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T cells infiltrating the inflamed liver express high
levels of CXCR3 and show enhanced migration to
CXCR3 ligands in chemotactic assays. Moreover,
CXCR3 ligands are up-regulated on hepatic endothe-
lium at sites of T-cell infiltration in chronic hepatitis,
and their presence correlates with outcome of inflam-
matory liver disease. We used a flow-based adhesion
assay with human hepatic endothelium to investigate
the function of CXCR3 on lymphocyte adhesion to
and transmigration through hepatic endothelium un-
der physiological conditions of blood flow. To more
accurately model the function of in vivo activated
CXCR3high lymphocytes, we isolated T cells from hu-
man liver tissue and studied their behavior in flow-
based adhesion assays. We demonstrate that CXCR3
not only promoted the adhesion of effector T cells to
endothelium from flow but also drove transendothe-
lial migration. Moreover, these responses could be
stimulated either by endogenous CXCR3 ligands se-
creted by the endothelium or by exogenous CXCR3
ligands derived from other cell types and presented
by the endothelium. This study thus demonstrates
that activation of CXCR3 promotes lymphocyte adhe-
sion and transendothelial migration under flow
and that human hepatic endothelium can present
functionally active chemokines secreted by other
cell types within the liver. (Am J Pathol 2005,
167:887–899)

Chronic inflammation occurs as a consequence of the
recruitment and retention of lymphocytes in tissue. The

recruitment of effector lymphocytes from the circulation is
dependent on interactions between lymphocytes and
specific cell surface molecules expressed on endothelial
cells. Once captured the retention and positioning of
leukocytes within tissue requires signals to localize and
retain them at sites of target cell damage. These recep-
tors and chemokine signals can be organized into the
accepted multistep paradigm of leukocyte adhesion to
vascular endothelium, which is relevant to most organ
systems, although the specific signals involved differ be-
tween tissues.1,2 Initial transient interactions between
flowing lymphocytes and endothelium tether the lympho-
cyte and induce it to roll on the vessel wall where it comes
into contact with chemokines in the endothelial glycoca-
lyx. In the presence of an appropriate chemokine, spe-
cific G-protein-coupled receptors on the lymphocyte are
activated triggering high-affinity �1 and �2 integrins on
the leukocyte surface to bind endothelial ligands result-
ing in arrest and stable adhesion.3 This is followed by
shape change of the lymphocyte associated with migra-
tion on and through the endothelium and into underlying
tissue where cells accumulate at the focus of inflamma-
tion, a process driven by chemotactic signals.4,5

Chemokines are critical components of this adhesion
cascade and are believed to play two crucial roles: trig-
gering integrin-mediated stable adhesion and directing
migration. Chemokines can bind to endothelial glycos-
aminoglycans allowing them to be presented to flowing
leukocytes and also providing a mechanism for the para-
crine presentation of chemokines secreted by other cells
within the microenvironment, a process termed “post-
ing”.6–11 Similar mechanisms are believed to be involved
in both normal immune surveillance and in inflammatory
disease although the chemokines involved differ with
constitutive chemokines playing the dominant role in
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physiological trafficking and inducible inflammatory cyto-
kines involved in inflammation.1

Chemokines can be classified into four groups accord-
ing to their amino acid sequence.12 The two largest
groups are the CC chemokines, where conserved cys-
teine residues lie adjacent to each other, and CXC che-
mokines where an amino acid separates the first two
cysteine residues. This group can be further classified by
the presence of a glutamic acid-leucine-arginine (ELR)
sequence near the N terminus. The ELR-containing CXC
chemokines are potent chemoattractants for neutrophils
and include interleukin (IL)-8.13 CXC chemokines lacking
the ELR motif are CXCL10 or interferon (IFN)-inducible
protein (IP-10), CXCL9 or monokine induced by IFN-�
(MIG), and CXCL11 or IFN-inducible T-cell �-chemoat-
tractant (ITAC), all of which display potent lymphocyte
chemotactic activity.14–17 These three chemokines bind
a common receptor, CXCR3, the expression of which is
increased on tissue-infiltrating T cells and Th1-polarized
T cells. The observation that CXCR3 ligands require
IFN-� for their expression and are localized to sites of
inflammation led to the assumption that CXCR3 is impor-
tant for effector lymphocyte recruitment into inflamed tis-
sue. Studies using CXCR3-deficient or IP-10-deficient
mice show reduced tissue infiltration of effector cells in
several inflammatory and transplantation models18,19

supporting the hypothesis but the role played by CXCR3
remains unclear. CXCR3 ligands have been shown to
promote adhesion of lymphoblasts to human umbilical
vein endothelial cells in vitro20 but have not previously
been shown to be involved in transendothelial migration
under conditions of physiological flow.

We have previously reported that T cells infiltrating the
inflamed liver express high levels of CXCR3 and show
enhanced migration to CXCR3 ligands in chemotactic
assays.21–23 Moreover CXCR3 ligands are up-regulated
on hepatic endothelium at sites of T-cell infiltration in
chronic hepatitis and their presence has been correlated
with outcome of inflammatory liver disease.24–27 We have
developed a flow-based adhesion assay using human
hepatic endothelium which allows us to model leukocyte
interactions with hepatic endothelium under physiologi-
cal conditions of blood flow.28 In the present study we
used this assay to investigate the function of CXCR3
ligands in promoting lymphocyte adhesion and transen-
dothelial migration. To more accurately model the func-
tion of in vivo-activated CXCR3high lymphocytes, we iso-
lated T cells from human liver tissue and studied their
behavior in flow-based adhesion assays. We demon-
strate that CXCR3 not only promotes the adhesion of
effector T cells to endothelium from flow but also drives
transendothelial migration. Moreover, these responses
can be stimulated either by endogenous CXCR3 ligands
secreted by the endothelium or by exogenous CXCR3
ligands derived from other cell types and presented by
the endothelium. This study thus demonstrates the ability
of either endogenously or exogenously secreted CXCR3
ligands on human hepatic endothelium to promote lym-
phocyte adhesion and transendothelial migration under
flow.

Materials and Methods

Liver tissue and peripheral blood samples were obtained
during liver transplantation at the Liver Unit at the Queen
Elizabeth Hospital, Edgbaston, Birmingham, UK. All sam-
ples were collected with appropriate patient consent and
local ethical committee approval.

Immunohistochemistry and Dual
Immunofluorescence

Six-�m cryostat sections of 1-cm3 liver blocks were cut
for immunohistochemistry and immunofluorescence.
These sections were air-dried on slides pretreated with
Fro-tissue pen (The Binding Site, Birmingham, UK), then
fixed for 10 minutes in acetone before staining.

Immunohistochemistry

Tissue sections were initially incubated with avidin/
biotin blocking kit (DAKO, Ely, UK) and washed in Tris-
buffered saline (TBS) buffer. Subsequently, the sections
were incubated with 20% normal goat serum in TBS
buffer for 30 minutes before the addition of a mouse
anti-human monoclonal primary antibody (CXCL9:
49106, 5 �g/ml; CXCL10: 6D4, 2 �g/ml; CXCL11: 87328,
5 �g/ml; all from R&D Systems Europe, Abingdon, UK) in
TBS for 60 minutes at 37°C in a humidified container.
Control sections were incubated without the primary an-
tibody or relevant isotype-matched control. Primary anti-
body binding was assessed using the StreptABComplex
Duet peroxidase kit (DAKO) and developed with diami-
nobenzidine chromogen (Sigma FastDAB with 1 mg/L of
sodium azide; Sigma, Poole, UK) for 5 minutes. The sec-
tions were washed in distilled water, counterstained with
hematoxylin, and mounted. Positive staining was identi-
fied by the presence of a dark brown reaction product. All
washes were performed with Tris-buffered saline, pH 7.6.

Immunofluorescence

Tissue sections were initially incubated with 20% nor-
mal goat serum in TBS buffer for 30 minutes before the
addition of both mouse anti-human monoclonal CXCL10
IgG2a (6D4, 2 �g/ml) and CD31 IgG1 (JC70A, 5 �g/ml;
DAKO) antibodies in TBS for 60 minutes at 37°C in a
humidified container. The slides were then washed in
TBS buffer and incubated with goat anti-mouse fluores-
cein isothiocyanate (IgG2a) and TXR (IgG1) (both
Southern Biotechnology, Birmingham, AL) in TBS for
60 minutes at 37°C and protected from light. Nuclei
were counterstained with 4,6-diamidino-2-phenylindole
(Sigma) and the sections mounted with fluorescence
mounting medium (DAKO). Dual immunofluorescence
was assessed using AxioVision software (Zeiss,
Germany).

Isolation of Liver-Infiltrating Lymphocytes

Lymphocytes were isolated from a variety of diseased
livers (hepatitis C virus, primary biliary cirrhosis, alcoholic
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liver disease, primary sclerosing cholangitis) using non-
enzymatic, mechanical methods to preserve chemokine
receptor expression. Resected tissue was reduced to
5-mm3 cubes and placed for 5 minutes at 230rpm in a
Stomacher 400 circulator (Seward, UK). The resultant
homogenized tissue was filtered through a fine gauze
mesh and lymphocytes were separated by layering over
a 33%/77% Percoll (Amersham Biosciences, UK) density
gradient and centrifugation at 650 � g for 30 minutes.
Isolated lymphocytes were resuspended in RPMI 1640
(Invitrogen, Paisley, UK) with 10% fetal calf serum at 4°C.

Isolation of Peripheral Blood Lymphocytes

Peripheral blood lymphocytes were isolated as previ-
ously described29 by density gradient centrifugation over
Lymphoprep (Nycomed Pharma, Norway) for 30 minutes
at 650 � g. Harvested lymphocytes were washed and
resuspended in RPMI 1640/10% fetal calf serum at 4°C
before use.

Flow Cytometric Analysis of Lymphocytes

Lymphocytes were resuspended in cold fluorescence-
activated cell sorting media consisting of 0.5 mmol/L
MgCl2, 1.0 mmol/L CaCl2, phosphate-buffered saline
(Sigma), pH 7.4, with 10% fetal calf serum and 1 mg/ml
sodium azide. Cells were subsequently blocked with 3
mg/ml of mouse immunoglobulins (Sigma) and labeled
with the addition of three directly conjugated primary
monoclonal antibodies in relevant combinations [CXCR3-
RPE: 49801; 2.5 �g/ml (R&D Systems); CD3-RPE-Cy5:
UCHT1; 1:10, CD8-fluorescein isothiocyanate: DK25;
1:10 (both DAKO); CD4-ECD: SFCI12T4D11; 1:10, CD3-
ECD: HIT3a; 1:10 (both Beckman Coulter UK Ltd.);
CD45RA-RPE-Cy5: MEM56; 1:20, CD45R0-fluorescein
isothiocyanate: UCHL1; 10 �g/ml (both Serotec, Oxford,
UK)]. Irrelevant isotype-matched antibodies were used to
label control samples. Cells were fixed in 1% paraformal-
dehyde before three-color analysis on a Coulter Epics XL
flow cytometer (Coulter Electronics Ltd., UK). Results
were analyzed on Summit software (Dako Cytoma-
tion, UK).

Isolation and Culture of Hepatic Sinusoidal
Endothelial Cells (HSECs) and Biliary Epithelial
Cells (BECs)

HSECs and BECs were isolated according to our previ-
ously described methods.28,30 Briefly, �30 g of liver tis-
sue was removed from explanted livers of patients un-
dergoing transplantation. The tissue was finely chopped
and subjected to enzymatic digestion (1 mg/ml, collage-
nase type IV; Sigma) and metrizamide density gradient
centrifugation (25%, w/v; Sigma). The nonparenchymal
cell band was then removed and cells were further puri-
fied by immunomagnetic selection. Cells positive for mAb
HEA-125 (Progen, Germany) were classified BECs,
whereas those cells negative for HEA-125 but positive for

CD31 (DAKO) were classified HSECs. After isolation
HSECs and BECs were plated in collagen-coated 25-cm2

tissue culture flasks (Corning). HSECs were cultured in
human endothelial basal media (PAA Laboratories, Som-
erset, UK) containing 10% human serum (H&D Supplies,
Bucks, UK), penicillin, and streptomycin (100 U/ml), he-
patocyte growth factor (5 ng/ml, PromoCell) and vascular
endothelial growth factor (10 ng/ml, R&D Systems). BECs
were cultured in Dulbecco’s modified Eagle’s medium,
Ham’s F12 (Invitrogen), containing 10% human serum,
penicillin, and streptomycin (100 IU/ml), glutamine (2
mmol/L), epidermal growth factor (10 ng/ml, R&D Sys-
tems), hydrocortisone (2 mg/ml), cholera toxin (10 ng/ml),
triiodothyronine (2 nmol/L), all Sigma, insulin (0.124 U/ml,
Novo Nordisk, W. Sussex, UK), hepatocyte growth factor
(5 ng/ml). Cells were cultured to confluence and in all
experiments used between passages 2 and 6.

Measurement of Cell Surface Adhesion
Molecules

Cells were plated at an initial count of 1 � 105/ml and grown
to confluence in collagen-coated 96-well flat-bottom plates
(Falcon). Cells were then left under basal conditions or
stimulated with cytokines for 24 hours (10 ng/ml recombi-
nant tumor necrosis factor (TNF)-�, TNF-�, IL-1�, or on-
costatin M all from PeproTech, London, UK) or lipopolysac-
charide (Sigma). For all stimulations the cells were
incubated in the presence or absence of IFN-� (10 ng/ml,
PeproTech). After stimulation supernatant from relevant
wells was pooled and stored at �70°C until analyzed and
the cell monolayers fixed in methanol. Nonspecific binding
of mAb was inhibited by preincubation of cells for 1 hour at
37°C with 4% goat serum or rabbit serum as required
(Sigma) before the addition of mouse anti-human mAb
[ICAM-1: M7063, 1.85 �g/ml; VCAM-1: M7106, 1.75 �g/ml;
E-selectin: M7105, 1.6 �g/ml; CD31: M0823, 2.25 �g/ml;
cytokeratin 19: M0888, 0.5 �g/ml (all from DAKO) and
ICAM-2: sc-1512, 1 �g/ml (Autogen Bioclear UK Ltd., Wilt-
shire, UK)] for 1 hour at 37°C. The cells were then washed
thoroughly before incubation with peroxidase-conjugated
goat anti-mouse or rabbit anti-goat secondary Ab as re-
quired (P0447 and P0449, respectively, 1/5000; DAKO).
The enzyme-linked immunosorbent assay (ELISA) was de-
veloped using O-phenylenediamine substrate (OPD:
S2045; DAKO) according to the manufacturer’s instructions
and the enzymatic reaction was stopped using 0.5 mol/L
H2SO4 (Fisher Scientific, Lei-cestershire, UK). Colorimetric
analysis was performed by measuring absorbance values
at 490 nm using a Dynatech Laboratories MRX plate reader.
All treatments were performed in triplicate for each
experiment.

Measurement of Cell-Specific Chemokine
Production

The concentration of CXCL9, -10, and -11 in supernatant
samples was determined by sandwich ELISA31 using com-
mercially available kits (R&D Systems). Briefly, relevant cap-
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ture antibodies were prepared in 0.1 mol/L carbonate/bicar-
bonate buffer, pH 9.6, added to 96-well immunosorp plates
(Nunc) and allowed to coat overnight at 4°C. Protein stan-
dards of known concentration or test samples were then
added to relevant wells and incubated at room temperature
for 1 hour before washing and a further 1-hour incubation
with relevant biotinylated detection antibodies. The plates
were then washed thoroughly before incubation with perox-
idase-conjugated streptavidin (1/5000; Zymed, Cambs,
UK). The ELISA was developed using TMB substrate [100
�g/ml 3,5,3,5-tetramethylbenzidine (TMB; Sigma) in 0.11
mol/L sodium acetate, pH 5.5, and 0.0003% H2O2 (both
BDH)] and the enzymatic reaction stopped using 2.5 mol/L
H2SO4. Colorimetric analysis was performed by measuring
absorbance values at 450 nm using a Dynatech Laborato-
ries MRX plate reader. All measurements were performed in
duplicate for each experiment.

Adhesion Assays

Static Adhesion Assays

Lymphocytes isolated from chronically inflamed liver
samples or matched peripheral blood samples were re-
suspended to a count of 8 � 104/ml. Eighteen-well
Teflon-coated slides (Erie Scientific, Portsmouth, NH)
were incubated with rhICAM-1 (5 �g/ml), rhVCAM-1 (5
�g/ml), or bovine serum albumin (1 �g/ml) and then
incubated with CXCL9, -10, or -11 at 400 ng/ml for 90
minutes at 37°C. Some lymphocytes were preincubated
with pertussis toxin (PTX), 100 ng/ml, to inhibit G-protein-
coupled signaling. In control wells adhesion was trig-
gered by the addition of the integrin-activator MnCl2 (100
nmol/L/ml). After nonadherent cells were removed slides
were fixed and mounted before counting adherent
lymphocytes in three representative high-power fields
per well.

Flow-Based Adhesion Assays

To study the pattern of lymphocyte adhesion under the
influence of physiological blood flow, HSECs were cul-
tured to confluence in glass capillary tubes, stimulated
for 24 hours with TNF-� and IFN-� (both 10 ng/ml; R&D
Systems) and connected to the flow-based system as
described previously.29 LILs were perfused through mi-
croslides at wall shear stresses relevant to those found in
the liver sinusoids (0.05 Pa). Adherent cells were visual-
ized microscopically under phase contrast and a video
link was used to record assays for off-line analysis at a
later date. The number of adherent cells was converted to
adherent cells per millimeter squared and corrected for
the number of cells perfused. The pattern of adhesion
was analyzed to determine the number of cells rolling,
statically adherent, or transmigrated. Cells appearing
phase bright were above the endothelial monolayer
whereas those appearing phase dark had migrated
through the monolayer. For studies requiring the addition
of exogenous chemokine the initial HSEC culture time
was extended to allow development of cell surface gly-

cosaminoglycans. HSECs were stimulated with TNF-�
alone (10 ng/ml) 24 hours before assay and exogenous
chemokine added for 15 minutes immediately before as-
say. For functional studies HSEC monolayers were incu-
bated with blocking antibodies raised against ICAM-1
(11C81: 10 �g/ml) and VCAM-1 (4B2: 10 �g/ml) (both
R&D Systems) or lymphocytes were incubated with a
blocking antibody raised against CXCR3 (1C6: 10 �g/ml;
kind gift of M. Briskin, Millennium Pharmaceuticals Inc.,
USA) or pertussis toxin (100 ng/ml; Sigma Aldrich Ltd.,
Aldrich). Adhesion of CXCR3-expressing lymphocytes to
VCAM-1 in the presence of CXCL9, -10, and -11 was
performed by first immobilizing recombinant human
VCAM-1 (5 �g/ml; R&D Systems) in microslides followed
by recombinant human chemokine at a variety of con-
centrations. Incubations were for 90 minutes at 37°C.

Western Blotting

Fresh tissue was homogenized in loading sample buffer,
normalized for total protein using Coomassie blue, and
loaded on 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gels. After electrophoresis and trans-
fer onto Hybond membranes (Amersham-Pharmacia)
blocked with 10% skimmed milk, CXCR3 ligands were
detected using mouse anti-human mAbs [CXCL9: 49106,
5 �g/ml; CXCL11: 87328, 5 �g/ml (both R & D Systems),
CXCL10: 6D4. 5 �g/ml (Abcam, Cambs, UK)]. Rabbit
anti-mouse horseradish peroxidase-conjugated antibody
was used as a secondary step and demonstrated using
the ECL detection system (Amersham Pharmacia).

Reverse Transcriptase (RT)-Polymerase Chain
Reaction (PCR)

CXCL9, -10, and -11 chemokine gene expressions were
analyzed by RT-PCR amplification of RNA from HSECs,
comparing stimulated and unstimulated cells. Total RNA
was extracted from cells using RNAzol extraction (Bio-
genesis, Bournemouth, UK), and single-stranded cDNA
synthesis was conducted as previously described.32 The
PCR reaction was conducted using 1 �l of cDNA per
reaction. Reaction conditions were 1� (95°C, 5 minutes),
1� (55°C, 5 minutes), 35� (94°C, 30 seconds; 55°C, 30
seconds; 72°C, 2 minutes), and 1� (72°C, 5 minutes).
Primers were designed from GenBank sequences for
�-actin, CXCL9, CXCL10 and CXCL11: �-actin forward,
5�-CAT CAC CAT TGG CAA TGA GC-3�; �-actin reverse,
5�-CGA TCC ACA CGG AGT ACT TG-3�; CXCL9 forward,
5�-GGC AAC CAG ACC ATT GTC TC-3�; CXCL9 reverse,
5�-TTC TGG CCA CAG ACA ACC TC-3�; CXCL10 for-
ward, 5�-CAG AAT CGA CCA TCA AG-3�; CXCL10 re-
verse, 5�-GGC AGT GGA AGT CCA TGA AG-3�; CXCL11
forward, 5�-AAC AGC ACC AGC AGC AAC AG-3�;
CXCL11 reverse 5�-GTG CAC TGT TGC CAG TAT CC.
Product sizes for each set of primers were: �-actin, 284
bp; CXCL9, 643 bp; CXCL10, 506 bp; CXCL11, 1041 bp.
Positive and negative controls were included in each
assay. Amplified products were analyzed on 2% agarose
gel containing ethidium bromide.

890 Curbishley et al
AJP September 2005, Vol. 167, No. 3



Statistical Analysis

t-Tests (paired or independent) were used to assess data
normally distributed whereas nonnormally distributed
data were compared using Wilcoxon signed ranks test
(for related samples) or Mann-Whitney U-tests (for unre-
lated samples). P values �0.1 were indicated by (*),
�0.01; (**), and �0.001 (***). Statistics were performed
using the software package SPSS version 11.0 (SPSS,
Chicago, IL).

Results

HSECs and BECs Increase Expression of CAMs
and Secrete CXCR3 Chemokines in Response
to Cytokine Stimulation in Vitro

Cultured HSECs and BECs displayed typical cellular
morphology in culture and were positive for characteristic
phenotypic markers. Thus BECs stained positively for the
epithelial markers HEA-125 and cytokeratin 19, but were
negative for CD31. HSECs stained positively for antibod-
ies raised against CD31 and LYVE-133,34 and took up
acetylated low-density lipoprotein with a cytoplasmic
staining pattern35(data not shown).

Because IFN-� is required to induce secretion of
CXCR3 ligands, all our cells were treated with 10 ng/ml of
IFN-� and the effect of additional cytokine combinations

was tested. Figure 1 shows that IFN-� alone induced
increased expression of ICAM-1 on HSECs and ICAM-1
and VCAM-1 on BECs. The addition of TNF-� or IL-1�
further increased expression of ICAM-1, E-selectin, and
VCAM-1 on HSECs but the addition of TNF-� or oncosta-
tin M had no additional effect. The addition of TNF-� to
IFN-� increased expression of ICAM-1 and VCAM-1
slightly on BECs whereas the addition of TNF-� or on-
costatin M had no additional effect (Figure 1).

Cultured HSECs and BECs secreted CXCL9, -10, and
-11 in response to IFN-�, although the levels of CXCL9
secreted by HSECs were very low. In common with pre-
vious studies, secretion increased further if TNF-�,
TNF-�, or IL-1� were added36,37 with the maximal secre-
tion of all three chemokines seen with IFN-� and TNF-�.
The addition of oncostatin M suppresse the secretion of
CXCL10 and CXCL11 in response to IFN-� in HSECs
(Figure 2). We confirmed that the combination of TNF-�
and IFN-� resulted in chemokine release into the super-
natant as a result of de novo synthesis by the demonstra-
tion of mRNA by RT-PCR in stimulated cells in vitro.
Whereas TNF-� alone induced only weak mRNA for
CXCL10 the combination of TNF and IFN-� induced a
marked increase in transcripts for all three chemokines
(Figure 3).

CXCL9, CXCL10, and CXCL11 Are Expressed
in Human Liver Tissue

Immunohistochemical analysis of normal and diseased
human liver demonstrated expression of all three CXCR3

Figure 1. Expression of adhesion molecules determined by ELISA on HSECs
(A) and BECs (B) in response to stimulation with a variety of cytokines. Data
represent the mean � SEM of four replicated experiments using different cell
isolates. Values represent the mean absorbance of three replicate wells minus
the absorbance of an isotype-matched control antibody. All cytokine treatments
were at 10 ng/ml for 24 hours before assay. U/S, unstimulated; TNF-�/�, tumor
necrosis factor-�/�; IL-1�, interleukin-1�; OSM, oncostatin M.

Figure 2. Secretion of CXCR3 ligands by HSECs (A) and BECs (B) in re-
sponse to stimulation with a variety of cytokines. Data represent the mean �
SEM of four replicate capture ELISA experiments using different cell isolates.
Values represent the mean absorbance of three replicate wells minus the
absorbance of a blank well. All cytokine treatments were at 10 ng/ml for 24
hours before assay. No detectable chemokine was secreted by cytokine-
stimulated cells in the absence of IFN-� treatment.
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ligands in inflammatory disease tissue. Staining was most
marked on sinusoidal endothelium, particularly at areas
of active inflammation and fibrosis and was also seen on
hepatocyte membranes and on inflamed bile ducts and
ductules (Figure 4I). There was little detectable CXCR3L
on normal liver tissue and staining with isotype-matched
controls was negative. Expression of CXCL9, -10, and -11
in liver tissue samples was confirmed by Western blot
analysis, which demonstrated low-level expression in
normal liver with a clear up-regulation in inflammatory
liver disease (Figure 4II).

Liver-Infiltrating Lymphocytes (LILs) Show
Increased Expression of CXCR3

Because all three CXCR3 ligands were expressed in
inflamed human liver sections we investigated the ex-
pression of CXCR3 on lymphocytes isolated from both
peripheral blood and liver tissue (Figure 5). CXCR3
was expressed at low levels on peripheral blood lym-
phocytes (PBLs) isolated from normal patients (2.45 �
2% of cells stained positively) and was detected on up
to 10% of PBLs in patients with inflammatory liver dis-
ease (7.74 � 3.27%, P � 0.021, compared to normal
PBL). An increased number of lymphocytes isolated
from normal liver (LILs) expressed CXCR3 when com-
pared with normal PBL (38.6 � 8.76%, P � 0.001) but
the highest numbers of CXCR3� lymphocytes were
seen in LILs isolated from inflamed liver (74.54 to
87.24 � 9.21%, P � 0.001). Phenotypic analysis of
liver-infiltrating T-lymphocytes (CD3�) revealed the ra-
tio of CD4- to CD8-positive lymphocytes on CXCR3� T
cells was 55:45, with 65% displaying classical memory
phenotype (CD45RO�). The 35% CD45RA� cells prob-
ably represent terminally differentiated effector cells

that have re-expressed CD45RA rather than true naı̈ve
cells.

Immobilized CXCR3 Ligands Trigger Adhesion
of CXCR3high LILs to ICAM-1 or VCAM-1

In static adhesion assays the adhesion of LILs to immo-
bilized ICAM-1 or VCAM-1 was triggered by the addition
of CXCL9, -10, and -11 (Figure 6A). Preincubation of
lymphocytes with pertussis toxin, a Gi protein receptor
inhibitor abrogated any effect seen after the addition of
chemokine. Addition of manganese, a potent activator of
integrins that acts in a receptor-independent manner,
caused increased adhesion comparable to that seen
after chemokine treatment.

Immobilized CXCR3 Ligands Promote Stable
Adhesion of LILs to VCAM-1 under Conditions
of Flow

We investigated the role of CXCR3 under conditions of
shear stress using a flow-based adhesion assay (Figure
6B). Experiments were done at 0.05 Pa to model physi-
ological blood flow in the hepatic sinusoids. Immobilized
ICAM-1 was unable to capture lymphocytes from flow
whereas VCAM-1 was efficient in promoting adhesion of
flowing lymphocytes. Co-immobilized purified CXCR3 li-
gands increased adhesion from flow to VCAM-1 in a
dose-dependent manner with optimal adhesion seen at a
chemokine concentration of 400 ng/ml.

CXCR3 Activation Promotes Stable Adhesion
of Liver-Infiltrating Lymphocytes to Cytokine-
Activated Endothelial Cells under Conditions
of Flow

We have previously shown that cytokine-stimulated hu-
man sinusoidal endothelial cells support adhesion of lym-
phocytes under conditions of flow.28 This, together with
the demonstration that human sinusoidal endothelial cells
express ICAM-1, VCAM-1, and produce CXCR3L allowed
us to investigate the role of CXCR3 in a more physiolog-
ical setting using primary human endothelial cells. Be-
cause stimulation of HSECs with combinations of TNF-�
and IFN-� resulted in maximal secretion of CXCR3L as
well as induction of ICAM-1 and VCAM-1 we used this
cytokine combination to investigate the role of CXCR3
and its ligands in lymphocyte adhesion to hepatic endo-
thelium under conditions of shear stress.

Adhesion of LILs to TNF-�- and IFN-�-stimulated HSECs
was consistently reduced by �40% by pretreating lympho-
cytes with anti-CXCR3 mAb (P � 0.001) (Figure 7A). A
comparable reduction in adhesion was demonstrated when
LILs were pretreated with pertussis toxin. Moreover, adhe-
sion was further reduced by the addition of blocking anti-
bodies to ICAM-1/VCAM-1. These data suggest that most if
not all of the chemokine-mediated effect was due to CXCR3
but that some integrin-binding was chemokine-independent

Figure 3. De novo synthesis of CXCR3 ligands by human sinusoidal endo-
thelial cells was confirmed by RT-PCR. In the absence of any stimulus no
product was detected. Stimulation with TNF-� had little or no effect on
CXCL9/11 production but did up-regulate CXCL10. Stimulation with TNF-�
concomitant with IFN-� consistently up-regulated all three CXCR3L. Repre-
sentative data from one of three replicate experiments are shown.
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Figure 4. Expression of CXCR3 ligands in human liver samples. I: Top: Low-power photomicrographs demonstrating expression (brown pigment) of CXCL9 (A),
CXCL10 (B), and CXCL11 (C) in chronically inflamed human liver (primary biliary cirrhosis) tissue by immunohistochemistry. All three ligands were detected on
sinusoids with particularly strong staining at areas of inflammation and active fibrosis (A, arrow). Little or no expression was detected in normal liver tissue (D–F).
I: Bottom: High-power photomicrographs demonstrating CXCL11 expression on hepatocyte membranes (G) and CXCL10 expression on liver sinusoids (H). J:
CXCL11 expression was also detected on bile ducts and proliferating bile ductules. Staining with an isotype-matched control antibody was negative for all samples.
II: Western blot analysis of whole liver tissue lysates (B) was used to confirm expression. Marked levels of CXCL9, -10, and -11 were recorded in viral as well
as chronically inflamed liver samples whereas little chemokine was detected in normal liver samples. PSC, primary sclerosing cholangitis; PBC, primary biliary
cirrhosis; Hep C, chronic hepatitis C infection; ALD, alcoholic liver disease; NL, normal liver. Original magnifications: �200 (I); �400 (II).

CXCR3 and Lymphocyte Migration 893
AJP September 2005, Vol. 167, No. 3



consistent with the activated state of the LILs. To make sure
that our endothelial cells were synthesizing and presenting
optimal concentrations of CXCR3 ligands we added recom-
binant CXCR3L to the endothelial cells before performing
the adhesion assay (Figure 7A). This did not increase total
adhesion further suggesting that we had achieved optimal
presentation of endogenous chemokines to induce
adhesion.

CXCR3 Mediates Transmigration of Liver-
Infiltrating Lymphocytes under Conditions of
Flow

We then studied the proportion of adherent cell that sub-
sequently underwent transendothelial migration under
conditions of flow in our adhesion experiments. On aver-

Figure 5. Little CXCR3 was detected on peripheral blood lymphocytes (PBLs) from normal patients with a small but significant increase on peripheral blood from
patients with chronic inflammatory liver diseases. The number of cells expressing high levels of CXCR3 was significantly increased on LILs (P � 0.001) and further
increased on LILs isolated from diseased livers (P � 0.001). A: Representative dot plots of CXCR3- and CD3-labeled LILs from normal and diseased livers. B: The
percentage of cells that expressed CXCR3 on lymphocytes isolated from normal liver and chronically inflamed liver is derived from at least three experiments for
each group shown as mean � SEM. C: Phenotypic analysis of liver-infiltrating T lymphocytes (CD3�) revealed that on average 89% were CXCR3�, compared to
just 4% in peripheral blood. The ratio of CD4- to CD8-positive lymphocytes on CXCR3� T cells was 55:45, with 65% displaying classical memory phenotype
(CD45RO�). The 35% CD45RA� cells probably represent terminally differentiated effector cells that have re-expressed CD45RA rather than true naı̈ve cells.
Representative data from one of three replicate experiments. PSC, primary sclerosing cholangitis; PBC, primary biliary cirrhosis; Hep C, chronic hepatitis C
infection; ALD, alcoholic liver disease.
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age 22% (range, 13.9 to 27.9) of adherent LILs transmi-
grated through HSEC monolayers within 5 minutes of
initial capture under flow. This was significantly reduced
after the addition of an anti-CXCR3 mAb or incubation of
the lymphocytes with pertussis toxin (P � 0.001 for both).
As previously reported the addition of anti-ICAM-1 but not
anti-VCAM-1 mAb also reduced transmigration (P �
0.001) although the effect was less than that seen with
CXCR3 blockade. Addition of an isotype-matched control
antibody did not have any effect on transmigration and
the number of adherent liver LILs transmigrating could
not be increased by the addition of exogenous recombi-
nant CXCR3L (Figure 7B).

Chemokine Secreted by BECs Induces
Transmigration of LILs across TNF-�-Stimulated
HSECs

Because CXCR3 ligands are secreted by other nonendo-
thelial cell types within the liver including cholangiocytes
we next tested whether exogenous chemokines secreted
by other liver cell types could be presented on liver
endothelium and trigger adhesion and transmigration.
Because on its own TNF-� stimulation of HSECs induces
good levels of ICAM-1 and VCAM-1 but does not induce
secretion of CXCR3 ligands this provided us with a model
in which we could test the effects of exogenous CXCR3
ligands. The incubation of HSECs for 10 minutes with
supernatant taken from BECs previously stimulated with
IFN-� and TNF-� to stimulate optimal CXCR3 ligand
secretion significantly increased the total levels of lym-
phocyte adhesion from 129.5 to 204.1 cells/mm2/106

perfused. An average of 7.3% of adherent LILs transmi-

grated across TNF-�-stimulated HSECs within 5 minutes
under flow and after incubation with BEC culture super-
natants this increased significantly to 41.4% (P � 0.001).
We demonstrated that this increased migration was due
to activation of CXCR3 by studies in which preincubation
of LILs with CXCR3-blocking mAb significantly reduced
the level of transmigration (P � 0.002) seen after treat-
ment of HSECs with BEC supernatant (Figure 8).

Discussion

Tissue-infiltrating lymphocytes express high levels of
CXCR3, which is believed to enable them to respond to
CXCR3 ligands expressed at sites of inflammation includ-
ing interface hepatitis in chronic liver disease. However,
the ability of CXCR3 ligands to promote the transendo-
thelial migration of effector lymphocytes under flow has
not been reported. Here, we report that CXCR3 activation
by endogenously presented CXCR3 ligands promotes
adhesion and transmigration of in vivo-activated T cells
across human liver endothelium under flow. These stud-
ies suggest that CXCR3 is the dominant chemokine re-
ceptor mediating the recruitment of tissue-infiltrating lym-
phocytes in chronic inflammatory liver disease. We also
show that liver endothelium can present functional
CXCR3 ligands secreted by other liver cell types. Thus,
paracrine secretion and posting of CXCR3 ligands on
hepatic endothelium contributes to the complement of
functional chemokines presented at the endothelial sur-
face at sites of inflammation.

We previously demonstrated increased expression of
CXCL9, -10, and -11 associated with tissue infiltration by
CXCR3high T cells in chronic hepatitis C infection and

Figure 6. CXCR3 ligands trigger integrin-mediated adhesion of LILs to ICAM-1 and VCAM-1 under static conditions (A) and to VCAM-1 under flow (B). A:
Lymphocytes isolated from chronically inflamed liver samples or matched peripheral blood samples were resuspended to a count of 8 � 104 ml and applied to
individual wells of an 18-well slide, precoated with ICAM-1 (5 �g/ml). Co-incubation with CXCL9, -10, or -11 significantly increased the binding of LILs, although
this effect was abrogated by the addition of pertussis toxin (PTX). Co-incubation of peripheral blood lymphocytes (PBLs) with CXCR3 ligands did not trigger
adhesion. Adhesion of LILs and peripheral blood lymphocytes was increased in the presence of the integrin activator MnCl2. Data represent mean � SEM for five
replicate experiments. Statistical significance was calculated using paired t-tests, comparing lymphocytes isolated from diseased or normal livers (grouped) with
those from the peripheral circulation. B: Adhesion of LILs to immobilized VCAM-1 and ICAM-1 under flow. VCAM-1 or ICAM-1 was immobilized (5 �g/ml) onto
glass microslides and adhesion triggered by co-immobilization of the chemokines CXCL9, -10, and -11. CXCL5 was used to control for any nonspecific effects of
chemokine co-immobilization because very few lymphocytes express its receptor CXCR2. No adhesion from flow was detected with ICAM-1, even in the presence
of CXCR3 ligands. VCAM-1 was able to capture lymphocytes efficiently from flow and co-immobilization of CXCR3 ligands enhanced this effect significantly
adhesion being maximal at a chemokine concentration of 400 ng/ml (P � 0.001). Data represent mean � SEM for three replicate experiments performed at
0.05 Pa.
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allograft rejection.22,23 Furthermore, others have demon-
strated that increased expression of CXCL10 is associ-
ated with accelerated progression of inflammatory liver
disease suggesting that CXCR3 is an important receptor
in regulating chronic liver inflammation.38,39 Studies in
diverse tissues including the brain, liver, and lung sug-
gest that CXCR3 does not provide a tissue-specific signal

for lymphocyte recruitment but is associated with infiltra-
tion of inflamed tissues regardless of the anatomical
site.36,40,41 Although these studies have shown expres-
sion of CXCR3 ligands associated with CXCR3� lympho-
cytes in inflammatory disease, functional studies have
been limited to demonstrating that lymphocytes isolated
from diseased tissues undergo chemotaxis to CXCR3
ligands.21

In the present study we found increased expression of
all three CXCR3 ligands in several different chronic in-
flammatory liver diseases whereas the levels in normal
liver were minimal. CXCR3 ligands were detected on
inflamed hepatic endothelium at sites of lymphocyte in-
filtration and also on inflamed bile ducts and proliferating
bile ductules. These observations are consistent with
studies in chronic hepatitis C showing increased expres-
sion of CXCR3 ligands and CXCL10 mRNA on hepato-
cytes at sites of interface hepatitis26,39,42,43 but suggest
that CXCR3 ligands are induced at sites of lymphocyte
infiltration in chronic hepatitis regardless of the underly-
ing cause. We compared levels of the CXCR3 receptor
on LILs isolated from normal liver and a variety of chronic
inflammatory liver diseases. CXCR3 was detected on 20
to 35% of T cells infiltrating normal liver compared with
	80% of T cells isolated from chronic inflamed livers.
These observations suggest a role for CXCR3 and its
ligands in liver inflammation but do not, on their own,
provide evidence that this receptor can promote lympho-
cyte recruitment.

We investigated the function of CXCR3 on tissue-infil-
trating lymphocytes using a flow-based adhesion assay
in which lymphocyte responses to CXCR3 ligands were
studied under physiological levels of wall shear stress on
either immobilized purified ligands or primary human he-
patic endothelium.28 To develop a relevant cell culture
model we first demonstrated that cultured human intra-
hepatic endothelial cells express ICAM-1 and VCAM-1
and secrete CXCL9, -10, and -11 in response to IFN-�
and TNF-� thereby resembling the phenotype of inflamed

Figure 7. CXCR3 ligands promote lymphocyte adhesion from flow and
subsequent transmigration on TNF-�/IFN-�-stimulated human HSECs. A:
Inhibition of CXCR3 with a function blocking antibody or a Gi protein block
(PTX) significantly reduces total adhesion of LILs from flow to TNF-�/IFN-
�-stimulated HSECs. Adhesion was further reduced by the addition of block-
ing antibodies against ICAM-1/VCAM-1. Data represent number of adherent
cells per mm2 per million perfused and are the mean � SEM of seven
experiments. B: Transmigration of adherent lymphocytes through TNF-�/
IFN-�-stimulated HSECs was significantly reduced after CXCR3 and ICAM-1
blockade whereas anti-VCAM-1 mAb had no affect either when used alone or
when used in combination. Migrating cells were calculated using frame-by-
frame analysis of experimental videos to count the percentage of phase dark
(transmigrated) lymphocytes. Data represent paired samples from individual
experiments. All experiments were performed at 0.05 Pa.

Figure 8. Incubation of TNF-�-stimulated HSECs with BEC-derived CXCR3
ligands increased total adhesion and transendothelial migration of liver-
derived lymphocytes under conditions of flow. Pretreatment of HSEC mono-
layers with BEC supernatant containing CXCL9, -10, and -11 increased the
number of adherent lymphocytes. No variation in the number of static
nonmigrating lymphocytes was recorded but the number of lymphocytes
transmigrating was significantly increased (P � 0.001). Pretreatment of lym-
phocytes with a CXCR3 blocking antibody significantly reduced the number
of lymphocytes migrating across the HSECs. Data represent the mean of three
replicate experiments � SEM. All experiments were performed at 0.05 Pa.
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hepatic endothelium in patients with chronic hepatitis.
The fact that stimulation with TNF-� alone increased ex-
pression of ICAM-1 and VCAM-1 but did not stimulate
CXCR3 ligand expression meant that we could compare
responses to activated endothelium in the presence and
absence of endogenously secreted CXCR3 ligands.

CXCR3 activation by its ligands has been shown to
induce shear-resistant adhesion of in vitro-generated lym-
phoblasts to umbilical vein endothelium.15,44 However, in
vitro-generated lymphoblasts differ from lymphocytes
that infiltrate tissues in vivo. In particular the high levels of
integrin activation on in vitro-activated lymphoblasts
mean that they rapidly arrest on endothelium under flow
but then remain firmly adherent with relatively few cells
undergoing subsequent transendothelial migration (S.M.
Curbishley, P. Lalor, and D.H. Adams, unpublished).
These observations convinced us of the importance of
studying cells that have been activated to infiltrate tissues
in vivo. We initially tested the response of LILs to CXCR3
ligands co-immobilized with the endothelial adhesion
molecule VCAM-1. Because VCAM-1 has been reported
to bind and present chemokines we did not use chemo-
kines as soluble factors but rather as co-immobilized
ligands with VCAM-1.45 All three CXCR3 ligands acti-
vated concentration-dependent adhesion of lymphocytes
to VCAM-1 from flow providing further evidence that
these chemokines can act as adhesion triggers when
immobilized. Previous studies have suggested that
CXCL11 is a more potent activator of CXCR3 than the
other CXCR3 ligands when used as soluble factors15 but
our studies suggest that when immobilized they have
similar potencies. These experiments demonstrated that
LILs respond to CXCR3 activation under flow and we then
went on to show that lymphocytes isolated from inflamed
human tissue show CXCR3-dependent adhesion and
transmigration on activated endothelium under flow.

Under low-flow conditions, comparable with those
present in sinusoids in vivo, lymphocytes isolated from
human livers interacted with cytokine-activated HSECs.
Although lymphocytes isolated from normal human livers
did bind, the level of adhesion was significantly higher
when lymphocytes isolated from chronically inflamed hu-
man liver were used, consistent with the high levels of
CXCR3 detected on these cells. The lymphocytes exhib-
ited only brief attenuated rolling on the endothelial mono-
layer and the majority arrested rapidly from flow. This may
reflect the lower levels of classical rolling receptors such
as selectins present on sinusoidal endothelium and the
reduced requirement for initial capture and rolling inter-
actions within the low-shear environment of the sinusoids.
In addition we used in vivo-activated lymphocytes, which
are L-selectin-negative and LFA-1high when compared
with blood lymphocytes.46 Inhibition of CXCR3 reduced
adhesion to TNF-�/IFN-�-stimulated HSECs under flow in
all conditions by �50%. The level of inhibition was similar
to that seen using the global Gpi inhibitor pertussis toxin
suggesting that most of the chemokine-mediated effect in
this system was through CXCR3. This is despite the fact
that cultured sinusoidal endothelial cells can secrete
other chemokines for which liver lymphocytes express
receptors, including CCL5 and CCR5.22

Inhibition of CXCR3 also significantly reduced the
number of adherent lymphocytes that underwent trans-
endothelial migration. Blockade of ICAM-1/VCAM-1 had
a similar effect but an isotype-matched control antibody
had no effect. For these analyses we measured the num-
ber of transmigrating lymphocytes as a percentage of the
total number of lymphocytes adherent to the endothelial
monolayer allowing us to assess transmigration in isola-
tion, independent of the initial adhesion steps. The mo-
lecular basis of lymphocyte trans-endothelial migration is
still unclear. Some studies, including our own using liver
endothelial cells, suggest that �2 integrins and their li-
gands are important28,47,48 whereas others suggest that
these receptor ligand pairings are primarily involved in
the firm adhesion step and do not play a critical role in
transmigration.49 The posting of chemokines on the api-
cal surface of vessels enables rapid activation of adher-
ent lymphocytes50 in the presence of shear stress in
vitro.51,52 We now demonstrate that CXCR3 and its li-
gands work together with ICAM-1 to effect the transmi-
gration of adherent lymphocytes across activated endo-
thelium independently of their effects on initial adhesion.

The chemokines presented by inflamed endothelium
may be secreted by the endothelium itself or by other
cells in the local microenvironment and then posted on
the endothelial cell surface where they play a role in the
recruitment of lymphocytes.11,53 This may be particularly
true of CXCL9 because mRNA for this chemokine has
been detected in hepatocytes at areas of interface hep-
atitis.24,27 To demonstrate the ability of liver endothelium
to present chemokines from a paracrine source we stim-
ulated HSECs with TNF-� alone, resulting in an activated
endothelial phenotype in the absence of CXCR3 ligands
and then incubated these HSECs with supernatants from
human BECs (cholangiocytes) that had been stimulated
with cytokines to secrete all three CXCR3 ligands. The
supernatants were incubated with the HSECs for 10 min-
utes before being used in the flow assay. This treatment
resulted in an increase in lymphocyte adhesion and
transmigration that could be inhibited by the addition of a
CXCR3 antibody confirming that human liver endothelial
cells can present CXCR3 ligands secreted by other cell
types within the liver. We were unable to completely
inhibit the effect of the exogenous chemokines with anti-
CXCR3 despite using supersaturating concentrations of
the antibody suggesting that other chemokines in the cell
culture supernatant may also contribute to the effect.
Cholangiocytes secrete a broad range of chemokines in
response to cytokine stimulation54 including CCL5 and
CCL2 and it is possible that these or other chemokines
may also contribute to the effect. CXCR3 ligands are
secreted by several cells types in the liver in addition to
HSECs and cholangiocytes including hepatocytes and
stellate cells.26,55 Thus such posting of chemokines al-
lows the endothelium to present chemokines that reflect
the inflammatory status throughout the local liver micro-
environment as has been demonstrated for lymph node
chemokine presentation.7,8 This may be an important
amplification step for increasing cell recruitment at in-
flammatory sites.
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In summary, we have shown that CXCR3 expression is
increased on lymphocytes isolated from chronically in-
flamed human liver and that activation of this receptor by
chemokines on liver endothelial cells can promote lym-
phocyte adhesion and transendothelial migration across
human hepatic endothelium under flow. We propose that
CXCR3 is a critical factor in the recruitment of effector
lymphocytes to sites of inflammation including the he-
patic lobule.
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