112 Until a better method is
developed to demonstrate an unbiased selection of LSECs, a similar yield of LSECs from
rodents would seem to be a reasonable surrogate marker to rule out selection bias of
subpopulations. For methods that cannot obtain a high yield or for LSEC isolation from
other species, the next best option would be to demonstrate by scanning electron microscopy
that the isolation procedure yields cells with the same variability in the number of fenestrae/
sieve plate as is seen in periportal and centrilobular LSECs.

Cell Isolation Approaches

The two most long-standing and best-characterized methods of LSEC isolation are
elutriation and Percoll separation with selective adherence. A modified method of elutriation
was described by Steffan et al,82 and an updated, more detailed method was described
subsequently.121 For mouse isolation by Percoll with selective adherence, the best
description is on an accessible web site (http://hdl.handle.net/10037/4575, University of
Tremso, Norway).122 The method for rat LSEC isolation by Percoll with selective adherence
can be found in a publication available on PubMed,23 but a more elaborate description of
the method has also been published.124 Detailed protocols for these methods are also posted
on the web site of the International Society for Hepatic Sinusoidal Research, but access is
for members only.

Protocols that use immunomagnetic separation have lower yields than elutriation or Percoll
with selective adherence. This increases the concern that these methods might isolate
subpopulations. CD31, CD146, CD32b, CD105, and stabilin-2 have been used as surface
antigens for this approach.

CD31—1It has been reported that LSECs from normal liver do not express CD31 on their
cell surface.%* On the other hand, vascular and lymphatic endothelial cells in the liver do
express CD31 on their cell surface. The majority of endothelial cells isolated by CD31
immunomagnetic selection have decreased fenestration and do not resemble the cells that
line most of the sinusoid (see published images!21:125), There is a short transitional area of
LSECs proximal to the origins of central venules where most of the sinusoids are converging
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and enter at angles less than 90 degrees to form the central venules. These transitional
LSECs are underfenestrated'26 (also Dr Robert S. McCuskey, personal communication) and
resemble the published scanning electron microscopy (EM) images of cells isolated by
CD31 immunomagnetic separation.121:125 Given the reports that CD31 is not expressed on
the LSEC surface but is present on other endothelial cells in the liver, verification of identity
and purity of cells isolated by CD31 immunomagnetic separation is crucial.

CD146—CD146 (muc-18) is not specific for LSECs but is widely expressed on endothelial
cells27:128 and is also present on NK cells.12% Within the liver, CD146 is expressed on
endothelial cells of the hepatic vasculature, vascular pericytes, and HSCs.114

CD32b (FcyRIIb2)—O0ne of the first antibodies developed to LSECs was anti-SE-1. SE-1
was subsequently identified to be FcyRI1b2.139 As noted above, CD32b is not present on
periportal LSECs. CD32b is also expressed on myeloid dendritic cells.13

CD105 (endoglin)—There are a few publications that have isolated LSECs based on the
presence of CD105. There is no consistency in the literature on whether CD105 is expressed
only on periportal LSECs and vascular endothelial cells,132 not on LSECs from normal liver,
133 or on all endothelial cells and HSCs.134

Stabilin-2—Immunomagnetic separation with stabilin-213% would seem to be a promising
approach. LSECs isolated by stabilin-2 are reportedly more than 95% LYVE-1 +.135 Given
that periportal LSECs are LYVE-1 —, it should therefore be determined whether
immunomagnetic separation for stabilin-2 isolates periportal LSECs.

ICAM-1—Some laboratories have required further immunomagnetic selection after Percoll
with selective adherence to remove Kupffer cells. As noted above, ICAM-1 may be absent in
periportal LSECs,114 and positively selecting for ICAM-1 may therefore not be an optimal
strategy.

CD45—Laboratories have improved the purity of their preparations by Percoll separation
with selective adherence by negative selection for CD45 to remove Kupffer cells. CD45 is
highly expressed on periportal LSECs, has low expression on midlobular LSECs, and is not
expressed on centrilobular LSECs.112 Therefore, negative selection for CD45 may remove
periportal and midlobular LSECs.

Culture of LSECs

It is well established in studies of hepatocytes that hepatocytes lose their characteristic
phenotype after the first days in standard culture, and long-term hepatocyte culture is
generally not acceptable. Similarly, LSECs only maintain fenestration for up to 2 days in
culture®4 and endocytotic activity declines rapidly.! In contrast to the loss of the
characteristic ultra-structural features and functions, light microscopy appearance remains
unchanged for several days and cells maintain the ability to take up di-Ac-LDL, albeit with
uptake assessed over hours.36 Thus, assessment by light microscopy and uptake of di-Ac-
LDL should not be acceptable surrogates for demonstrating the identity, purity, and
functional status of LSECs in long-term culture. Unlike hepatocytes, where the known loss
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of phenotype has made it generally unacceptable to conduct studies in long-term culture,
studies are published with LSECs maintained in long-term culture. If investigators feel that
their method of culture maintains LSEC phenotype for more than 2 days, it would be helpful
to document that the cells still have the phenotypic features of LSECs at the end of the
experiment. It is also controversial whether or not LSECs proliferate in culture. This may be
particularly true for culture with higher concentrations of fetal calf serum, which are
reportedly toxic after 48 hours.136 It would be useful if studies that culture LSECs to
confluence or that use passaged LSECs document that the cells present at the end of
experimentation are still LSECs and not contaminated by cells that proliferate more rapidly.

Conclusion

LSECs play an important role in liver toxicity, “waste management,” immunology, cancer
metastases, liver regeneration, and liver fibrosis. The field has flourished with the influx of
productive investigation. However, given the heterogeneity of the methods of isolation and
characterization of the populations of cells isolated, continued growth in the field is likely to
lead to ever-increasing difficulties in reconciling results from different laboratories. To
permit comparison of studies from different laboratories and have results that will stand the
test of time, LSEC research would benefit from common standards that form the basis for
reviewing research in our major hepatology journals.
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Table 1

Main concepts and learning points

* LSCECs play an important role in clearance of blood borne waste, immunology, liver regeneration, and liver fibrosis

« After liver injury or partial hepatectomy, hepatic VEGF and downstream sdf1 recruit and engraft CXCR7+ bone marrow-derived progenitors
of sinusoidal endothelial cells (bone marrow sprocs) that replace injured and lost LSECs. BM sprocs rather than mature LSECs are drivers of
liver regeneration

« In normal liver, LSECs act as gatekeepers that prevent hepatic stellate cell activation. Prior to fibrosis, LSECs capillarize and lose the ability to
prevent stellate cell activation. Capillarization is therefore permissive for stellate cell activation

« The authors advocate that methods that isolate liver sinusoidal endothelial cells should validate the identity of isolated cells based on
ultrastructure and purity based on evidence of high-affinity endocytosis of specific ligands. Most studies of LSECs likely require an isolation

method that obtains all populations of liver sinusoidal endothelial cells

Abbreviations: BM, bone marrow; LSCECs, liver sinusoidal endothelial cells; VEGF, vascular endothelial growth factor
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Table 2

Pattern recognition receptors and components of the inflammasome expressed by LSECs

Endocytosis receptors36-37

Stabilins

Mannose receptor

Toll-like receptors38-40

TLR2

TLR3

TLR4

TLR6/2

TLR8

TLR9

Inflammasomes*!

NLRP-1

NLRP-3

AIM2

Abbreviations: AIM2, absent in melanoma 2; LSCECs, liver sinusoidal endothelial cells; NLRP, nod-like receptor protein; TLR, toll-like receptor.
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