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Abstract
Background & Aims—Hepatic ischemic reperfusion injury (IRI) is a major complication of
liver transplantation and resectional hepatic surgeries. Natural killer T (NKT) cells predominate in
liver, where they recognize lipid antigens bound to CD1d molecules. Type I NKT cells utilize a
semi-invariant T-cell receptor and react with α-galactosylceramide; type II NKT cells use diverse
T-cell receptors. Some type II NKT cells recognize the self-glycolipid sulfatide. It is not clear
whether or how these distinct NKT cell subsets mediate hepatocellular damage following IRI.

Methods—We examined the roles of type I and type II NKT cells in mice with partial hepatic,
warm ischemia and reperfusion injury.

Results—Mice that lack type I NKT cells (Jα18−/−) were protected from hepatic IRI, indicated
by reduced hepatocellular necrosis and serum levels of alanine aminotransferase. Sulfatide-
mediated activation of type II NKT cells reduced IFN-γ secretion by type I NKT cells and
prevented IRI. Protection from hepatic IRI by sulfatide-mediated inactivation of type I NKT cells
was associated with significant reductions in hepatic recruitment of myeloid cell subsets,
especially the CD11b+Gr-1int, Gr-1−, and NK cells.

Conclusion—In mice, subsets of NKT cells have opposing roles in hepatic IRI: type I NKT cells
promote injury whereas sulfatide-reactive type II NKT cells protect against injury. CD1d
activation of NKT cells is conserved from mice to humans, so strategies to modify these processes
might be developed to treat patients with hepatic reperfusion injury.
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Introduction
Liver injury following ischemia and reperfusion (IRI) is a major complication of liver
transplantation, hepatic resections, trauma surgery, and shock. It is mediated by a biphasic
inflammatory response. The initial phase (following 1–6 hrs of reperfusion) involves
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Kupffer cell activation, release of reactive oxygen species, CD4+ cell recruitment, and
secretion of proinflammatory cytokines such as TNF-α and IFN-γ 1–5. In the later phase
(following 6–48 hrs of reperfusion), accumulated neutrophil granulocytes release oxidants
and proteases directly injuring hepatocytes 4, 6, 7. This results in elevated liver enzymes in
serum, in the histological picture of hepatic necrosis, and can lead to organ dysfunction 4, 8,
9.

Due to the rapid development of hepatic ischemic reperfusion injury (IRI) not consistent
with the timeframe required for conventional T cell responses 10 and due to the early
recruitment of CD4+ T cells 1, 11 consisting of mostly Natural Killer T (NKT) cells in mice,
recent studies in mice have focused on the role of NKT cells in hepatic IRI 10, 12, 13. NKT
cells express both a T cell receptor and NK markers (such as NK1.1), are mainly CD4+ in
the liver, and secrete cytokines rapidly upon stimulation 14–16. Most NKT cells recognize
lipid antigens presented in the context of the monomorphic MHC class I-like molecule
CD1d 14–16. CD1d-restricted NKT cells are categorized into type I and type II 14–17. Type
I or invariant NKT cells express a semi-invariant TCR encoded by the Vα14-Jα18 gene
segments in mice, are strongly reactive with the marine sponge-derived glycolipid α-
galactosyl ceramide (αGalCer), and accordingly are identified by αGalCer/CD1d-tetramers
in flow cytometry 14–16, 18. They also recognize bacterial-derived lipids and a self-
glycolipid, isoglobotrihexosyl ceramide (iGb3) 19, 20. Type II NKT cells are less well
studied. Our laboratory has shown earlier that a major subset of type II NKT cells is reactive
to the self-glycolipid 3-sulfated β-galactosyl ceramide, called sulfatide 21. These sulfatide-
reactive type II NKT cells are identified using sulfatide/CD1d-tetramers in flow cytometry
21. In experimental autoimmune diseases and cancer, activated sulfatide-reactive type II
NKT cells exert a regulatory role on type I NKT cells, consequently mediating protection
from autoimmune disease 22 and suppression of anti-tumor immunity 23. Thus in
Concanavalin A-induced hepatitis, a murine model of autoimmune hepatitis, type I NKT
cells mediate hepatitis, while activation of type II NKT cells protects from liver injury by
inducing anergy in type I NKT cells 22.

In the murine model of hepatic IRI, a role for CD1d-restricted NKT cells has recently been
suggested. It has been shown that liver injury is significantly decreased in CD1d−/− mice
lacking these cells 12 or in WT mice following treatment with blocking anti-CD1d
antibodies 10, 13. In both cases decreased levels of serum IFN-γ are found during IRI
compared to untreated WT mice 10, 12. However a recent study indicates that experiments
with “blocking” anti-CD1d Abs are difficult to interpret, since anti-CD1d Abs act also as an
agonist in directly stimulating IL-12 production from APCs 24. Additionally, restoration of
susceptibility to hepatic IRI upon adoptive transfer of CD4+NK1.1+ cells from WT mice
into Rag-1−/− mice 10 further supports the involvement of NKT cells. However, distinct
investigations on type I vs. type II NKT cells in hepatic IRI have not been carried out so far.

Since sulfatide is a self-glycolipid which is enriched in liver and has been shown by us to
influence the activity of type I NKT cells through sulfatide-reactive type II NKT cells, we
have examined the involvement of type II vs. type I NKT cells in hepatic IRI. Specifically,
we investigated the development of IRI in the absence of type I NKT cells in Jα18−/− mice
or following their inactivation subsequent to sulfatide-mediated activation of type II NKT
cells. We found that Jα18−/− mice are significantly protected from hepatic IRI, as they
develop less hepatocellular necrosis and reduced serum alanine aminotransferase (ALT)
levels. Furthermore, decreased IFN-γ secretion by hepatic type I NKT cells and prevention
of liver injury were found following activation of type II NKT cells with sulfatide. We
found that in both cases prevention of liver injury was associated with decreased recruitment
of myeloid cell subsets and NK cells into the liver. These findings clearly demonstrate a
pathogenic role for type I NKT cells and a protective role for sulfatide-reactive type II NKT
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cells in liver injury following IR. Hence, sulfatide pretreatment may represent a novel
therapeutic strategy for improving the outcome in liver transplantation and other surgeries
associated with hepatic reperfusion.

Material and Methods
Animals

C57BL/6 mice were purchased from The Jackson Laboratory. C57BL/6-CD1d−/− and C57/
B6-Jα18−/− mice were originally generated by Van Kaer 25 and Taniguchi 18, respectively.
All mice were bred and maintained in specific pathogen free-conditions in the TPIMS
animal facility. Treatment of animals was in compliance with federal and institutional
guidelines and approved by the TPIMS Animal Care and Use Committee.

Lipids and tetramers
Purified bovine myelin-derived sulfatide (>90% pure) was purchased from Matreya Inc.,
Pleasant Gap, PA. Synthetic αGalCer was provided by Y. Koezuka (Kirin Brewery Co.,
Tokyo, Japan). All lipids were dissolved in vehicle (0.5% polysorbate-20 (Tween-20) and
0.9% NaCl solution) and diluted in PBS. Murine CD1d was made in a baculovirus
expression system as described earlier 21. PE-labeled mCD1d-tetramers loaded with either
sulfatide, αGalCer or PBS were generated as described earlier 21, 22.

Hepatic IRI model
The hepatic IRI model was established as described by Prof. Dr. J. W. Kupiec-Weglinski’s
laboratory 26 with few modifications. Female mice (8–16 weeks, age-matched) were
anesthetized by i.p. injection of 60 mg/kg sodium pentobarbital. After midline laparotomy,
an atraumatic clip was applied to the hepatic triad (hepatic artery, portal vein, bile duct) of
the 3 cephalad liver lobes. The caudal lobes retained intact blood circulation to prevent
intestinal venous congestion. The peritoneum was closed and mice were placed on a heating
pad (~37°C). Ambient temperature ranged between 25–26°C. After 90 min of partial hepatic
warm ischemia, the clip was removed, initiating reperfusion, and the abdominal wall was
sutured. Mice were euthanized after 6 or 24 hrs of reperfusion, and blood and cephalad liver
lobes were collected. Sham controls underwent the same procedure but without vascular
occlusion.

Blood and histological analyses
Blood was obtained by cardiac puncture and serum was isolated. Serum Alanine
aminotransferase (ALT) levels were determined on Olympus 5400 chemistry analyzer
(IDEXX Laboratories Inc., Westbrook, Maine). Liver tissues (cephalad lobes) were fixed in
10% formalin, embedded in paraffin and sections were stained with hematotoxylin and eosin
for histological analysis (IDEXX Laboratories Inc., Westbrook, Maine).

Cell preparation
Leukocytes were isolated from murine cephalad liver lobes, using mechanical crushing
followed by Percoll gradient separation and RBC lysis as described earlier 22.

Flow cytometry
Leukocytes were suspended in FACS buffer (PBS containing 0.02% NaN3 and 2% FCS),
blocked (anti-mouse FcR-γ, BD Pharmingen, San Diego, CA) and stained with loaded
mCD1d-tetramer-PE or PE-, FITC-, or PECy5-labeled anti-mouse antibodies (BD
Pharmingen, San Diego, CA or eBioscience Inc., San Diego, CA) as indicated. Intracellular
cytokine staining (ICCS) of liver mononuclear cells (MNCs) was carried out as described
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earlier 22. Analysis was performed on a FACSCalibur instrument using CellQuest software
(version 4.0.2, BD, Franklin Lakes, NJ).

Statistics
Data are expressed as mean ± SEM for each group. Statistical differences between groups
were evaluated by unpaired, one-tailed Student’s t test using GraphPad Prism software
(version 5.0a, GraphPad Software Inc., La Jolla, CA).

Results
Significant reduction in hepatic IRI in mice deficient in type I NKT cells

To determine the role of type I NKT cells in hepatic IRI, the extent of liver injury was
analyzed in groups of Jα18−/− mice lacking only type I NKT cells but harboring normal
levels of type II NKT cells 21 and compared to WT mice. As shown in Figure 1, large
necrotic areas were found in cephalad liver lobes of WT mice following 90 min of ischemia
and 24 hrs of reperfusion, whereas necrotic areas in Jα18−/− mice were remarkably reduced.
Sham controls of both WT and Jα18−/− mice did not show any necrotic areas.

As a marker of hepatocellular damage, alanine aminotransferase (ALT) enzyme levels were
assessed in serum of mice after 90 min of ischemia and 6 hrs of reperfusion. In Jα18−/−

mice, serum ALT levels were decreased by ~51% compared to WT mice (1238.1 ± 178.4 U/
l vs. 2502.0 ± 783.2 U/l, p < 0.05) (see Fig. 2). As reported earlier 12 serum ALT levels of
CD1d−/− mice lacking both type I and type II NKT cells were also reduced following IRI
induction (data not shown). Among sham controls serum ALT levels were quite similar,
regardless of presence of type I NKT cells, and means ranged between 204.0–285.1 U/l.

Thus liver injury following ischemia/reperfusion is significantly reduced in the absence of
type I NKT cells, as assessed by histology and blood chemistry. These data clearly indicate a
pathogenic role for type I NKT cells in mediating hepatic IRI.

Sulfatide-mediated activation of type II NKT cells provides significant protection from
hepatic IRI

We have shown earlier 22 that activation of type II NKT cells by administration of sulfatide
in vivo results in anergy induction or inactivation of type I NKT cells that is associated with
a significant inhibition in their proliferation and cytokine secretion in response to αGalCer.
To analyze the effect of sulfatide administration on IRI development, in which type I NKT
cells are pathogenic (Fig. 1, Fig. 2), groups of BL/6 mice were treated with sulfatide (20 µg/
mouse) intraperitoneally 3 to 48 hrs prior to ischemia induction or sham surgery. As shown
in Figure 1 mice pretreated with sulfatide 3 hrs prior to ischemia induction followed by 24
hrs of reperfusion developed only minimal or no hepatic necrosis. Sham controls pretreated
with sulfatide showed no necrosis.

Next mice were administered sulfatide 3, 16 and 48 hrs prior to surgical procedures and
serum ALT levels were measured following 6 hrs of reperfusion or sham surgeries. No
differences in ALT levels were seen between mice injected with sulfatide at the different
time points (data not shown), so the groups were pooled in Figure 2. In parallel, IRI
induction or sham surgeries were performed on mice injected with vehicle. Vehicle-treated
mice and naïve mice did not differ in the ALT levels (data not shown). As shown in Figure
2, WT mice pretreated with sulfatide showed a significant decrease (~60%) in serum ALT
levels compared to naïve WT mice (1008.0 ± 117.8 U/l vs. 2502.0 ± 783.2 U/l, p < 0.05).
Sulfatide pretreatment of Jα18−/− mice did not further reduce the ALT-levels in injured mice
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(Fig. 2). These data clearly indicate that sulfatide-mediated inactivation of type I NKT cells
accounts for the protection from hepatic IRI.

Since IFN-γ production by NKT cells seems to be involved in pathogenesis of hepatic IRI
10, we determined IFN-γ secretion by type I NKT (αGalCer/tetramer+TCRβ+) cells in
cephalad liver lobes following 90 min of ischemia and 6 hrs of reperfusion. In Figure 3
increased IFN-γ production by type I NKT cells after IRI induction compared to sham
surgery is shown. Administration of sulfatide 3 hrs prior to ischemia induction significantly
reduced IFN-γ secretion by type I NKT cells (p < 0.01) (Fig. 3).

Thus activation of type II NKT cells with sulfatide results in protection from hepatic IRI to
an extent similar to that observed in the absence of type I NKT cells. This is due to sulfatide-
mediated inactivation of type I NKT cells and is associated with the reduction in IFN-γ
secretion.

Alterations in hepatic NKT and T cell subsets in early IRI
To further analyze the involvement of distinct lymphocyte populations in the immune
response in the reperfused liver, their numbers were determined by flow cytometry in wild
type mice or in mice deficient in functional type I NKT cells. Since innate-like cellular
interactions during the initial phase of IRI set the stage for the development of late phase
hepatocelluar injury, we analyzed cellular profiles during the initial phase. Naïve WT and
Jα18−/− mice or WT mice treated with 20 µg sulfatide/mouse i.p. 3 hrs earlier were
subjected to 90 min of ischemia and 6 hrs of reperfusion or sham surgeries. Following
staining of MNCs from cephalad liver lobes with mCD1d-tetramers or antibodies, the
proportions and absolute numbers of NKT (NK1.1+TCRβ+) cells, type I NKT (αGalCer/
tetramer+TCRβ+) cells, type II NKT (sulfatide/tetramer+TCRβ+) cells, CD4+ T cells, CD8+

T cells, and CD4−CD8− T cells were analyzed (Fig. 4). At this reperfusion time point
hepatic NKT cell subsets, CD8+ T cells and CD4−CD8− T cells showed no significant
changes in IRI-induced WT mice compared to sham controls (Fig. 4). However, a slight
reduction in type I NKT and total NKT cells was observed. Consistently, CD4+ T cells were
slightly but significantly decreased in livers from naïve WT and sulfatide-treated WT mice
following 6 hrs of reperfusion.

The increase in hepatic NK cells during IRI is dependent on type I NKT cells and reduced
by sulfatide pretreatment

The role of NK cells in hepatic IRI is unclear. Shimamura et al. suggested that NK cells can
contribute to IRI to a certain extent 12. We therefore determined changes in the proportion
and absolute number of hepatic NK (NK1.1+TCRβ−) cells during IRI in naïve WT mice,
Jα18−/− mice, and sulfatide-treated WT mice. As shown in Figure 4 proportion of NK cells
was significantly (p < 0.01) increased in livers of WT mice following 6 hrs of reperfusion
compared to sham controls. In mice lacking type I NKT cells (Jα18−/−) however, no
significant change in NK cells was observed (Fig. 4), indicating that the increase in hepatic
NK cells is dependent on the presence of type I NKT cells. Furthermore in vivo activation of
type II NKT cells by sulfatide prior to IRI induction reduced the increase in hepatic NK cells
(Fig. 4). These data suggest that the recruitment of NK cells is dependent upon the activation
of type I NKT cells during hepatic IRI and may contribute to tissue damage.

The hepatic recruitment of myeloid cell subsets during IRI is dependent on type I NKT
cells and reduced by activation of type II NKT cells

The accumulation of neutrophil granulocytes in the liver and their subsequent injuring of
hepatocytes has been reported following ischemia and reperfusion 1, 10, 27, 28. We
analyzed CD11b+Gr-1+ cells, including neutrophil granulocytes, and CD11b+Gr-1− cells
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among liver leukocytes from naïve WT mice, Jα18−/− mice, and sulfatide-treated WT mice
following 6 hrs of reperfusion or sham surgeries by flow cytometry (see Figure 4). A
significant increase in hepatic CD11b+ cells was observed in IRI-induced WT mice
compared to sham controls (37.8 ± 3.9% vs. 23.4 ± 1.8%, p < 0.01). This increase included
Gr-1+ cells comprising granulocytes, monocytes and myeloid precursor cells, as well as
Gr-1− cells mainly consisting of macrophages and myeloid dendritic cells but also of NK
cells (Fig. 4). To further investigate the increase in the CD11b+Gr-1+ population, Gr-1high

and Gr-1int subsets were analyzed separately. The Gr-1int subset, predominantly comprising
monocytes and myeloid precursors, is increased around 3.5-fold (p < 0.005) in livers of WT
mice following 6 hrs of reperfusion compared to sham surgeries (Fig. 5). In contrast the
Gr-1high subset, mainly consisting of granulocytes, did not differ significantly between livers
of sham controls and IRI-induced mice at this time point (Fig. 5).

Notably, the hepatic recruitment of myeloid cell subsets during IRI is dependent on the
presence of type I NKT cells, since it is not observed in Jα18−/− mice (Fig. 4 and Fig. 5).
Furthermore in vivo activation of type II NKT cells by sulfatide 3hrs prior to IRI induction
diminished hepatic recruitment of myeloid cells, as proportions of CD11b+Gr-1+ and
CD11b+Gr-1− populations were not significantly altered between sulfatide-treated sham and
IRI mice (Fig. 4). CD11b+Gr-1int cells were reduced by ~50% in sulfatide-treated mice
compared to naïve mice (p < 0.05) (Fig. 5).

Collectively, we found a significant accumulation of myeloid cell subsets that are
predominantly myeloid precursor cells/monocytes in reperfused livers. This myeloid cell
accumulation is dependent on type I NKT cells and significantly inhibited following
activation of type II NKT cells.

Discussion
In this study we show that type I NKT cells mediate hepatic ischemic reperfusion injury,
since Jα18−/− mice lacking type I NKT cells but harboring normal levels of type II NKT
cells are significantly protected from injury. In these mice only mild hepatitis with
significantly reduced hepatic necrosis and decreased serum ALT levels developed. Increased
intracellular IFN-γ expression in hepatic type I NKT cells during IRI of WT mice further
substantiates a pathogenic role for type I NKT cells in reperfusion injury. In contrast, a
protective role in hepatic IRI was found for a major subset of type II NKT cells, which are
reactive to sulfatide. Activation of this subset by intraperitoneal sulfatide administration 3–
48 hrs prior to ischemia induction prevents liver injury. Sulfatide-mediated protection is
associated with inhibition of IFN-γ secretion by hepatic type I NKT cells and suppression of
type I NKT cell-mediated recruitment of myeloid cells, especially the CD11b+Gr-1int and
Gr-1− subsets, and NK cells into the liver. A mechanism involving different subsets of NKT
cells in hepatic IRI has been proposed and is summarized in Figure 6.

It is clear from our data that hepatic type I NKT cells secrete IFN-γ during the early phase of
IRI (Figure 3) and that this is significantly blunted following their inactivation leading to
protection from liver injury. The crucial involvement of IFN-γ secretion by type I NKT cells
in the pathogenesis of IRI reported here is consistent with an earlier study 10 showing
increased IFN-γ secretion by type I NKT cells during early hepatic IRI and failure of
adoptively transferred CD4+NK1.1+ cells from IFN-γ−/− mice to restore susceptibility to IRI
in Rag-1−/− mice. Role of IFN-γ secretion by type I NKT cells may be a common feature of
ischemic organ injury as kidney IRI is also attenuated in Jα18−/− mice29. Collectively these
data suggest that during ischemic tissue injury type I NKT cells become promptly activated
resulting in IFN-γ secretion followed by cellular recruitment into the liver. Consistent with
the pathogenic role of type I NKT cells, we and others (data not shown and 30) have
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observed a significant increase in IRI upon αGalCer administration 6 or 16 hrs prior to liver
ischemia. Moreover, αGalCer is not a physiological ligand for type I NKT cells and most
mammalian glycolipids that are β-linked may behave differently. Results with αGalCer
should be viewed with caution as background genes, dosage and timing of the
administration of αGalCer can produce contradictory results in different experimental
systems 30–33.

Interestingly, the extent of IRI prevention following treatment with sulfatide is strikingly
similar to that found in the total absence of type I NKT cells (Jα18−/− mice). In both cases
ALT levels were reduced by >50%, and only minimal or no hepatic necrotic areas were
present. It is clear that sulfatide administration results in inactivation of type I NKT cells 22
and is associated with a significant inhibition of IFN-γ secretion in reperfused livers (Fig. 3).
These data are consistent with a novel immunoregulatory pathway proposed earlier 22 in
which activation of type II NKT cells by sulfatide in vivo mediates anergy induction in type
I NKT cells that is dependent upon IL-12 and modification of hepatic DC subsets. In fact,
adoptive transfer of hepatic CD11c+ cells from sulfatide-treated animals is sufficient to blunt
liver damage in the recipients 22. Thus it is likely that the protective effect of sulfatide
pretreatment in hepatic IRI results from inactivation of pathogenic type I NKT cells by
CD11c+ myeloid cells modified through their interaction with sulfatide-activated type II
NKT cells.

The development of hepatic ischemic reperfusion injury is divided into two phases: an initial
period (following 1–6 hrs of reperfusion) dominated by Kupffer cell activation, release of
reactive oxygen species, CD4+ cell recruitment and secretion of proinflammatory cytokines
1–5. This initial phase sets the stage for the later period (following 6–48 hrs of reperfusion)
characterized by neutrophil accumulation and induction of hepatic necrosis 4, 6, 7. In this
study we focused on the earlier phase, after 6 hrs of reperfusion, directly prior to the
induction of liver damage. We have defined an important role for myeloid (CD11b+) cell
subsets that are recruited into reperfused WT livers at this time point. They are mainly of the
CD11b+Gr-1int subset, comprising myeloid precursor cells and monocytes, and of the
CD11b+Gr-1− subset, containing macrophages and myeloid dendritic cells (Fig. 4 and 5).
However we did not observe a significant increase in the CD11b+Gr-1high subset, consisting
mainly of neutrophil granulocytes, in livers following 6 hrs of reperfusion. This is
compatible with previous studies reporting hepatic neutrophil accumulation in the later
phase, following 18–24 hrs of reperfusion 1, 10, 27, 28. Our observation concerning the
recruitment of myeloid cells other than neutrophils, predominantly of the CD11b+Gr-1int

subset, is consistent with a recent report of recruitment of inflammatory monocytes into
reperfused livers enhancing the injury 34. Interestingly, Bamboat et al. further show
inhibition of inflammatory monocyte function by IL-10 from conventional DCs 34.

Strikingly, the hepatic recruitment of myeloid cells is dependent on the presence of type I
NKT cells. It is still not clear whether the myeloid cell recruitment is dependent upon the
secretion of a specific cytokine, such as IFN-γ or osteopontin or other chemokines.
Consequentially activation of type II NKT cells with sulfatide, resulting in inactivation of
type I NKT cells, suppresses hepatic recruitment of myeloid cells and results in protection
from liver injury, emphasizing the significant role of myeloid cells in the mediation of
hepatic IRI.

A link between CD1d-dependent NKT cells and myeloid cells has been suggested
previously 10, 12, 22. One group 10 reported that blocking of the CD1d pathway results in
significantly reduced hepatic neutrophil accumulation following 24 hrs of reperfusion,
suggesting NKT-cell dependent recruitment of neutrophil granulocytes in hepatic IRI.
However another study 13 did not detect a significant CD1d-dependent change in neutrophil
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accumulation after 8 hrs of reperfusion. Both studies differ in the time point of assessment
and in the respective protocol of anti-CD1d treatment. Anti-CD1d blocking experiments are
problematic because anti-CD1d antibodies can have direct agonistic effect on APCs leading
to the secretion of IL-12 24. Additionally data from Shimamura et al. indicates CD1d-
dependent reduction of activation levels of granulocytes in hepatic IRI 12. A reduced
number of hepatic myeloid cells following sulfatide administration in IRI model is
consistent with earlier study showing their decreased accumulation following sulfatide
administration in the ConA-induced hepatitis model 22. In contrast to these inflammatory
liver injury models, type I NKT cells are considered to suppress hepatic neutrophil
accumulation and activity in a mouse model of cholestatic liver damage 35.

Our data also support a role for NK cells in hepatic IRI, since they are recruited into
reperfused livers in the presence of type I NKT cells, but not in their absence or following
their inactivation. A role of type I NKT cells in the recruitment or activation of NK cells is
consistent with the report of their activation following αGalCer administration 36. Similarly
to our study, a tendency for an early increase in hepatic NK cells of IRI-induced WT mice
has been shown by others 11, 12. Consistently, depletion of NK cells either with anti-
asialoGM1 or with anti-NK1.1 antibodies has been shown to attenuate hepatic IRI 10, 12.
However, these treatments eliminate both NK and NKT cells and hence cannot clearly
identify the contribution of NK cells to liver injury.

At the end of the initial phase, following 6 hrs of reperfusion, we observed a slight reduction
in hepatic NKT cells and the hepatic type I NKT cell subset. Consistently, a slight but
significant decrease in CD4+ T cells was found in injured mice. These data are entirely
compatible with studies showing a very early hepatic recruitment (after 1–4 hrs of
reperfusion) of CD4+ T cells, including NKT (CD4+NK1.1+TCRβint) cells 1,2, 11. A later
rebound decrease in hepatic T cells below the base line was observed in the IRI model of
Shimamura et al. 12. They further reported a very early decrease (after 1h of reperfusion) in
NKT (NK1.1+CD3int) cells, followed by an increase with a peak around 10–20 hrs 12. Thus
the respective roles of type I and type II NKT cells were not reflected in a change of their
hepatic proportions at the end of the initial IRI phase.

Our findings support the idea of a pivotal role for self-antigens in reperfusion injury 37. It is
likely that ischemia-induced release of reactive oxygen species (ROS) results in lipid
modifications and their release from disrupted membranes. These lipids act as self-antigens
and bind to CD1d expressed by local cells such as dendritic cells, Kupffer cells, hepatic
stellate cells and hepatocytes 38–40. Following uptake and presentation in the context of
CD1d these self-lipids can activate NKT cells and initiate their rapid immune response in
hepatic IRI. Our data clearly show that it is the type I NKT cell subset that mediates liver
injury following ischemia and reperfusion. Activation of type II NKT cells can neutralize
the pathogenic role of such activated type I NKT cells and provide protection from IRI. This
is mediated by suppressing the effects of type I NKT cells, such as their IFN-γ secretion and
the recruitment of myeloid and NK cells into the liver.

Collectively, data presented here in liver injury due to ischemia and reperfusion as well as
our findings in Concanavalin A-induced hepatitis 22 are consistent with the idea of an
immunoregulatory pathway in which type I NKT cells play a detrimental role and sulfatide-
reactive type II NKT cells a protective role in hepatic inflammation. Since CD1d immune
pathways are highly conserved between mice and human, our data have important
implications for the development of immunotherapeutics based upon the usage of sulfatide
or its analogs to ameliorate the outcome of surgeries associated with hepatic reperfusion
such as liver transplantation and hepatic resection. Such novel strategies would allow more
patients to undergo successful liver transplantation by expanding the donor pool to marginal
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organs that are currently highly susceptible to IRI and by diminishing the level of overall
immune activation predisposing to graft rejections.
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Figure 1. Reduced hepatic necroses in the absence of type I NKT cells or following activation of
type II NKT cells
Untreated WT and Jα18−/− mice or mice treated with 20µg sulfatide/mouse i.p. 3hrs earlier
(WT sulfatide or Jα18−/− sulfatide) were subjected to 90 min of hepatic ischemia followed
by 24hrs of reperfusion (IRI) or sham surgery. Respective H&E staining of tissue from
cephalad liver lobes is representative of at least 3 mice. 100 × magnification.
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Figure 2. Reduced levels of serum ALT in the absence of type I NKT cells or following activation
of type II NKT cells
Bar graphs depict serum ALT levels following 90 min of ischemia and 6 hrs of reperfusion
(IRI) or sham surgery. WT or Jα18−/− mice (5–11 mice/group) were analyzed. Where
indicated (+ Sulf.) mice were treated with sulfatide (20 µg/mouse) i.p. 3–48 hrs prior to
surgeries. Values are mean ± SEM. * p < 0.05.
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Figure 3. Sulfatide administration prior to IRI induction significantly inhibits IFN-γ secretion by
type I NKT cells
Intracellular cytokine staining of MNCs from cephalad liver lobes after 90 min of ischemia
and 6 hrs of reperfusion (IRI) or sham surgery. One group of WT mice (n=3) was injected
with sulfatide (20 µg/mouse i.p.) 3 hrs prior to ischemia induction (Sulf. IRI), the other
groups (IRI (n=3), sham (n=2)) were not pretreated. (Upper panels) Tri-color flow
cytometric analysis of IFN-γ+ cells in αGalCer/CD1d-tetramer+ cells. IFN-γ (black line) vs.
isotype (dashed line). Numbers above brackets indicate percent positive cells. (Lower
panel) Summarizing bar graphs. Values are mean ± SEM. * p < 0.01.
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Figure 4. Increase in CD11b+ cells in IRI is dependent on type I NKT cells and diminished by
activation of type II NKT cells
Flow cytometric analysis of indicated cell populations (depicted as bar graphs in % (left
panels) and absolute numbers (right panels)) among MNCs or leukocytes (for CD11b+

cells) from cephalad liver lobes following 90 min of ischemia and 6 hrs of reperfusion (IRI)
or sham surgery in WT or Jα18−/− mice (3–5 mice/group). Data from WT mice treated with
sulfatide (20 µg /mouse i.p.) 3 hrs prior to surgeries (2–3 mice/group) (Sulfatide). Values are
mean ± SEM. * p < 0.05. n.d. = not done.
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Figure 5. Myeloid precursor cells are increased in IRI in the presence of type I NKT cells
Flow cytometric analysis of CD11b+Gr-1+ subsets among leukocytes from cephalad liver
lobes following 90 min of ischemia and 6 hrs of reperfusion (IRI) or sham surgery in WT or
Jα18−/− mice (3–5 mice/group) and in WT mice treated with sulfatide 3 hrs earlier (2–3
mice/group). (Upper panels) Gr-1high and Gr-1int populations were gated. Numbers next to
boxes indicate percent positive cells among liver leukocytes. (Lower panels) Summarizing
bar graphs depict % (left) and absolute numbers (right) of the Gr-1high and Gr-1int

populations. Values are mean ± SEM. * p < 0.005.
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Figure 6. Model of proposed immune mechanisms in hepatic IRI
Sulfatide-mediated activation of type II NKT cells results in inactivation of type I NKT cells
as exemplified by the inhibition of IFN-γ secretion. This results in reduced hepatic
recruitment of myeloid cells and consequently, in reduced hepatocyte and endothelial cell
(EC) injury. Collectively, proposed model suggest that appropriate targeting of NKT cells
could lead to novel strategies for intervention in hepatic IRI.
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