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Abstract

Both Kupffer cells and invariant natural killer T (iNKT) cells suppress neutrophil-dependent liver injury in a mouse model of
biliary obstruction. We hypothesize that these roles are interdependent and require iNKT cell-Kupffer cell cross-activation.
Female, wild-type and iNKT cell-deficient C57Bl/6 mice were injected with magnetic beads 3 days prior to bile duct ligation
(BDL) in order to facilitate subsequent Kupffer cell isolation. On day three post-BDL, the animals were euthanized and the
livers dissected. Necrosis was scored; Kupffer cells were isolated and cell surface marker expression (flow cytometry), mRNA
expression (qtPCR), nitric oxide (NO.) production (Griess reaction), and protein secretion (cytometric bead-array or ELISAs)
were determined. To address the potential role of NO. in suppressing neutrophil accumulation, a group of WT mice received
1400W, a specific inducible nitric oxide synthase (iNOS) inhibitor, prior to BDL. To clarify the mechanisms underlying Kupffer
cell-iNKT cell cross-activation, WT animals were administered anti-IFN-c or anti-lymphocyte function-associated antigen
(LFA)-1 antibody prior to BDL. Compared to their WT counterparts, Kupffer cells obtained from BDL iNKT cell-deficient mice
expressed lower iNOS mRNA levels, produced less NO., and secreted more neutrophil chemoattractants. Both iNOS
inhibition and IFN-c neutralization increased neutrophil accumulation in the livers of BDL WT mice. Anti-LFA-1 pre-
treatment reduced iNKT cell accumulation in these same animals. These data indicate that the LFA-1-dependent cross-
activation of iNKT cells and Kupffer cells inhibits neutrophil accumulation and cholestatic liver injury.
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Introduction

CD161+ TCR+ (NKT) cells compose ,50% of the hepatic

lymphoid cells in humans, up to 30% in mice, where they reside

within the sinusoids adherent to the endothelial cells, crawling

rapidly along the vessel walls [1-3]. Two distinct NKT cell

populations exist: variant (non-classical) and invariant (classical).

Invariant (i)NKT cells express a unique CD1d-restricted T cell

receptor, Va14Ja18 in mice and Va24Ja18 in humans [4,5]. In

contrast to conventional T cells, iNKT cells recognize antigenic

glycolipids, e.g., a-galactosylceramide, rather than peptides

derived from both self and non-self [6]. While iNKT cells serve

a key function in a wide variety of immunological events, the

precise nature of their role is a matter of controversy [6]. iNKT

cells appear to play a critical role in innate host defenses and may

have evolved primarily to respond to infection by diverse array of

microbial pathogens. For example, the increased replication of a

limited number of parasites, bacteria, and viruses in the organs of

iNKT cell (Va14Ja18)-deficient mice supports the role of iNKT

cells in protective immunity to certain pathogenic microorganisms

[7]. In many instances, however, iNKT cells are not protective,

but detrimental [8]. Consequently, there is no common agreement

regarding the precise physiologic role of iNKT cells [9].

The preponderance of iNKT cells in the liver relative to

lymphoid organs (e.g., spleen and lymph nodes) suggests that

hepatic iNKT cells serve a unique function in addition or

unrelated to host defenses to infection [2,8,10]. Indeed, we

speculate that a principal function of hepatic iNKT cells is to

suppress the proinflammatory response of other cells and

subsequent tissue damage [8,11]. This speculation is supported

by our findings that iNKT cells inhibit the accumulation of

neutrophils and acute liver injury in a mouse model of biliary

obstruction and cholestasis [11].

Cholestasis, the toxic accumulation of hydrophobic bile acids in

the liver, is a highly immunogenic process that involves both

resident and immigrating immune cells. Ligation of the common

bile duct in mice provides an excellent experimental model in
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which to examine the role of iNKT cells in cholestatic liver injury

and the factors that mediate their activity. Resident tissue

macrophages (Kupffer cells), which reside within the lumen of

the hepatic sinusoids, also suppress liver injury following biliary

obstruction [12]. The increased tissue injury observed in Kupffer

cell-depleted mice following bile duct ligation (BDL), like the

injury that occurs in iNKT cell-deficient mice, correlates with the

accumulation of neutrophils [12]. While both iNKT and Kupffer

cells suppress neutrophil accumulation and liver injury following

biliary obstruction, it remains unclear whether their effects are

distinct or interrelated.

This study investigates the potential beneficial interactions

between iNKT cells and Kupffer cells and the mechanisms

involved. Here we report that iNKT cell-Kupffer cell cross-

activation is a requirement for the suppression of hepatic injury.

The activation and accumulation of iNKT cells in cholestatic livers

are dependent, in part, upon Kupffer cells and lymphocyte

function-associated antigen (LFA)-1 expression. iNKT cells, in

turn, promote iNOS mRNA synthesis and the production of NO.

by Kupffer cells, while suppressing the production of MIP-2, KC

and TNF-a, the accumulation of neutrophils, and liver injury.

Materials and Methods

Animals
Specific pathogen-free, female C57BL/6 mice were purchased

from The Jackson Laboratory (Bar Harbor, ME); iNKT cell-

deficient (Va14Ja182/2) mice on a C57BL/6 background were

obtained from Dr. M. Taniguchi (Riken Research Center for

Allergy). Animals were bred in-house and given food and water ad

labitium. The genetic integrity of the C57BL/6 mice was

maintained by periodic cross-breeding with mice purchased from

The Jackson Laboratory. Animals used for experiments were

between 6-12 weeks of age.

Ethics statement
All animals were treated in strict accordance with the National

Research Council publication entitled ‘‘Guide for the Care and

Use of Laboratory Animals’’ (8th Ed.) as defined by the National

Institutes of Health (PHS Assurance #A3284-01). Protocol

approval (# 0153-11) for all experiments performed was obtained

from Rhode Island Hospital’s Animal Care and Use Committee

(IACUCU Assurance # A3922-01) prior to beginning work.

Furthermore, all animals were housed in AAALAC-accredited

research animal facility staffed with trained husbandry, technical,

and veterinary personnel.

Cell isolation
The non-parenchymal liver cell (NPC) population was isolated

as previously described [13,14]. Briefly, the livers were perfused

with PBS containing 2% FBS through the portal vein, dissected,

and teased apart. The debris was removed by two slow-speed

centrifugations (50 x g for 4 minutes), and the absolute cell number

per liver was determined in a cell aliquot prior to further

purification. The NPC population was then isolated on a 40/70

Percoll gradient (GE Healthcare Life Sciences, Pittsburgh, PA). To

isolate Kupffer cells, the animals were injected i.v. with a

suspension of magnetic beads (Calbiochem/EMD Gibbstown,

NJ) on day three prior to surgery as previously described [14]. At

the times indicated post-surgery, the livers were perfused with 20

mL of a buffered, 100 U/mL collagenase A solution (Roche, San

Francisco, CA) and dissected. The NPCs that remained in

suspension following slow-speed centrifugation were counted prior

to purification on a Histodenz (Sigma-Aldrich, Saint Louis, MO)

gradient. The bead-containing Kupffer cells were then separated

from the purified NPCs by passage through a magnetic separation

column per the manufacturer’s instructions (Miltenyi Biotech,

Auburn, CA). To detach the bead-containing Kupffer cells, the

column was removed from the magnet and flushed with 2.5 mL of

degassed buffer. This process was repeated a second time to

maximize Kupffer cell purity.

Kupffer cell depletion
Kupffer cells were depleted as previously described using

multilamellar liposomescontaining dichloromethylene diphospho-

nate (Cl2MDP-L also known as clodronate, a gift obtained from

Roche Diagnostics GmbH, Mannheim, Germany) inoculated i.v.

at 3 days prior to further treatment [12,15].

Bile duct ligation
Bile duct ligation (BDL) and sham operations were performed as

previously described [13,14].

Inducible nitric oxide synthase (iNOS) inhibitor
To inhibit NO. production, mice were injected s.c. with 125 mg

of the highly-selective, inducible nitric oxide inhibitor N-([3-

(aminomethyl)phenyl]methyl) ethanimidamide dihydrochloride

(1400W)/200 ml PBS at 1 hour before surgery [16]. Control

groups received an equivalent volume of PBS.

Monoclonal antibody treatment
Mice were injected i.p. with the following monoclonal

antibodies at 1 hour prior to surgery: 150 mg purified rat anti-

mouse CD11a (LFA-1) antibody (clone M17/4, Biolegends, San

Diego, CA); 150 mg rat anti-mouse CD1d (hybridoma 1B1

obtained from Dr. Laurent Brossay, Department of Molecular

Microbiology and Immunology, Brown University) [17]; and 500

mg of rat anti-mouse IFN-c (hybridoma R4-6A2 was obtained

from American Type Culture Collection, Rockville, MD) [18].

Anti-CD1d and anti-IFN-c were purified from the ascites of

pristine-primed homozygous nude BALB/c mice (Harlan Spra-

gue-Dawley, Inc., Indianapolis, IN) inoculated i.p. with 1 x 107

hybridoma cells as previously described [18].

Flow cytometry and gating strategy
Cells from all experimental animals in one group were pooled;

aliquots were transferred to V-bottom 26 well plates, pelleted and

resuspended in 100 ml of PBS containing 2% FBS and 2.5 mg Fc

block (clone 2.4G2). After 15 minutes incubation at 4oC, the

following dye-conjugated antibodies were added and the cells were

incubated in the dark at 4oC for 20 minutes: mouse anti-mouse

NK1.1 (clone PK136), rat anti-mouse CD11b (M1/70), rat anti-

mouse CD25 (PC61.5) and rat anti-mouse Ly6G (1A8) purchased

from eBioscience, San Diego, CA; rat anti-mouse ICAM-1 (YN1/

1.74) and rat anti-mouse Ly-6C (HK1.4) purchased from

Biolegends, San Diego, CA; and hamster anti-mouse TcRa/b
(H57-957) purchased from AbDSerotec, Raleigh, NC. Invariant

NKT cells were stained specifically by incubation with streptavi-

din-fluorescein–conjugated, PBS-57–loaded mouse CD1d tetra-

mer obtained from the National Institutes of Health Tetramer

Core Facility (National Institute of Allergy and Infectious Diseases,

Emory University Vaccine Center, Atlanta, GA). Subsequently,

the cells were washed and fixed; the data were collected using a

FACS Aria (BD Bioscience, San Diego, CA) and analyzed using

FlowJo software (Tree Star, Inc., Ashland, OR).

Initially, the viable cell population or the lymphocyte population

was gated upon for analysis of neutrophils and inflammatory

iNKT Cell and Kupffer Cell Cross-Activation
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mononuclear phagocytes (iMNPs), or iNKT cells, respectively.

The CD11bhiLy-6G+ neutrophils, CD11b+Ly-6Chi iMNPs and

NK1.1+CD1d tetramer+ iNKT cells were then quantified in the

resultant populations. To analyze the status of iNKT cell

activation, CD25+, CD69+, and ICAM-1+ cells in the initial

NK1.1+CD1d tetramer+ iNKT cell gate were subsequently gated

upon. Cell numbers were calculated by multiplying the average

number of NPCs counted prior to purification by the percentage

of viable cells or lymphocytes determined in FlowJo. This number

was then multiplied by the percentage of cells found in the gate of

interest.

Blood analysis
Blood plasma was collected in sterile microfuge tubes and sent

to Marshfield Labs (Marshfields, WI) for analysis. Alanine

transaminase (ALT) and aspartate transaminase (AST), markers

of liver injury, were analyzed using standardized colorimetric

assays.

Real-time quantitative polymerase-chain reaction
Isolated cells were lysed in 800 mL of TRIzol (Roche,

Indianapolis, Indiana) and stored at -80uC. RNA extraction and

purification were performed according to the manufacturer’s

protocol. cDNA was synthesized using a QuantiTect Kit for

reverse transcription (Qiagen, Valencia, CA). iNOS mRNA

(forward: CACCTTGGAGTTCACCAGT and reverse: AC-

CACTCGTATTGGGATGC) was quantified according to meth-

ods we described previously [14]. Ribosomal RNA (18S) (forward:

AATGGTGCTACCGGTCATTCC and reverse: ACCTCTCT-

TACCCGCTCTC) served as the housekeeping standard.

Cell Culture, nitric oxide and protein quantification
Kupffer cells were isolated from NPCs pooled from the animals

in each experimental group and cultured (5 x 104 cells/well) in

wells of half-area, 96-well plates with 5 mg/mL of LPS (Escherichia

coli 0114:B4, Sigma Aldrich, St. Louis, MO) and 100 mL of culture

medium as previously described [13]. Two days later, culture

supernatants were collected and stored at -80uC until analysis. NO.

concentrations in the supernatants were estimated using the Griess

reagent and the protocol provided by Sigma-Aldrich, St. Louis,

MO. Keratinocyte-derived chemokine (KC), MIP-2 and TNF-a
concentrations in the supernatants were determined using a

MILLIPLEXH MAP kit obtained from Millipore (Billerica, MA) or

individual ELISA kits purchased from Peprotech (Rocky Hill, NJ).

Histology
A consistently located section of the liver was fixed in 10%

neutral buffered formalin, embedded in paraffin, sectioned, and

stained with Hematoxylin & Eosin (H&E). Sections were scanned

at 20X magnification using an Aperio Scanscope (Aperio

Technologies, Vista, CA) and necrosis was quantified visually

using Aperio software. Total liver area per section was determined

with ImageJ and percent necrosis was calculated using the

formula: (necrotic area calculated)/(total liver section area) x 100.

Statistical analysis
Statistical analysises were performed with Prism Software

(GraphPad Software Inc., La Jolla, CA). Student’s unpaired,

two-tailed, t-test were employed to compare two groups. A P-value

less than 0.05 was considered statistically significant.

Results

iNKT cells suppress cholestatic liver injury
WT and iNKT2/2 animals were euthanized at three days post-

BDL or sham surgery. Blood was collected and plasma ALT and

AST activities were quantified. Both ALT and AST levels were

significantly elevated in BDL animals compared to the sham-

operated controls (Figure 1A and B). Furthermore, the levels of

both ALT and AST were significantly higher in iNKT2/2 mice

than WT mice following BDL. Necrosis was quantified in a piece

of liver collected at the same time. In accordance with the ALT

and AST levels, significantly greater necrosis was noted in BDL

iNKT2/2, compared to WT, mice (Figure 1C-E). Larger necrotic

areas were present in BDL iNKT2/2 mice; WT mice had fewer

and smaller patches of necrosis (Figure 1C-D). No evidence of

necrosis was found in the livers of sham-operated animals (data not

shown).

Kupffer cell- and LFA-1-dependent activation of iNKT
cells

Previously, we reported a significant increase in number of

iNKT cells sequestered in the liver following BDL [11].

Experiments were undertaken to explore the potential role of

Kupffer cells and the mechanism(s) involved. Mice were rendered

Kupffer cell-deficient prior to BDL by the administration of

Cl2MDP-L; control mice received PBS. At 18 hours post-BDL, the

animals were euthanized, NPCs collected, and iNKT cells

quantified and characterized.

Fewer iNKT cells were found in the livers of Kupffer cell-

depleted mice, compared to non-depleted PBS-treated mice,

calculated based upon the total NPC counted, and the percentages

of cells determine in the lymphocyte and iNKT cell gates by flow

cytometry (Figure 2). Likewise, significantly fewer iNKT cells

expressed the activation marker, CD25. Furthermore, a clear

trend toward decreased expression of the cell surface activation

marker CD69 and the adhesion molecule ICAM-1 by iNKT cells

derived from Kupffer cell-depleted, compared to immune

competent, mice was observed. These findings support the key

role of Kupffer cells in the activation and accumulation of iNKT

cells in cholestatic livers.

Other investigators reported that the accumulation of NKT

cells in the liver was dependent upon LFA-1 signaling; the number

of hepatic iNKT cells was reduced significantly in LFA-1-deficient

mice [19]. On the other hand, CD1d (not LFA-1) expression was

essential for the activation and accumulation of iNKT cells in a

mouse model of wound healing [20]. To determine the

contributions of LFA-1 and/or CD1d to the effect of Kupffer

cells on sequestration of iNKT cells in the liver following biliary

obstruction, mice were inoculated i.p. with anti-LFA-1 or anti-

CD1d monoclonal antibody at 1 hour prior to BDL; control

animals received normal rat IgG. Compared to IgG-treated

animals, mice pre-treated with anti-LFA-1 exhibited a .50%

reduction in the percentage of iNKT cells accumulated in the liver

(Figure 3A), or an approximate 2.5-fold reduction in iNKT cell

number shown in the attending Table. Additionally, fewer iNKT

cells obtained from the livers of these anti-LFA-1-treated animals

expressed CD25 (Figure 3B); similar decreases in both CD69 and

ICAM-1 were also found and are tubulated. In contrast, treatment

with anti-CD1d monoclonal antibody at the time of surgery had

no effect on the accumulation of iNKT cells in the livers of BDL

mice negating the CD1d-restricted epitope-specific response to

cholestasis,

iNKT Cell and Kupffer Cell Cross-Activation

PLOS ONE | www.plosone.org 3 November 2013 | Volume 8 | Issue 11 | e79702



iNKT cells suppress neutrophil accumulation by a nitric
oxide-dependent mechanism

Previously, we demonstrated that iNKT cells suppressed

neutrophil accumulation in the livers of BDL mice [11]. The

increased accumulation that occurred in iNKT cell-deficient mice,

compared to WT mice, determined by flow cytometric analysis

correlated directly with increases in myeloperoxidase activity and

the number of neutrophils visualized by immunohistochemistry.

To examine the potential intermediary role of Kupffer cells and

the mechanisms involved, Kupffer cells were isolated from WT

and iNKT2/2 mice at three days post-surgery and characterized.

Compared to WT mice, Kupffer cells derived from BDL iNKT2/2

mice expressed significantly lower levels of iNOS mRNA (Figure

4A) and produced substantially less NO. in culture (Figure 4B).

Conversely, significantly higher concentrations of TNF-a, MIP-2,

and KC were recovered in the same supernatants collected from

cultures of Kupffer cells derived from BDL iNKT2/2 than from

BDL WT animals (Figure 4C).

To assess further the roles of iNOS and NO. in suppressing

neutrophil accumulation in the livers of bile duct-ligated animals,

WT mice were administered the iNOS specific inhibitor 1400W at

1 hour prior to surgery. The animals were euthanized at 18 hours-

post surgery and neutrophil sequestration in the liver was

Figure 1. Liver injury is significantly increased in the absence of iNKT cells. Plasma ALT (A) and AST (B) levels were determined in iNKT cell-
deficient and WT mice at three days post-BDL. Representative liver sections were collected from the WT (C) and iNKT2/2 (D) mice, embedded in
paraffin, sectioned, stained with Hematoxylin & Eosin, and scored. The livers of BDL iNKT2/2 mice exhibited significantly greater areas of necrosis
(indicated by black arrows) (E). Data are derived from four independent experiments, n = 3-5 mice/group. *Significantly greater than sham-operated
controls, P ,0.05; **Significantly greater than BDL, WT mice, P ,0.05 (Student’s t-test).
doi:10.1371/journal.pone.0079702.g001

iNKT Cell and Kupffer Cell Cross-Activation
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quantified. Significantly fewer neutrophils were recovered in the

livers of BDL mice that received PBS (Figure 5A) than in BDL

mice pretreated with 1400W (Figure 5B). Similarly, as shown in

the attending table, BDL mice administered PBS had significantly

fewer CD11b+Ly-6Chi iMNPs in their livers at 18 hours post-

surgery than did mice pretreated with 1400W.

IFN-c suppresses neutrophil accumulation in the liver
IFN-c was essential for the induction of iNOS mRNA

expression and NO. secretion in a rodent model of endotoxemia

[21]. Moreover, it exerted a positive effect in an experimental

model of cholestatic liver injury; IFN-c receptor-deficient mice

exhibited increased liver necrosis and decreased survival following

BDL [22]. To determine the factor(s) that underlie the beneficial

effect of IFN-c on cholestatic liver injury and whether IFN-c
influenced the intermediary role of NO. in suppressing neutrophil

sequestration, mice were inoculated i.p. with anti-IFN-c mono-

clonal antibody or an equivalent amount of normal rat IgG at 1

hour prior to BDL. The mice were euthanized on day 3 post-BDL

and neutrophil accumulation in the livers, as well as NO.

production by Kupffer cells, were quantified. Control mice, pre-

treated with normal IgG, had 3-fold fewer CD11b+Ly6G+

neutrophils accumulated in their livers on day 3 post-BDL (Figure

6A) than did mice pre-treated with anti-IFN--c (Figure 6B). This

finding correlates with the marked increase in sequestered

Figure 2. Kupffer cells induce the activation and accumulation of iNKT cell in biliary obstructed livers. Animals were treated with
Cl2MDP-L to deplete Kupffer cells prior to BDL; control mice received PBS. At 18 hours post-BDL, the NPCs were teased through screens, counted,
purified on Percoll gradients and stained. Hepatic, CD1d-tetramer+ iNKT cells were quantified (A), and the expression of CD25 (B), CD69 (C), and ICAM-
1 (D) was determined by flow cytometry. Values in parentheses denote percentages of expression. A summary of experimental results is presented in
table format containing cell numbers and statistical analyses. Data are derived from three independent experiments, n = 3-6 mice/group. n/a = not
available; small sample size precludes statistical analysis.
doi:10.1371/journal.pone.0079702.g002

iNKT Cell and Kupffer Cell Cross-Activation
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neutrophils and a consistent (although less than significant)

decrease in IFN-c levels reported previously in the livers of iNKT

cell-deficient mice at 3 days post-BDL [11]. However, the levels of

NO. released by Kupffer cells derived from IFN-c-treated and

IgG-treated mice did not differ. Taken together, these results

support the critical role of IFN-c in suppressing neutrophil

accumulation and tissue injury during biliary obstruction, albeit

independent of any effect on NO. production by Kupffer cells.

Discussion

Cholestasis often occurs during the course of hepatic diseases.

The retention of hydrophobic bile acids in the liver activates

resident cells, and induces the influx and accumulation of immune

cells [23]. These immigrating immune cells can exert both

beneficial and detrimental effects on liver injury. Previously, we

demonstrated the essential role of iNKT cells in suppressing

cholestatic liver damage in a mouse model [11]. iNKT cells

inhibited KC and MIP-2 production, the accumulation of

neutrophils, and neutrophil-dependent liver injury in mice

following ligation of the common bile duct. These findings suggest

that a principal function of hepatic iNKT cells is to blunt the pro-

inflammatory response of other cell types, i.e., neutrophils [8,11].

The role of iNKT cells in moderating inflammation and tissue

damage is supported by more recent studies demonstrating the

essential role of iNKT cells in ameliorating liver damage following

hepatotoxicant exposure in a mouse model [24,25]. Tissue

necrosis, hepatocyte damage, serum ALT and AST levels, and

the accumulation of neutrophils in the liver were increased

markedly in carbon tetrachloride (CCl4)-treated, iNKT cell-

deficient mice compared to WT animals. Significant increases in

the expression of KC and MIP-2 mRNAs, and the production of

KC were also found in the livers of the CCl4-treated, iNKT-

deficient animals. This latter finding correlated with increased

cytokine production by Kupffer cells obtained from iNKT-

deficient mice shortly following CCl4 treatment [25].

Notably, the ability of iNKT cells to suppress tissue injury is not

limited to the liver. Treatment with the iNKT cell-specific ligand,

a-galactosylceramide, suppressed pulmonary inflammation and

fibrosis in mice [26,27]. The beneficial effects of a-galactosylcer-

amide administration were dependent upon iNKT cells and the

production of IFN-c; conversely, the production of IL-4, IL-5, IL-

13 and/or MIP-2 was diminished in mice treated with a-

galactosylceramide. Similarly, airway inflammation was dimin-

ished by an iNKT cell-dependent mechanism(s) in a mouse model

of asthma [28]. Compared to iNKT cell-deficient mice, WT mice

Figure 3. LFA-1-dependent activation and accumulation of iNKT cells in cholestatic livers. BDL WT mice were treated with anti-LFA-1
monoclonal antibody or normal rat IgG at 1 hour prior to BDL. Animals were euthanized at 18 hours post-surgery, the NPC were purified on a Percoll
gradient, and the iNKT cell markers were stained. CD1d-tetramer+ iNKT cells were quantified (A) and CD25 expression was determined (B) by flow
cytometry. Values in parentheses denote percentages of expression. A summary of experimental results is presented in table format containing cell
numbers and statistical analyses. Data are derived from three independent experiments, n = 3-6 mice/group.
doi:10.1371/journal.pone.0079702.g003

iNKT Cell and Kupffer Cell Cross-Activation
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exhibited significant decreases in the production of KC and the

immigration of neutrophils to the lungs induced by IL-33; the anti-

inflammatory activity expressed by iNKT cells was dependent

upon IFN-c.

Previously, we reported that Kupffer cells also play an essential

role in suppressing cholestatic liver damage during biliary

obstruction [12]. Liver injury was enhanced significantly in

Kupffer cell-depleted, relative to immuno-complete, mice subse-

quent to BDL. More recently, we established a critical distinction

between Kupffer cells and iMNPs sequestered in the liver during

cholestasis [14]. The iMNPs exhibited more pro-inflammatory

activity than Kupffer cells, and are probably responsible for the

macrophage-dependent liver injury widely reported in studies that

fail to distinguish between iMNPs and Kupffer cells [29-31].

Experiments reported here demonstrate a role for Kupffer cells,

but not iMNPs, in the amelioration of cholestatic liver injury.

Anti-LFA-1 monoclonal antibody pre-treatment resulted in a

marked reduction in both the number and percentage of activated,

CD25+ iNKT cells found in the liver at 18 hours post-BDL (Figure

3). Kupffer cell-depletion resulted in a similar reduction in

activated iNKT cells though to a lesser extent (Figure 2). The

reduced expression of ICAM-1 by iNKT cells recovered from the

livers of Kupffer cell-depleted animals suggests that LFA-1/

ICAM-1 recognition may contribute to the Kupffer cell-dependent

accumulation of iNKT cells in the livers of BDL mice. These

results concur with previous studies demonstrating the critical role

Figure 4. Kupffer cells derived from BDL iNKT2/2 mice produce less NO. and more neutrophil chemoattractants. Kupffer cells were
isolated from experimental groups composed of 3-5 mice on day 3 post-BDL; total RNA was extracted and purified; iNOS mRNA expression was
quantified (A). Additional purified Kupffer cells were transferred to half-area 96-well plates and cultured in the presence of LPS. NO2, equivalent to
NO., (B) and TNF-a, MIP-2, and KC (C) in the culture supernatants were quantified. Data are the means 6 SD derived from 5 wells in a single
experiment representative of two independent experiments in which each group was composed of 3-5 mice. *Significantly different from Kupffer
cells obtained from BDL WT mice; p,0.05 (Student’s t-test).
doi:10.1371/journal.pone.0079702.g004

iNKT Cell and Kupffer Cell Cross-Activation
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of LFA-1 (CD11a/CD18, expressed by both iNKT cells and

Kupffer cells) in iNKT cell activation and homing to the liver

[19,32]. LFA-1-deficient mice exhibited a marked decrease in

number of hepatic iNKT cells. Adoptive transfer experiments

indicated that LFA-1 expression by other hepatic cell types (not

iNKT cells) is critical for iNKT cell trafficking to the liver. ICAM-

1 (LFA-1 co-adhesion molecule also expressed by iNKT cells) is

not an obligate factor; the number of hepatic iNKT cells in

ICAM-1-deficient mice was reduced by only 20% [32]. This latter

finding indicates that additional ligands recognized by LFA-1 and

expressed by iNKT cells (e.g., ICAM-2 or ICAM-3) can mediate

trafficking to the liver. Indeed, the interaction of multiple co-

adhesion molecules could facilitate the interaction of iNKT cells

with LFA-1 and contribute to the accumulation of iNKT cells

following BDL. ICAM-1, however, may be critical for the specific

interaction with Kupffer cells; this remains to be determined

directly. Conceivably, other cell types (e.g., NK cells) play an

intermediary role in the interactions that occur between Kupffer

cells and iNKT cells in our model. NK cells were essential for the

LFA-1 dependent accumulation of iNKT cells in the livers of

SCID mice reconstituted with thymocytes derived from C57BL/6

donor mice [33]. Moreover, we recently reported that NK cells

suppressed cholestatic liver injury in BDL mice by a Kupffer cell-

dependent mechanism that possibly involved the intermediary

function of iNK cells [13].

While Kupffer cells influenced the accumulation of activated

iNKT cells in the livers of BDL mice, iNKT cells in turn exerted a

significant effect on the biological response of Kupffer cells to

cholestasis. iNOS mRNA expression and the production of NO.

by Kupffer cells was increased markedly in WT, relative to iNKT

cell-deficient, mice. The production of NO. by Kupffer cells

subsequent to BDL correlates with a previous report demonstrat-

ing the central role of Kupffer cells in NO. production in a model

of endotoxemia [21]. Kupffer cell-depleted mice, administered

LPS, expressed significantly less iNOS mRNA message in their

livers than non-depleted animals. Although Kupffer cells are a

major factor in NO. production in the liver during endotoxemia,

they are not the only cell source. Other hepatic cells, such as

sinusoidal endothelial cells, hepatocytes, hepatic stellate cells, mast

cells, and platelets are capable of producing NO. [34-36].

Interestingly, in a study of liver regeneration following partial

hepatectomy, hepatocytes were the main source of NO. produced

immediately following surgery while Kupffer cells were the more

prominent NO. producers at 16 hours post-surgery and thereafter

[36].

NO. plays a complex role in suppressing inflammation in a

number of models of tissue injury. Numerous studies report that

NO. induces vasodilatation, ameliorates cytokine and chemokine

production, inhibits selectins and VCAM-1/ICAM-1 expression,

and suppresses neutrophil accumulation in injured tissues [37-41].

In a model of endotoxemia, for example, significantly more

neutrophils were found in the liver sinusoids of iNOS2/2 mice

administered LPS than in the sinusoids of their normal

counterparts [38]. Mice administered LPS in combination with

Figure 5. iNOS suppresses neutrophil and iMNPs accumulation in cholestatic liver disease. WT mice received 1400W at one hour prior to
BDL (A); BDL control mice received PBS (B). The NPCs were collected at 18 hours post-BDL, cell-surface neutrophil and iMNP markers were stained,
and flow cytometry analysis was performed. A summary of experimental results is presented in the table. Data are derived from a single experiment
representative of two independent experiments, n = 3-5 mice/group.
doi:10.1371/journal.pone.0079702.g005

iNKT Cell and Kupffer Cell Cross-Activation

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e79702



carrageenan showed similar phenomena: increased neutrophil

migration, rolling, and adhesion following treatment with iNOS

specific inhibitors: 1400W and aminoguanidine [39]. In a sterile

inflammation model, significantly more neutrophils accumulated

in the peritoneal cavities of iNOS2/2 mice, relative to WT mice,

following inoculation of zymosan i.p. [42]. Additionally, iNOS2/2

mice exhibited increased MIP-2, KC, MIP-2a and IL-10 levels in

the peritoneal cavity [42]. In contrast to the diminished

production of NO., cultured Kupffer cells derived from BDL,

iNKT cell-deficient mice produced significantly more TNF-a,

MIP-2, and KC than did Kupffer cells derived from WT animals

treated comparably. These results correlate with the studies noted

above, which reported an inverse correlation between NO.

production versus cytokine synthesis and the intraperitoneal

accumulation of neutrophils during periods of inflammation

[42]. Conversely, treatment with sodium nitroprusside (a NO.

donor) suppressed MIP-2 production, neutrophil sequestration

and tissue damage in a rat model of ischemia/reperfusion and

kidney injury [43].

To ascertain the intermediary role of NO. in the diminished

accumulation of neutrophils and neutrophil-dependent liver injury

observed following ligation of the common bile duct, WT animals

were treated with 1400W at time of surgery. Treatment induced a

marked increase in intrahepatic CD11b+Ly-6G+ neutrophils.

Other investigators report similar findings in a mouse model of

peritonitis, i.e., increased neutrophil accumulation in the perito-

neal cavities of mice treated with 1400W [39,40]. As such, we

speculate that the iNKT cell-dependent production of NO. by

Kupffer cells suppresses the accumulation of neutrophils in

cholestatic livers by promoting vasodilatation and/or inhibiting

chemokine production.

IFN-c exerts a protective effect in biliary obstructed mice; liver

damage was elevated in BDL, IFN-c receptor-deficient animals

[22]. Previously, we demonstrated an inverse correlation between

IFN-c and the accumulation of neutrophils in the livers of iNKT

cell-deficient mice following BDL [11]. IFN-c levels were reduced

considerably in iNKT-deficient, compared to WT, mice at 3 days

post-BDL. Since Kupffer cell depletion reduced the accumulation

of iNKT cells in cholestatic livers, we speculate that IFN-c
production is also reduced though this remains to be determined

directly.

The elevated accumulation of neutrophils in the livers of BDL,

anti-IFN-c-treated mice in experiments reported here demon-

strates directly the role of IFN-c in suppressing neutrophil

sequestration in cholestatic livers. While these findings substantiate

the critical role of IFN-c, we failed to find evidence to suggest that

IFN-c exerts a direct effect on Kupffer cells and the production of

NO., KC, or MIP-2 (data not shown). IFN-c-dependent produc-

tion of these factors by other hepatic cell types, e.g., hepatocytes, is

a matter of ongoing investigation. In summary, cross-activation of

iNKT cells and Kupffer cells was required to suppress liver injury

in a mouse model of biliary obstruction. The increased occurrence

of activated iNKT cells in the livers of mice following ligation of

the common bile duct depended upon Kupffer cells and the

expression of LFA-1. iNKT cells, in turn, stimulated NO.

production by Kupffer cells while inhibiting the production of

MIP-2 and KC. The accumulation of neutrophils and cholestatic

liver injury were suppressed as a consequence. IFN- c also played

Figure 6. IFN-c suppresses the accumulation of neutrophils. Animals were inoculated i.p. with 500 mg/mouse normal rat IgG (A) or anti-IFN-c
(B) at 1 hour prior to surgery. The animals were euthanized on day 3 post-surgery, the NPCs were isolated, and the neutrophils were stained (Ly-6G/
CD11b) and quantified by flow cytometry. A summary of experimental results is presented in the table. Data are derived from a single experiment
representative of two independent experiments, n = 3-6 mice/group.
doi:10.1371/journal.pone.0079702.g006
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a key role in suppressing neutrophil accumulation in this model;

the mechanism underlying this effect remains to be determined.
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