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Alcoholic liver disease (ALD) is one of the commonest causes of
cirrhosis and liver failure in the developed world. Hepatic inflam-
mation is the critical stage in progression of both ALD and non-
ALD, but it remains difficult to study the underlying mechanisms
in a human system, and current animal models do not fully reca-
pitulate human liver disease. We developed a human tissue-based
system to study lymphocyte recruitment in response to ethanol
challenge. Precision-cut liver slices (PCLS) from human livers
were incubated in culture, and hepatic function was determined
by albumin production, 3-(4,5-dimethylthiazol)-2,5-diphenyl
tetrazolium bromide assay, glucose uptake responses, and mor-
phometric assessment. Responses of tissue and lymphocytes to
ethanol exposure were determined by PCR, flow cytometry, his-
tology, and lymphocyte infiltration assays. Human PCLS demon-
strated appropriate upregulation of CYP2E1, ADH1a, and ADH3
in response to ethanol treatment. Ethanol also induced expression
of endothelial VCAM-1 and ICAM-1, production of sICAM-1
and CXCLS8, and the chemokine receptors CXCR3 and CXCR4
on CD4 and CD8 lymphocytes. CXCR3- and CXCR4-dependent
migration of lymphocytes into the tissue increased significantly in
response to treatment with ethanol. We have demonstrated that
ethanol increases chemokine receptor expression and lymphocyte
recruitment into human liver tissue, suggesting that it may oper-
ate directly to promote hepatitis in ALD. The physiological and
pathophysiological responses of the PCLS to ethanol in vitro high-
light the potential of this assay for dissecting the molecular mecha-
nisms underlying human liver inflammation and as a screening
tool for novel therapeutics.
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Alcoholic liver disease (ALD) is one of the commonest
causes of cirrhosis and liver failure in the developed world. The
development of hepatic inflammation is the critical stage in
disease progression, with infiltration by lymphocytes and neu-
trophils initiating a cascade of effector mechanisms that ulti-
mately lead to hepatocyte death, fibrosis, and cirrhosis (Haydon

et al., 2002). Thus, understanding the molecular mechanisms
responsible for early inflammation in alcoholic and nonalco-
holic steatohepatitis may identify novel approaches to prevent
tissue damage and promote resolution. Animal models of acute
ethanol exposure suggest that pharmacological interventions
targeting immune cell functions, such as nimodipene (Iimuro
et al., 1996) and silymarin (Song et al., 2006) may prevent
steatosis and inflammation. Thus, acute models of alcohol
exposure have promise for screening novel therapeutic targets
and determining modes of action (Massey and Arteel, 2012).
Although rodent models of ethanol injury are informative and
widely used, they have limitations in that it is difficult to main-
tain blood alcohol concentrations due to rapid metabolism, and
disinclination to voluntarily ingest ethanol requires technically
challenging intragastric administration. Thus, we sought to
develop a model to study the role of ethanol in acute hepatic
inflammation in viable human liver tissue.

Historically, precision-cut liver slices (PCLS) prepared under
aseptic conditions have been a valuable tool for the short-term
assessment of hepatic biosynthetic and metabolic function.
Such models have been used for studies of hepatotoxicity
(Beamand et al., 1993; Connors et al., 1990; Price et al., 1996),
biotransformation, and metabolism (Heinonen et al., 1996;
Muller et al., 2000; Neyrinck et al., 1999; Thohan et al., 2001)
predominantly using readily available rodent or small mammal
tissue samples. The value of such studies is their ability to
measure hepatocyte function in a complex system superior to
use of hepatocytes in monoculture. Monocultures are limited by
lack of hepatocyte replication in culture and loss of metabolic
function and phenotype. Importantly, physiological levels of
key proteins such as P450 enzymes fall rapidly during primary
hepatocyte culture and may not be accurately represented
by tumor-derived cell lines such as HepG2 (Westerink and
Schoonen, 2007). PCLS incorporate donor genetic factors
and recapitulate the multicellular complexity of the hepatic
microenvironment. A small number of studies describe using
human PCLS to investigate hepatotoxicity and metabolism
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(Connors et al., 1990; Kirby et al., 2004; Price et al., 1996;
Wishnies et al., 1991); however (Guyot et al., 2007a,b), few
groups have carefully characterized the behavior of human
PCLS in culture or used human PCLS to dissect human disease
pathogenesis and inflammation. Our aim was therefore to assess
the performance of human tissue specimens for generation of
viable PCLS and to investigate the potential of this model for
investigating human liver inflammation in response to acute
ethanol administration. We have shown that nondiseased and
diseased human specimens can indeed be used to model early
hepatic inflammatory responses to ethanol challenge, and that
stimulation of both lymphocytes and the liver microenvironment
is necessary to maximally prime recruitment.

MATERIALS AND METHODS

Sample collection and preparation. All patient liver tissue and periph-
eral blood samples were collected with local NHS research ethics committee
approval (Walsall LREC) and written informed consent. Donor liver tissue
surplus to transplantation requirements, ‘“normal” tissue margins from liv-
ers removed during tumor resection surgery, and explanted liver tissue from
patients being transplanted for end-stage chronic liver disease (e.g., primary
biliary cirrhosis [PBC] and ALD) were collected from the Queen Elizabeth
Hospital, Birmingham, United Kingdom. For generation of PCLS, cores were
cut from the tissue immediately upon receipt of tissue in the laboratory. On
occasion, cores were briefly stored in Dulbecco’s Modified Eagle Medium
(DMEM, Invitrogen, United Kingdom) at 4°C prior to slicing. A Krumdieck
Tissue Slicer (Alabama Research and Development) was set up according to
manufacturer’s instructions and filled with sterile PBS. The core was placed
into the slicer assembly under aseptic conditions, and circular slices of ~240 pm
thickness were generated with a blade cycle speed of 20-70min~' (see later)
and collected into the sterile media reservoir. Upon generation of sufficient
slices for experimentation, samples were immediately transferred into culture
media composed of Williams E media (Sigma, United Kingdom) supplemented
with 2% fetal calf serum (FCS, Invitrogen), 0.5pM insulin, and 0.1pM dexa-
methasone (Guyot et al., 2007a,b). These supplements were omitted from cul-
ture media for glucose uptake assays. PCLS were cultured for up to 48 h either
in a 24-well plate or in a tissue culture insert suspended in a 24-well plate (BD
Biosciences, 0.8 pm pore size) at 37°C, in a 5% CO, incubator. Where indi-
cated, PCLS were cultured in media containing ethanol (50-200mM, media
was replaced every 8h to minimize effects of ethanol evaporation), tumor
necrosis factor-a. (TNF-o, 100ng/ml), or lipopolysaccharide (LPS, Sigma,
1 pg/ml) for 24 h. Prior to snap freezing and cryosectioning of treated PCLS
into 15pM histological sections, they were fixed in formyl saline and incubated
in 30% sucrose according to standard protocols. Peripheral blood lymphocytes
(PBL) were isolated from normal donors using Lympholyte density gradi-
ent (Cedarlane, VH BIO Ltd, United Kingdom) according to manufacturer’s
instructions, and contaminating monocytes were depleted by virtue of their
adhesion to plastic. Cells were resuspended in RPMI medium containing 1%
FCS (Invitrogen) prior to use. The JY lymphocytic cell line was a kind gift from
Dr Nick Pullen at Pfizer, United Kingdom and was cultured in RPMI medium
containing 10% FCS as previously described (Liaskou et al., 2011). These cells
are commercially available via the ATCC.

Assessment of PCLS functional integrity. Viability of PCLS in culture
was determined using 2mg/ml 3-(4,5-dimethylthiazol)-2,5-diphenyl tetrazo-
lium bromide (MTT, Sigma). Slices were incubated with MTT at 37°C for
1.5h and washed, and dye was solubilized using dimethylsulfoxide (DMSO).
Absorbance of replicate samples and DMSO background control were read
at 570nm. Mean absorbance was expressed per 500 mg of tissue. Hepatocyte
function was assessed by measuring albumin production by ELISA using opti-
mal concentrations of coating antibody (antihuman albumin antibody) and
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detection antibody (horseradish peroxidase—conjugated antihuman albumin
antibody: both Bethyl Industries) and albumin standards (Bethyl Industries).
Standards and triplicate supernatants were incubated in wells for 1h and all
washes were performed with Tween containing 0.2% FCS. Binding of detec-
tion antibody was visualized with TMB substrate (Sigma), and the reaction was
stopped using 2.5M H,SO, prior to reading at 450 nm. Albumin concentration
in samples was determined by comparison to standard concentration curve. To
quantify glucose uptake, freshly cut slices were removed from complete media
and cultured in 500 pl low-glucose DMEM (Invitrogen), 2% FCS for 2h. After
washing, media was replaced with DMEM containing stimulants 0.10 IU insu-
lin or media alone for 2.5h, followed by incubation for 30 min with 500 pl
DMEM containing 0.1mM 2-deoxyglucose and 2 pci/ml 2-deoxy-D-glucose
[3H (G)] (both Sigma). PCLS were washed three times with ice-cold PBS, and
tissue was lysed in 400 pl of IN NaOH (Sigma). Microscopic assessment was
performed to ensure adequate cell lysis, and tissue was mixed with 4 ml of scin-
tillation fluid (Fisher Scientific, United Kingdom) prior to scintillation count-
ing. Data were normalized to represent 2-deoxy-D-glucose [3H (G)] uptake
(DPM) per 500 mg of tissue.

Histological staining of sections. Cryosections of 15nM cut from PCLS
were counterstained with hematoxylin and eosin (Leica, United Kingdom)
according to standard protocols. For assessment of glycogen content, sec-
tions were stained using periodic acid-Schiff stain (Leica) using standard
methodology. Nuclear integrity was assessed using bisbenzimide (Hoescht
dye, 2.5 pg/ml, Sigma) staining followed by fluorescent microscopic imaging.
Cryosections prepared from PCLS were also stained using standard immu-
nohistochemical staining techniques with DAB substrate. After blockade of
endogenous peroxidase activity (0.3% hydrogen peroxide in methanol, Sigma),
predetermined optimal concentrations of primary antibody directed against
CYP2E1 (AbCAM, 1/2000), ADH (Biogenesis, 1:2000), ADH1a, ADH3 (both
Proteintech, 6 pg/ml), VCAM-1, and ICAM-1 (both R+D systems, United
Kingdom, 10 pg/ml) were incubated on sections for 1h. Primary antibody
binding was detected using a species-specific secondary antibody-peroxidase
reagent kit (ImmPRESS, Vector Labs, United Kingdom) according to manu-
facturer’s instructions. Finally, sections were visualized with a peroxidase
substrate kit (ImmPACT DAB, Vector Labs) and counterstained with hema-
toxylin. Isotype- and species-matched antibodies were used as controls, and
representative images were captured using Zeiss Axiovision software (Zeiss,
United Kingdom).

PCR. Freshly cut PCLS or PCLS that had been cultured under various
conditions were stored in RNALater (Sigma) at 4°C until RNA extraction
using an RNeasy mini kit (Qiagen) according to manufacturer’s instructions.
RNA concentration and purity were assessed and samples were stored at
—80°C. ¢cDNA was generated from each sample using a cDNA synthesis kit
(BioRad, United Kingdom) according to manufacturer’s instructions. All sam-
ples of cDNA were diluted to 200 pg/ml. Twenty microliters of PCR master
mix were prepared on ice for each sample (1x Green GoTaq Flexi buffer, ImM
MgCl,, 0.2mM dNTPs, 0.25 pmol/pl primer, 1.25U GoTaq DNA polymerase
[all from Promega, Southampton, United Kindgom], and 10 pg/ml cDNA in
ddHZO) and run for 35 cycles as follows: 95°C for 2 min, denaturation at 94°C
for 30 s, a variable annealing temperature specific for each primer for 1 min,
and a final extension step of 72°C for 45 s followed by 72°C for 5 min. Ethidium
bromide-labeled products were visualized by electrophoresis in an agarose gel
(95-130V for 30-45min), and images were captured under UV illumination
using GeneSnap software. Densitometric analysis of product intensities rela-
tive to GAPDH signal in similarly treated samples was performed using Image
J. Primer sequences used are given in Table 1.

Flow cytometry. Lymphocytes collected from cultured PCLS supernatants
were incubated with fluorescently conjugated mouse monoclonal antibody
(CD3-PE, CD4-FITC, CDS8-FITC, CD14-APC, CD16-FITC, and CD19-PE;
CCRS5-PE, CXCR3-PE, and CXCR4-PE; or species- and isotype-matched con-
trol, Serotec, United Kingdom) at optimal concentrations (typically 1-10 pg/
ml) for 30min on ice. Where indicated, lymphocytes were preincubated with
50-100mM ethanol prior to labeling. Cells were washed in PBS, resuspended
in 10% FCS/PBS, and analyzed on a Beckman Coulter Epics XL cytometer
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TABLE 1
Primers Used for Semiquantitative PCR Analysis
Product Annealing temperature (°C) Sequence
ADHI1 515 F 5-AGTCATCCCACTCGCTATTCC-3"
R 5-GTCCCCTGAGGATTGCTTACA-3’
ADH3 51.5 F 5-GCTTTAAGAGTAAATAATCTGTCCCC-3’
R 5-ATTCTACCTCTTTCCAGAGC-3’
ICAM-1 58 F 5-TCTGTGTCCCCCTCAAAAGTC-3"
R 5-GGGGTCTCTATGCCCAACAA-3’
E-Selectin 53 F 5’-GATGAGAGGTGCAGCAAGAAG-3’
R 5-CTCACACTTGAGTCCACTGAAG-3’
GAPDH 55 F 5-AAT GTC ACC GTT GTC CAG TTG-3"

R 5’-GTG GCT GGG GCT CTA CTT C-3/

running System II software (Beckman Coulter). Median channel fluorescence
(MCEF) values and percentage positivity were determined for each marker rela-
tive to isotype control staining.

Cytokine secretion assays. The secretion of a variety of cytokines from
PCLS treated with 100mM ethanol for 24h was tested using the Proteome
Profiler Human Cytokine Array Kit (Panel A, Invitrogen), according to manu-
facturer’s instructions. Supernatants were collected from control and ethanol-
treated slices after 24 h in culture and diluted 10-fold prior to immobilization
on the assay membrane. The assay was developed according to manufacturer’s
instructions, and densitometric analysis of protein spots was performed using
Image J. Data expressed as relative spot intensity from four replicate samples
of two liver donors.

Lymphocyte adhesion and infiltration assays. The adhesion of lymphocytes
to frozen tissue sections (10 pm) cut from control and treated PCLS was deter-
mined using a modified Stamper-Woodruff adhesion assay as previously described
(Lalor e al., 2010). Lymphocyte (1 x 10° cells/ml) binding to endothelium (sinu-
soidal and vascular compartments) was examined microscopically and expressed
as mean adherent lymphocytes per high-powered field by counting 15 fields ran-
domly. Additional experiments were performed using a higher starting cell count
(5 x 10° cells/ml) to assess effects of chemokine receptor inhibition on adhe-
sion. Here, PBL were pretreated with 10 pg/ml of mouse antihuman CXCR3- or
CXCR4-blocking antibodies (R+D systems) for 30 min prior to performing assay.
For assessing infiltration of lymphocytes into cultured ethanol-treated PCLS, lym-
phocytes were labeled with Cell Tracker Green (Molecular Probes) according to
standard protocols (Johnson et al., 2006), resuspended to 2 x 10°¢ cells/ml, and
incubated directly onto slices in the presence or absence of 50-100mM ethanol
for 24h in complete media. After fixation in formyl saline, serial sections were
immediately snap frozen and cut into sequential 10uM cryosections, were labeled
with bisbenzimide, and were imaged as above. Numbers of CTG-labeled cells pre-
sent per high-power field (HPF) of sequential sections were calculated as before.

Statistical analysis. Data were analyzed using paired or independent
Student’s 7-test or one-way ANOVA followed by Bonferroni’s multiple com-
parison posttest. A value of p < 0.05 was considered statistically significant.

RESULTS

Human PCLS Remain Functional and Morphologically
Intact in Static Culture

Little experience using the Krumdieck tissue slicer with
human liver specimens has been reported. We have used human
liver tissue to generate tissue cores that were then cut into PCLS
from 36 human liver specimens (9 normal donor tissue, 19
resection margin specimens, and 8 end-stage liver explants).

We were able to cut sections from most liver diseases although
severely cirrhotic liver tissue and samples from patients with
end-stage PBC were least amenable to cutting. Extremely fatty
donor specimens were difficult to cut and resisted extraction
through the machine; however, we overcame this problem by
prechilling the tissue core at 4°C for 30 min prior to cutting into
chilled media. Slice weights in any experiment were consistent
(mean slice weight = 31.87mg * 8.65%, 57 slices from five
different livers). Slices were cultured in Williams E media
supplemented with insulin, dexamethasone, and FCS either in
24-well plates or on 24-well culture inserts suspended in well
plates at 37°C in a 5% CO, incubator. Functional activity was
maintained at 24h as evidenced by production of albumin and
MTT reduction (Figs. 1A and B), and we noted no difference
in viability for slices cultured in wells versus culture inserts
(MTT signals = 10.26+0.22 vs. 12.53+0.7/500mg of tissue,
respectively). Interestingly, we noted that although viability of
normal and cirrhotic specimens was similar up to 24 h in culture
(Fig. 1B), there was a rapid decline in function of cirrhotic
specimens thereafter. Thus, for all subsequent functional
experiments, we restricted our use of tissue specimens to those
from normal tissue or resection margin specimens. We noted
that resident red blood cells and leukocytes from the tissue,
and also lipid in particularly fatty specimens migrated from
the cut faces of the tissue into the culture media surrounding
PCLS overnight as we have previously reported (Goddard et al.,
2004). The exuded leukocytes which numbered 100,000 per
slice included CD3+, CD4+, CD8+, and CD19+ lymphocyte
populations as well as small numbers of CDI14+ monocytes
(Supplementary fig. 1). Nuclear integrity of hepatocytes as
shown by bisbenzimide staining and morphometric analysis was
maintained at 24 h, with a tendency to decrease in central areas
of the slice during longer culture (Figs. 1C and D). Morphology
was maintained during culture of up to 48h and was excellent
at 24h in static culture (Fig. 1E). Radiolabeled glucose uptake
assays confirmed that PCLS retained ability to respond to
insulin at 24h (Fig. 1F), and staining of sections cut from
cultured slices confirmed the presence of glycogen granules at
24h, which decreased with prolonged culture (Fig. 1F).
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FIG. 1. (A) Production of albumin by cultured liver slices (six representative slices from three different liver specimens) measured by capture ELISA. Paired
t-test showed no significant difference between control and 24 h incubations (p = 0.4). (B) MTT reduction assay using between 40 and 56 replicate slices from
normal and resection margin tissue only (NL) or all liver (ALL) slices, which included slices from five end-stage cirrhotic specimens. Paired r-test showed no
significant difference between signal from normal livers and all livers and a significant reduction in signal at 24 h compared with control. Data represent signal
normalized per 500 mg of tissue + SEM for triplicate slices from each liver. (C) Image J quantification of images from representative fields of view captured from
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FIG. 2. (A) Semiquantitative PCR data from representative PCLS from
three liver specimens: fresh liver (control), samples cultured in media alone
(control 24 hr), and 100mM ethanol (24 hr EtOH) for 24 h prior to RNA extrac-
tion. Data represent mean + SEM densitometric signal for ADH1, ADH3,
ICAM-1, and E-Selectin expressed as a fold change relative to expression of
housekeeping gene. *Paired #-test indicates significant increase in expression
relative to control p < 0.05. (B) Representative histological staining from sam-
ples of the same treated PCLS (i—iii) or of liver from a patient with ALD (iv)
showing localization of positive signal for ADHI (PT = portal tract, brown
staining localized to periportal hepatocytes), ICAM-1 (EC = endothelial
cells in portal vessel staining positive), and CYP2EI (localized brown stain-
ing throughout lobule in PCLS and localized to periportal areas in ALD liver,
PT = portal tract and C = central area of lobule) and expression of VCAM-1
(EC = endothelial cells in portal vessel) on untreated (v) and treated (100mM,
24h) (vi) PCLS. Samples were stained using standard immunohistochemical
methods and DAB chromogen, and isotype controls were negative (not shown).
Bars indicate S0pM.

Human PCLS Respond to Ethanol Treatment in Culture

Next we used PCLS as microscale models to study the effects
of ethanol on inflammatory cell recruitment into human liver
tissue. All functional readouts measured after ethanol treatment
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were compared with baseline values for slices that had been
cultured under the same conditions in the absence of ethanol.
Treatment of slices with relevant concentrations of ethanol for
24 h had no effect on viability (not shown) and resulted in upregu-
lation of ADH1a and ICAM-1 at mRNA and protein level (Figs.
2A and B). We also noted induction of ADH3 (Fig. 2A). ADHIa
and ADH3 were expressed predominantly in hepatocytes, par-
ticularly in periportal cells, although we noted some endothelial
expression upon ethanol stimulation (representative image of
ADHI1 staining in Fig. 2B), and similarly endothelial expression
of ICAM-1 was markedly increased upon stimulation. We also
observed an induction of CYP2E]1 in hepatocytes in response to
ethanol treatment as expected, but interestingly expression was
uniform across the lobule and did not demonstrate the zonal
variation seen in ALD tissue (Fig. 2B). VCAM-1 and E-Selectin
expression was also studied, and although we noted increased
staining of slices upon treatment (Fig. 2B, bottom panels), there
was considerable donor- and disease-dependent variation in
basal expression and thus PCR showed no significant effect of
ethanol on expression (e.g., E-Selectin, Fig. 2A).

Ethanol Treatment Increases Production of Soluble Adhesion
Molecules and Chemokines by Human Liver Slices and
Modulates Chemokine Receptor Expression on PBL

In parallel with our observed increases in adhesion molecule
expression in ethanol-treated slices, we measured secretion of pro-
inflammatory molecules into the culture supernatants. We detected
secretion of the immunomodulatory chemokines MIF, CXCLS8 (IL-
8), and CXCL1 (GROq) from PCLS, and in particular increased
levels of SICAM-1 and IL-8 (CXCLS) secreted into the media of
alcohol-treated tissue slices (Fig. 3). There was also a tendency
for reduced production of IL-16. We did not detect any significant
secretion of the CXCR3 ligands CXCL9-11. Cytometric analysis
of CD4+ and CD8+ lymphocytes exposed to ethanol at concen-
trations matching those used during the coincubation with PCLS
demonstrated that stimulation resulted in significant upregulation
of the chemokine receptors CXCR3 and CXCR4 (Fig. 4) by the
lymphocytes. We also noted occasional upregulation of CCRS in
some patients, but here magnitude of effects varied with donor
and duration of ethanol exposure. We studied the effect of ethanol
treatment on lymphocyte adhesion to and migration into PCLS.

Ethanol Treatment Increases Recruitment of Lymphocytes to
Liver Tissue
In static, tissue-binding assays, we noted a concentration-
dependent increase in PBL (Fig. SA) adhesion to endothelium

&

normal sections stained using bisbenzimide to visualize nuclear integrity. Data represent mean = SEM % of area stained positive in five HPF analyzed for duplicate
slices from four liver samples. Paired r-test revealed significant reduction in nuclear number at 48 h. (D) Representative image from stained normal liver after 48 h
in culture showing loss in nuclear integrity in central area of slice compared with periphery. Bar represents 100 pm. (E) Representative images showing gross
morphology of parenchymal areas of sections cut from PCLS collected fresh (Control) or cultured in a well for 24 h (24 Hour) stained using hematoxylin and eosin
(original magnification X200, bar represents 50 pm). (F) Uptake of radiolabeled glucose in response to insulin treatment of normal PCLS. Data represent mean +
SEM uptake of six replicate slices (left graph) and periodic acid-Schiff stain of sections from representative PCLS confirming the presence of glycogen granules
after 24 and 48h in culture (right figures). Glycogen stains a reddish purple (see samples indicated by arrowheads), and bar represents 50 pm.
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FIG. 3. (A) Production of proadhesive mediators by human PCLS in leaching of free fatty acid into the slice supernatant may induce

response to ethanol exposure. PCLS from two representative donors (one nor-
mal and one diseased) were incubated for 24h in the absence (white bars) or
presence (black bars) of 100mM ethanol, and secretion of mediators into super-
natants was measured using a cytokine profiler kit according to manufacturer’s
instructions. Data represent mean + SD relative intensity of spots from four
samples.

in tissue slices that had been treated for 24 h with ethanol. This
effect was similar in magnitude to that observed if slices were
treated with TNF-a (not shown). However, enhanced adhesion
was only seen with concentrations of ethanol above 100uM,
and the increase in adhesion was small. In contrast, when we
incubated both lymphocytes and PCLS with ethanol during an
infiltration assay (Fig. 6A), marked increases in lymphocyte
infiltration were noted even in response to S0mM ethanol. Of
note, when we combined our ethanol treatment with exposure
to LPS to mimic transit of bacterial products to the liver in
vivo following ethanol challenge (Supplementary fig. 2), we
observed no increase in immune cell binding above that seen
following ethanol treatment alone. We observed the majority of
adhesion events localized to the periphery of PCLS, but during
the 24-h incubation period migrating cells were able to pen-
etrate some distance into the parenchyma (Fig. 6B, arrows).
When we performed adhesion assays using ethanol-treated
slices in the presence of chemokine receptor—blocking antibod-
ies, we observed a significant inhibition of adhesion when both
CXCR3 and CXCR4 were blocked (Fig. 6C, 38% decrease in
adhesion) and also a trend for reduction in binding in the pres-
ence of the single antibodies (Fig. 6C).

DISCUSSION

We have demonstrated that cultured PCLS generated from
explanted human liver specimens retain morphological and
functional capacities for up to 48h in static culture. This rep-
resents one of the first examples of prolonged functional stud-
ies using normal human liver slices in culture although other
groups have reported elegant examples of slices from liver and
other organs supporting replication of therapeutic viral vectors
(Kirby et al., 2004; van Geer et al., 2009). Our data support
the use of human PCLS in preclinical efficacy studies, with the
advantages of recreating the hepatic mileu and incorporation
of interdonor and disease-specific variability. We compared the

lipoapoptosis (Cazanave and Gores, 2010). We were able to
collect significant numbers of leukocytes from diseased sam-
ple supernatants as previously reported (Goddard et al., 2004),
and local cytokine release from such resident immune cells or
activation of leukocytes in inflamed samples may also promote
apoptosis in diseased liver samples. Furthermore, our experi-
ence with using diseased tissue for measurement of adhesion of
leukocyte and stem cells in Stamper Woodruff adhesion assays
(Aldridge et al., 2012; Edwards et al., 2006) confirms that
variations in endogenous adhesion molecules and chemokine
expression alter basal binding in the absence of exogenous
stimuli making the assessment of additional effect of ethanol
stimulation more challenging.

Our culture system is based upon incubation of slices in wells
or on tissue culture insert supports for up to 48 h. Morphological
evidence and functional albumin secretion, MTT reduction, and
glucose uptake, as well as responses to ethanol and cytokine
treatment, confirm that viability is maintained for this period.
This extends the duration of much reported evidence using
rodent slices for toxicological and metabolic studies, where
culture durations of a few hours are not uncommon (Mortensen
and Dale, 1995; Naik et al., 2004) and where visual assess-
ment of tissue integrity is not always performed. However, we
acknowledge that between 24 and 48h, we began to observe
central necrosis of slices both in wells and on supports with
decreased nuclear integrity and loss of morphological struc-
ture compared with the periphery of the section that main-
tained adequate media perfusion and gaseous exchange. This
was associated with a fall in albumin secretion. Other groups
have also demonstrated a gradual loss in expression of CYP450
enzymes associated with culture of human liver slices (Martin
et al., 2003). Such effects have been minimized in rodent stud-
ies by immobilizing slices on tissue supports in roller bottles
(Clouzeau-Girard et al., 2006; Guyot et al., 2007a,b) or in
microchamber perfusion devices (van Midwoud et al., 2010).
We are currently adapting our system to incorporate a similar
perfusion device, but in the current investigation all of our func-
tional assays were done within 24 h to ensure maximal viability.

After exposure of human PCLS to 100mM ethanol for
24h, we did not observe significant changes in structural or
nuclear morphology as has been reported in rodent PCLS
after acute exposure to higher concentrations of ethanol (Naik
et al., 2004). Ethanol of 100mM is at the high end of what is
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FIG. 4. Exposure of lymphocytes to ethanol modulates chemokine receptor expression. (A) Typical flow cytometric analysis of a representative sample of
normal PBL which were maintained in culture in media alone (untreated) or indicated concentrations of ethanol (50-100mM) in complete media. Cells were gated
on FS/SC (left panels); expression of CD4 and CDS (central panels); and expression of the chemokine receptors CCRS5, CXCR3, and CXCR4 (histograms). Data
represent percentage of CD4 and CD8 cells positive for indicated chemokine receptor and expression was determined relative to indicated isotype controls. (B)
Pooled data for expression of the chemokine receptors CCRS5, CXCR3, and CXCR4 indicated by percentage positive cells and MCF values for CD4 (left graphs)
and CD8+ (right graphs) lymphocytes from seven donors. Data represent mean + SEM, and bars indicate significant differences between control and ethanol-

treated lymphocytes.
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FIG. 5. Adhesion of PBL (A) to cryosections cut from PCLS treated
with media alone, ethanol (100-200mM), or TNF-a. (20ng/ml) for 24 and 4h,
respectively. Data represent mean = SEM adhesion to endothelial structures
per HPE. Representative images from a typical control and treated sample are
shown (B). Bar represents 50nM, and PBL localize to endothelial cells in sinu-
soids (SEC).

measured in intoxicated humans although standard in many in
vitro culture systems (Donohue et al., 2006; Xu et al., 2003)
and equivalent to blood and urine alcohol levels achieved by
intragastric administration in rats (Ronis et al., 2004). Of note,
even with regular replacement of media in our cultures, it is
likely that the effective concentration within PCLS is likely to
be lower than 100mM as we have observed up to 30% decrease
in effective concentration over 24h due to evaporation in cell
free wells (not shown). This is of interest because we may be
incidentally mimicking physiological discontinuous exposure
patterns caused by patterns of sleep or weekend consumption
of alcohol, which are associated with reduced systemic oxida-
tive stress but enhanced immune activation in animal models
compared with continuous exposure (Fernandez-Mateos et al.,
2012). However, we would need to compare maintained expo-
sure and interrupted exposure using a perfusion delivery system
to assess whether such patterns of exposure alter immune cell
recruitment in the human system. Nevertheless, ethanol treat-
ment resulted in upregulation of CYP2EI (Cohen et al., 1997;
Cohen and Nagy, 2011; Wu and Cederbaum, 2005) across the
liver lobule. In vivo, ethanol administration leads to a zonal
distribution (Cohen et al., 1997) of CYP2EI, and the uni-
form induction in our system is likely to be a consequence of
the uniform diffusion of ethanol across the whole slice rather
than directed delivery through the blood supply. Similarly, we
observed a global upregulation of ADH1a, the enzyme typi-
cally responsible for acute metabolism of moderate doses of
ethanol (Haseba and Ohno, 2010), the high K variant ADH3
that is more important during chronic or high-dose exposure
(Haseba and Ohno, 2010), and a more localized endothelial
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FIG. 6. (A) Infiltration of CellTracker Green—labeled lymphocytes into

PCLS in the presence of ethanol. Labeled lymphocytes were incubated with
PCLS in the absence (control) or presence of indicated concentration of eth-
anol (50-100mM) for 24h in complete media. Data represent mean + SEM
number of infiltrating cells per HPF of view (n = 15 samples from duplicate
slices) Paired r-test confirms that alcohol pretreatment significantly increases
lymphocyte infiltration (***p < 0.001). (B) Representative image of the edge
of a treated PCLS showing predominant localization of labeled cells to the
periphery with occasional cells infiltrating central areas (white arrows). Bar
represents 50pm. (C) Adhesion of PBL to cryosections cut from PCLS treated
with ethanol (100mM) for 24h. Lymphocytes were untreated or treated with
10 pg/ml of CXCR3 or CXCR4 mab, or a combination of the two (“both”) as
indicated. Data represent mean + SEM adhesion to endothelial structures per
HPF in three replicate experiments using three liver donors, and paired 7-test
indicated significant reduction in adhesion when lymphocytes were treated
with both antibodies compared with control (**p < 0.01)

induction of VCAM-1 and ICAM-1 expression. This supports
data from patients with alcoholic hepatitis in whom increased
expression of ICAM-1 is observed on venous and sinusoi-
dal endothelium as a consequence of local proinflammatory
cytokines particularly TNF-a (Burra et al., 1992; Lalor et al.,
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2007) and is important for immune cell recruitment (Kono
et al., 2001). It is likely that resident Kupffer cells and mono-
cytes/macrophages represent the local source of TNF-a follow-
ing ethanol exposure (Cohen and Nagy, 2011). The data also
correlate well with increased secretion of SICAM-1 into tissue
culture supernatants following ethanol exposure and increases
noted in patients who consume alcohol (Sacanella et al., 1999).
We also see a reduction in secreted IL-16 in accordance with
a reported reduction in serum levels observed in humans given
alcohol (Chiva-Blanch et al., 2012).

The increased expression of adhesion molecules in response
to ethanol has functional implications, because the adhesion
of lymphocytes to endothelial cells within fixed sections from
PCLS was enhanced following ethanol exposure to a level
comparable to that seen with exogenous administration of
TNF-a. In patients, it is likely that alterations in gut perme-
ability in response to ingestion of alcohol lead to concurrent
delivery of bacterial products such as endotoxin to the liver
via the portal circulation (Saito and Ishii, 2004) that may have
additional immunomodulatory effects. Single exposure of sinu-
soidal endothelium to endotoxin results in downregulation of
T-cell costimulatory function via decreased Class II, CD80 and
CD86 expression (Knolle et al., 1999). Furthermore, ethanol
treatment of whole blood has been demonstrated to blunt sub-
sequent leukocyte integrin upregulation in response to LPS
treatment (Ozaki et al., 2007) and can reduce endocytosis and
cytokine production by immune cells (Andrade et al., 2009).
However, repeated stimulations of sinusoidal endothelium (as
would be experienced by persistent drinkers) lead to blunting
of responses, downregulation of adhesive receptor expression,
and tolerance of liver sinusoidal endothelial cells to stimuli as
a means of controlling local inflammation. These responses are
difficult to model, but when we assessed the effects of a single
24 h costimulation of PCLS with ethanol and LPS on immune
cell recruitment, we noted no additional effects of LPS on
recruitment. This suggests that in the short term, LPS does not
modulate the ability of hepatic endothelium in tissue slices to
recruit immune cells, but it would be interesting to investigate
whether subsequent functions of recruited cells are impaired.
A more pronounced response occurred when both tissue and
inflammatory cells were exposed to ethanol in coculture. Here,
local expression of adhesion molecules and chemokines within
tissue was accompanied by enhanced expression of CXCR3
and CXCR4, and occasionally CCR5 on ethanol-exposed lym-
phocytes. Cyclic AMP-dependent modulation (Boyadjieva
and Sarkar, 1999) of chemokine receptors on lymphocytes in
response to alcohol has been described previously and linked to
susceptibility to HIV infection in alcoholics (Liu et al., 2003;
Wang et al., 2002). More importantly, these receptors recognize
ligands that are upregulated during human liver inflammation
(Oo et al., 2010; Tacke et al., 2011), and in particular ligands
for CCRS are upregulated in response to ethanol in humans
(Yeligar et al., 2009; Zhang et al., 2003) and in murine models
(Jaruga et al., 2004). We screened for enhanced secretion of
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ligands for these chemokine receptors in supernatants from tis-
sue slices but interestingly noted that apart from CXCLS8, we
did not detect any significant secretion of CXCR3 ligands. This
may reflect the fact that locally produced chemokine becomes
immobilized on the endothelial glycocalyx (Curbishley et al.,
2005) to support localized lymphocyte recruitment. Thus, it
is likely that a combination of enhanced local production of
proadhesive/migratory ligands within tissue and chemokine
receptor expression on inflammatory cells supports enhanced
CXCR3- and CXCR4-dependent recruitment of lymphocytes
into our ethanol-exposed PCLS.

We have confirmed that human liver tissue slices from nor-
mal and fibrotic/cirrhotic specimens can be sliced and main-
tained in culture for up to 48h and respond appropriately to
alcohol treatment in vitro. Although this time course has the
advantage of permitting analysis of the as-yet poorly defined
early cellular responses to ethanol treatment, particularly the
activation of profibrotic cells (Guyot et al., 2007a,b, 2010), it
is likely that modifications to the culture protocol described
to include either perfusion of media or incubation of slices on
supports within rotary culture (Klassen et al., 2008; Schaffert
et al., 2010) will further extend the period of maximal viability
in culture. We can also begin to dissect the interplay between
parenchymal cells, the immune system, and other hepatic cells
using this model, and our access to both “normal” and fibrotic
liver specimens permits comparisons to be drawn between
pathogenic mechanisms in “naive” and alcohol-sensitized liver.
We can also operate using tissue with appropriate patterns
of fibrosis, which are hard to achieve in many drug-induced
rodent models and which do not occur in response to intragas-
tric administration of ethanol (Schaffert et al., 2010). Our data
so far confirm that we can modify the recruitment of immune
cells to tissue following ethanol exposure, and that we can col-
lect viable immune cells from PCLS. Although the model we
have used does not deliver immune cells to the liver via the
vasculature and does not incorporate physiological shear stress,
adhesion events predominantly localize to endothelial sites in
the parenchyma. The sinusoidal vascular bed is a major route
for immune cell entry into the liver parenchyma (Shetty et al.,
2011; Xu et al., 2008) from where recruited cells can subse-
quently migrate to sites in periportal areas. Data from our group
confirm that molecular mechanisms of binding to sinusoidal
endothelium dissected using this type of adhesion assay cor-
relate well with our flow-based studies that model the effects of
blood flow on binding to sinusoidal endothelium (Grant et al.,
2001; Liaskou et al., 2011); thus, this system represents a good
model for examining early immune cell recruitment following
ethanol challenge. We shall extend these studies to determine
the regulation of recruitment of specific lymphocytes such as
natural killer T cells (Byun and Jeong, 2010) to the alcohol-
exposed liver and also the effects of alcohol on the resident
immune populations and further to evaluate the important
potential of the human PCLS system as a screening tool for
novel therapeutic compounds.
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