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ABSTRACT

There is a significant immune response to ischemia-reperfusion injury (IRI), but the role of immunomodu-

latory natural killer T (NKT) cell subtypes is not well understood. Here, we compared the severity of IRI

in mice deficient in type I/II NKT cells (CD1d�/�) or type I NKT cells (J�18�/�). The absence of NKT cells,

especially type II NKT cells, accentuated the severity of renal injury, whereas repletion of NKT cells

attenuated injury. Adoptively transferred NKT cells trafficked into the tubulointerstitium, which is the

primary area of injury. Sulfatide-induced activation of type II NKT cells protected kidneys from IRI, but

inhibition of NKT cell recruitment enhanced injury. In co-culture experiments, sulfatide-induced activa-

tion of NKT cells from either mice or humans attenuated apoptosis of renal tubular cells after transient

hypoxia via hypoxia-inducible factor (HIF)-1� and IL-10 pathways. Renal tissue of patients with acute

tubular necrosis (ATN) frequently contained NKT cells, and the number of these cells tended to

negatively correlate with ATN severity. In summary, sulfatide-reactive type II NKT cells are renoprotec-

tive in IRI, suggesting that pharmacologic modulation of NKT cells may protect against ischemic injury.
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Acute kidney injury may predispose the high mor-

bidity and mortality of patients and can induce the

progressive loss of kidney function.1 Ischemia-rep-

erfusion injury (IRI), a major cause of acute kidney

injury, is characterized by the participation of a

prominent inflammatory response. Various com-

ponents of the innate and adaptive immune systems

are known to play a role in kidney IRI.2– 4 Therefore,

immunomodulatory and anti-inflammatory mea-

sures for IRI were evaluated.5,6 Recently, the role of

Foxp3�CD4�CD25� regulatory T cells (Tregs) in

IRI were exploited, and Tregs revealed the protec-

tive activity against IRI by ischemic precondition-

ing and by promoting tubular repair.7,8

Natural killer T (NKT) cells, expressing both T

cell receptors (TCRs) and natural killer cell recep-

tors, have been reported to regulate autoimmune

disease and allogeneic immune response.9 –11 How-

ever, only a few reports have investigated the role of

NKT cells in kidney IRI, despite the fact that these

cells are known to traffic into postischemic kidneys

as early as 3 hours after IRI.12,13 NKT cells have been

proposed as a bridge between the innate and adap-

tive immune systems.14 –16 NKT cell recruitment

into the site of injury was directed by the interaction
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between CXCL16 and CXCR6, which is expressed on NKT

cells and activated Th1 cells.17 Previously, we have presented

that glomerulus-expressed CXCL16 upon the stimuli in exper-

imental crescentic glomerulonephritis and the blocking of

CXCL16 decreased NKT cell recruitment.18 Most NKT cells

recognize antigens presented by CD1d, and CD1d is expressed

on dendritic cells, macrophages, and various other cell

types.14,19,20 CD1d-restricted NKT cells can be broadly catego-

rized into type I and type II NKT cells. Type I NKT cells recog-

nizes glycolipid antigen through an invariant TCR that is en-

coded by the V�14J�218 gene in mice and the V�24J�18 gene

in humans.16 Stimulation of type I NKT cells by �-galactosyl-

ceramide results in cytokine secretion, TCR downregulation,

and apoptosis. Depending on the surrounding milieu and the

antigens involved, the type I NKT cells may demonstrate either

the Th1-type or the Th2-type cytokine secretion profile.19 In

animal models, NKT cells (mainly type I) have been reported

to affect the development and progression of diabetes mellitus,

experimental autoimmune encephalitis (EAE), experimental

anterior uveitis, and systemic lupus erythematosus.21–24 Type

II NKT cells have variable TCR-V gene rearrangements that are

distinct from those of type I NKT cells.16 Type II NKT cells

recognize the self-glycolipid 3-sulfated galactosylceramide

(sulfatide) and can be identified by sulfatide/CD1d-tetram-

ers.25 Although type II NKT cells have not been studied exten-

sively, the activation of type II NKT cells by sulfatide prevents

EAE and concanavalin A-induced hepatitis.25,26 Type II NKT

cells may regulate type I NKT cells, inhibit effector functions of

conventional T cells, and modify dendritic cell functions.26

On the basis of the knowledge of the robust inflammatory

process that occurs in postischemic kidneys after IRI and the

regulatory functions of sulfatide-reactive type II NKT cell, we

hypothesized that NKT cells may modulate the initial injury

process in postischemic kidneys. We compared renal func-

tional and structural injury status in a mouse IRI model in

which NKT cells were manipulated via in vivo and ex vivo ac-

tivation, depletion, or blocking. Then we analyzed the effect of

NKT cell manipulation on the changes of histology and of mol-

ecules that may be involved.

RESULTS

Sulfatide-reactive NKT Cells Attenuate Ischemia-

Reperfusion Injury

To determine the specific role of sulfatide-reactive NKT cells

on IRI in the kidney, renal ischemia was induced. Renal func-

tion deteriorated substantially after IRI (sham control versus

disease control; Cr mg/dl [�mol/L]; 0.46 � 0.03 [40.66 �

2.652] versus 1.59 � 0.03 [140.56 � 2.652]; P � 0.05). In

B6.J�18�/� mice, which are deficient in type I NKT cells, the

severity of renal dysfunction was similar to that of wild-type B6

mice (Cr 1.67 � 0.04 mg/dl [147.63 � 3.536 �mol/L]). How-

ever, in B6.CD1d�/� mice (deficient for both type I and type II

NKT cells), severe renal dysfunction occurred (Cr 1.98 � 0.07

mg/dl [175.03 � 6.188 �mol/L]; P � 0.05 compared with B6

disease control) (Figure 1A). The in vivo activation of type II

NKT cells by sulfatide administration lessened the degree of

IRI in B6 as well as in B6.J�18�/� mice in a dose-dependent

manner. However, sulfatide was not effective in B6.CD1d�/�

mice (Figure 1B). To verify the reno-protective effects of sul-

fatide-reactive NKT cells, we adoptively transferred NKT cells

with ex vivo activation to B6 mice and B6.J�18�/� mice. The

adoptive transfer of NKT cells, especially sulfatide-activated

cell, induced significant renal protection against IRI in the

both mice (Figure 1C).

Changes in the Cytokine Milieu and the Effect of NKT

Cell Activation

To examine the expression patterns of cytokines that may af-

fect the extent of renal damage by IRI, we quantified mRNA

levels using real-time PCR 1 day after IRI. The proinflamma-

tory cytokines, such as TGF-�, IFN-�, monocyte chemotactic

protein-1, and IL-6, were upregulated by IRI in B6 and NKT

cell-deficient mice. However, after the adoptive transfer of sul-

Figure 1. Sulfatide-reactive NKT cells protected kidney from
ischemia-reperfusion injury. (A) Renal function was deteriorated
substantially after IRI. In B6.J�18�/� mice, the severity of renal
dysfunction was similar to wild-type mice, but B6.CD1d�/� mice
revealed severe dysfunction. (B) Type II NKT-cell activation by
sulfatide attenuated the degree of IRI in B6 as well as in
B6.J�18�/� mice in a dose-dependent manner. However, it was
not effective in B6.CD1d�/� mice. (C) Adoptive transfer of sul-
fatide-activated NKT cells protected the kidney from IRI, espe-
cially when the transferred cells were preactivated by sulfatide
(n � 6/group at each experiment; ns, not significant; *P � 0.05;
**P � 0.01).
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fatide-activated NKT cells before IRI, the upregulation of pro-

inflammatory cytokines was significantly suppressed. Al-

though IRI induced the upregulation of regulatory cytokines

(IL-4, IL-10, and IL-13), the sulfatide-activated NKT cell trans-

fer enhanced the expression of these cytokines in mice ren-

dered IRI (Figure 2A).

The histologic changes were very consistent with the func-

tional changes. IRI induced tubular necrosis, which involved

disruption and sloughing of tubular epithelial cells. The dam-

age was more extensive in B6.J�18�/� and B6.CD1d�/� mice

than in B6 mice. However, the administration of sulfatide re-

duced the severity of the pathologic changes that occurred after

IRI in B6 and B6.J�18�/� mice, but not in B6.CD1d�/� mice.

Again, the adoptive transfer of sulfatide-activated NKT cells

attenuated the ischemic changes (Figure 2B), irrespective of

mouse strains. Tubular necrosis was quantified in blinded way.

As shown in Figure 2C, the activation of NKT cells significantly

protected tubular necrosis especially in the outer medulla area.

When IRI was induced in B6.J�18�/� mice, the degree of ap-

optosis was found to be prominent by terminal deoxynucleotidyl

transferase–mediated digoxigenin-deoxyuridine nick-end label-

ing (TUNEL) staining. However, the in vivo administration of

sulfatide or adoptive transfer of sulfatide-activated NKT cells

markedly inhibited apoptosis after IRI in these mice (Figure 2D).

Figure 2. Changes in cytokines, renal histology, and apoptosis induced by the activation of natural killer T (NKT) cells. (A) The
expression patterns of intrarenal cytokines were significantly altered by the adoptive transfer of sulfatide-activated NKT cells (n �

6/group at each experiment; *P � 0.05; **P � 0.01). (B and C) Ischemia-reperfusion injury (IRI) induced tubular necrosis. The damage
was more extensive in B6.J�18�/� and B6.CD1d�/� mice (second column). Administration of sulfatide reduced the necrotic changes
significantly in B6 and B6.J�18�/� mice but not in B6.CD1d�/� mice (third column). The adoptive transfer of sulfatide-activated NKT
cells attenuated the ischemic damage in mice (fourth column) (magnification, �200). The histologic changes were quantified in blinded
way by a renal pathologist. Outer medulla area was the main site that showed significant protection by sulfatide activation (*P � 0.05;
**P � 0.01). (D) IRI on B6.J�18�/� mice revealed prominent apoptosis assessed by TUNEL staining, but administration of sulfatide
markedly blocked apoptosis process. For each experimental condition, six visual fields were randomly selected for counting the
surviving cells with normal nuclear morphology. (*P � 0.05; **P � 0.01; magnification, �400).
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Active Participation of NKT Cells at the Site of

Ischemia

Next, we assessed the notion that NKT cells were involved at

the site of inflammation induced by IRI. After IRI, NKT cells

were recruited to the kidney, as evidenced by the upregulation

of V�14 mRNA expression. In addition, sulfatide-activated

NKT cell transfer enhanced V�14 mRNA expression in the

kidneys (Figure 3A). The number of NK1.1�CD3� cells in-

creased in all mice after IRI compared with the sham controls

as traced by confocal microscopy. However, the number of

NK1.1�CD3� cells was obviously lower in B6.J�18�/� and in

B6.CD1d�/� than in wild-type mice (Figure 3B). NKT cell

recruitment after IRI was further confirmed using fluores-

cently-tagged, sorted NKT cells. When fluorescently-tagged

cells were introduced via the tail vein after IRI, the transferred

cells were detectable in tubulointerstitial area (Figure 3C).

The degree of IRI was drastically decreased by the adminis-

tration of sulfatide, but this beneficial effect disappeared when

NKT recruitment was blocked. When anti-CD1d Ab or anti-

CXCL16 Ab were administered after IRI, the protective effect

of NKT-cell activation by sulfatide was marginal or abolished

(Figure 3D). In line with the functional derangement described

above, ischemic necrosis was worsened when NKT cell recruit-

ment was blocked (Supplemental Figure 1). The blocking of

Figure 3. Recruitment of natural killer T (NKT) cells to the site of injury. (A) V�14 mRNA expression was upregulated after ischemia-reperfusion
injury (IRI). NKT cell transfer after sulfatide activation enhanced the upregulation of intrarenal V�14 mRNA expression more (n � 6/each group; ns,
not significant; *P � 0.05). (B) Trafficking of NKT cells was traced. The number of NK1.1�CD3� cells was increased after IRI compared with sham
controls (magnification, �800). (C) CM-DiI-tagged NKT cells were transferred into mice via tail vein after IRI. The transferred NKT cells were
detectable at tubulointerstitial area (magnification, �800). DIC, differential interference contrast. (D) The severity of renal injury was significantly
reduced by the administration of sulfatide compared with disease control mice, but the beneficial effect of sulfatide disappeared by injection of
anti-CD1d Ab (300 �g/mouse) or anti-CXCL16 Ab (500 �g/mouse) (n � 6/each group; *P � 0.05; **P � 0.01). (E) The blocking of cellular trafficking
was assessed by V�14 mRNA expression. Administration of anti-CD1d Ab significantly suppressed intrarenal expression of V�14. V�14 mRNA
expression was not recovered by the administration of sulfatide (upper panel). Sulfatide administration enhanced the expression of IL-10 after IRI,
but it was downregulated by the blocking of NKT cell recruitment regardless of cellular activation (lower panel) (*P � 0.05). DAPI, 4’,6’diamino-2-
phenylindole-2HCl; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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cellular trafficking was further confirmed by V�14 mRNA ex-

pression. By the administration of anti-CD1d Ab, the intrare-

nal expression of V�14 was almost completely inhibited and

could not be restored by the administration of sulfatide. IL-10

expression was enhanced by sulfatide-induced activation of

NKT cells, but it was downregulated by the blocking of NKT

cell recruitment, regardless of cellular activation (Figure 3E).

Cellular and Molecular Mechanisms of the Protective

Effect of Sulfatide-reactive NKT Cells against IRI

In sham-operated mice (B6), CD44� T cells constituted 36 to

38% of the intrarenal mononuclear cells, but IRI induced the in-

crement of intrarenal T cell population. In vivo administration of

sulfatide significantly reduced the number of T cells in wild-type

and B6.J�18�/� mice but not in B6.CD1d�/� mice. Again, the

adoptive transfer of NKT cells reduced the intrarenal T cell pop-

ulation (Figure 4A). The intrarenal infiltration of inflammatory

cells showed kinetics similar to that of T cells. Macrophage infil-

tration, which was prominent after IRI, was markedly inhibited by

in vivo administration of sulfatide. However, the blocking of NKT

cell recruitment by an anti-CD1d Ab induced a prominent mac-

rophage infiltration (Figure 4B).

The molecular mechanism of the beneficial effect of sul-

fatide-reactive NKT cells was probed in the context of HIF

pathway. HIF-1� expression was enhanced by IRI, and NKT-

cell activation by sulfatide further increased HIF-1� expres-

sion. By the administration of anti-CD1d Ab, HIF-1� expres-

sion was downregulated irrespective of NKT-cell activation

(Figure 5A). The target genes of HIF-1� showed similar pat-

terns of expression. Glucose transporter-1 (GLUT-1), vascular

endothelial growth factor (VEGF), and erythropoietin (EPO)

were upregulated by IRI and were further enhanced by sulfatide

administration, but the inhibition of NKT cell recruitment de-

creased the expression levels of target genes (Figure 5B).

Activation of NKT Cells Prevents Hypoxic Damage in

Tubular Epithelial Cells (TECs) via HIF-1 and IL-10

Pathways

The physiologic role of sulfatide-reactive NKT cells was further

evaluated using an in vitro cell culture system. Mouse TECs and

NKT cells were grown separately using the TranswellTM sys-

tem. TECs proliferated well under normoxic conditions, and

their proliferation was significantly hampered under hypoxic

conditions, but sulfatide-activated NKT cells partially restored

the proliferation of TECs (Figure 6A). The changes of various

cytokine expression were measured using the Bio-Plex

method. IFN-� and IL-12, which were upregulated by hypoxia,

were downregulated by sulfatide-activated NKT cells, but the

concentration of IL-10 was increased by NKT-cell activation

(Figure 6B). Under hypoxia, human TECs showed reduced

proliferation. However, sulfatide-induced activation of

sorted human NKT cells restored their proliferative capacity

to a level similar to that observed under normoxia (Figure

6C). Like in a murine in vitro system, human NKT-cell ac-

tivation resulted in downregulation of proinflammatory cy-

tokines (such as IL-8 and IL-6) and upregulation of IL-10

(Supplemental Figure 2).

The crosstalk between NKT cells and HIF-1� was further

delineated. When human TECs were exposed to hypoxia, the

apoptotic process progressed with little change in HIF-1� ex-

pression. The sulfatide-induced activation of human NKT

cells, however, prevented hypoxic TECs from undergoing ap-

optosis with an increase in the expression level of HIF-1� (Fig-

ure 6D). The role of IL-10 pathway in NKT cell was also further

investigated. Sulfatide-activated type II NKT cells (sorted from

Figure 4. Effect of natural killer T (NKT)-cell activation on cellular
recruitment. (A) In sham controls (B6), CD44�T cells were 36 to
38% of intrarenal mononuclear cells. Ischemia-reperfusion injury
(IRI) increased the number of intrarenal T cells. In vivo adminis-
tration of sulfatide reduced the number of CD44�T cells after IRI
in wild-type and B6.J�18�/� mice but not in B6.CD1d�/� mice.
The adoptive transfer of NKT cells reduced the intrarenal T cell
population. (B) Macrophage (F4/80�) infiltration was prominent
after IRI (first row) and was markedly inhibited by in vivo admin-
istration of sulfatide (second row). The blocking of NKT cell re-
cruitment by anti-CD1d Ab induced prominent macrophage infil-
tration regardless of sulfatide administration (third and fourth row)
(magnification, �200). DIC, differential interference contrast.
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B6.J�18�/� mice) rescued TEC proliferation under hypoxia, but

with the use of blocking anti-IL-10 antibody (Ab), the protective

capacity of NKT cells was abolished (Figure 6E). The relationship

between HIF and IL-10 was further examined using a mouse cell

line. DN32.D3, a murine NKT cell line, showed the significant

upregulation of HIF-1� after sulfatide activation or by rIL-10 un-

der hypoxic conditions. Again, IL-10 blocking using an anti-IL-10

Ab abolished the upregulation of HIF-1� that was induced by

sulfatide activation (Figure 6F, left panel). VEGF, one of the target

genes of HIF-1�, showed expression patterns similar to those of

HIF-1� (Figure 6F, right panel).

Finally, we investigated the role of NKT cells in human dis-

ease. Very few NKT cells (CD3�V�24�) were found in normal

human kidney specimens, but in kidney biopsy tissues from

patients with acute tubular necrosis (ATN), NKT cells were

observed with an increased frequency (Figure 7). The number

of NKT cells observed in human renal tissue varied according

to the severity of ATN. In patients with severe renal dysfunc-

tion, for whom renal replacement therapy was instituted, NKT

cells were found less frequently than in patients for whom renal

replacement therapy was not necessary (Table 1 and Figure 8).

DISCUSSION

In this study, we demonstrated the protective effects of NKT

cells, especially sulfatide-reactive type II NKT cells against IRI.

The trafficking of NKT cells into the site of injury occurred,

and the activation of type II NKT cells modulated the cytokine

secretion and inflammatory cell infiltration. The protective ca-

pacity of sulfatide-reactive type II NKT cells was associated

with their ability to enhance the HIF-1� and IL-10 pathways.

Finally, we demonstrated that NKT cells were present and ac-

tively participated in the process of ATN in human disease.

These findings suggest that NKT cells, especially type II NKT

cells, are feasible therapeutic targets for human disease.

Ischemia-reperfusion injury is the result

of multi-step reactions, including nonim-

mune and immune responses. Accumula-

tion of neutrophils and macrophages is a

hallmark of acute kidney injury.27 Also, the

adaptive immunity contributes to renal

IRI,3,28 and skewing to Th1 or Th2 environ-

ment dictated the degree of severity by IRI.6

Also the regulation of injury by certain cell

types such as Foxp3�CD4�CD25� Tregs is

highlighted recently.7,8

We assumed that the distinctive role of

NKT cell subsets might be critical for deter-

mining the magnitude of inflammation

caused by IRI. Although NKT cells have

been shown to be important regulators of

the immune response, there are several

functionally distinct types of cells present.

Type II NKT cells have not been investi-

gated as thoroughly as type I NKT cells, but several studies have

shown that these cells are protective against the development

of autoimmune diseases.26,29 The activation of type II NKT

cells by sulfatide prevented the development of EAE and hep-

atitis in mice.25 Plasma concentration of sulfatide was in-

creased rapidly after IRI and decreased thereafter. Therefore

ischemic insult may provide the chance of NKT-cell activation

(Supplemental Figure 3).

Activated NKT cells have been shown to secrete soluble fac-

tors in situ and to migrate directly to and act at the site of

injury.10,30 We further confirmed the notion that NKT cells

might suppress inflammation at the site of injury. Usually, IRI

induces tubular necrosis in outer medullary area. As shown in

our work, the transferred NKT cells were localized at the tubu-

lointerstitial area where the ischemic insult was most promi-

nent. In addition, we observed that the ischemic injury was

worsened by blocking of NKT cell recruitment, and the degree

of renal infiltration of NKT cells in ATN patients seemed to be

inversely correlated with the severity of ATN. These results

suggest that NKT cells recruited in the injured tissues might

reduce the extent of injury. Although the results we have ac-

quired appear to differ from those obtained by Li et al.,13 this

study do not produce contradictory outcomes. They aimed to

prove the hypothesis that the early activation of type I NKT cell

increases IFN-� production, which plays a role in the kidney

damage caused by IRI. In this study, on the other hand, we

tried to evaluate the functional importance of type I and II

NKT cells, and we investigated the effect of the specific activa-

tion of NKT cells on postischemic kidney and scrutinized dif-

ferential roles of type I and type II NKT cells in the early injury

phase of IRI. Another important point is that the severity of

disease is quite different between two works, i.e. in previous

work, the peak serum creatinine at 24 hours was 0.7 mg/dl,

whereas our study yielded a higher level of damage at 1.59

mg/dl with wild-type mice. Also, we did not find significant

protective effects by anti-CD1d mAb, although the recruit-

Figure 5. Changes of HIF-1 and its target genes in ischemia-reperfusion injury (IRI).
(A) HIF-1� expression was enhanced by IRI, and sulfatide administration after IRI
increased HIF-1� expression further. Administration of anti-CD1d Ab reduced
HIF-1� expression irrespective of sulfatide administration (*P � 0.05; **P � 0.01).
(B) GLUT-1, VEGF, and EPO were upregulated by IRI and were further enhanced by
sulfatide administration. NKT cell blocking by anti-CD1d Ab diminished the ex-
pression of the target genes (*P � 0.05; **P � 0.01).
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Figure 6. Effect of NKT-cell activation on hypoxia. (A) Mouse TECs (3�104/well) and NKT cells (6�104/well) were grown separately in a
TranswellTM system. Hypoxia hampered cell proliferation measured by MTS assay, but sulfatide-induced activation of natural killer T (NKT)
cells significantly rescued cell proliferation in hypoxic condition (*P � 0.05). (B) Sulfatide-induced activation of NKT cells differentially
regulated the expression of various cytokines measured using the Bio-Plex method. IFN-� and IL-12, which were upregulated by hypoxia,
were downregulated by sulfatide-activated NKT cells, but the concentration of IL-10 was increased by NKT-cell activation. (C) Sulfatide-
induced activation of human NKT cells rescued human TEC proliferation under hypoxic condition (*P � 0.05). (D) Apoptosis of human TECs
was assessed by TUNEL method. Hypoxia induced the apoptosis of human TECs, but the activation of NKT cells by sulfatide reduced the
apoptosis with the enhancement of HIF-1� (magnification, �600; *P � 0.05; **P � 0.01). (E) Activated type II NKT cells rescued cell
proliferation of mouse TECs under hypoxic conditions, but the rescued cell proliferation was hampered by the blocking of IL-10 signaling
(*P � 0.05; **P � 0.01). (F) DN32.D3, murine NKT cell line, were activated by sulfatide in the presence and absence of IL-10 signals. Enhanced
expression of HIF-1� and VEGF was suppressed by the blocking of IL-10 signaling (*P � 0.05; **P � 0.01). ns, not significant.
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ment of NKT cells was significantly blocked (Figure 3, D and

E). The same cells may have exerted the differential effect ac-

cording to the degree of stimuli.10

Key factors in the cellular adaptation to hypoxia include

HIF-1 and HIF-2, which are heterodimeric transcription fac-

tors that consist of an oxygen-sensitive �-subunit and a con-

stitutively expressed �-subunit.31 Renal oxygen concentration

may vary by site, which offers more a vulnerable environment

for renal medulla in hypoxia. HIF-1 and HIF target genes such

as EPO, VEGF, and GLUT-1 are upregulated as an adaptive

response to hypoxia.32–34 Previous studies have demonstrated

that chemical preactivation of HIF protected renal IRI and

induced upregulation of HIF-target genes.35,36 Although

HIF-1� expression was marginally enhanced by IRI or hypoxia

only in our study, NKT activation by sulfatide increased

HIF-1� expression significantly. Also, the target genes showed

similar patterns of expression. This result is consistent with the

results of earlier studies. IRI contributes to the innate and adap-

tive immune responses that occur during transplantation. IRI

may induce acute allograft dysfunction via dendritic cell matura-

tion that is influenced by HIF regulation. Previous work showed

that rapamycin attenuated dendritic cell differentiation, HIF-1�

expression, and its target gene expression in a dose-dependent

manner.37 The link between hypoxia and immune response was

recently evaluated.38 Hypoxia induced an increase of HIF-1� in T

Table 1. Acute tubular necrosis and natural killer T (NKT) cell infiltration in human kidney

Case Age Gender Comorbid Condition RRT Number of NKT Cellsa

1 48 Male Diabetic nephropathy No 2

2 63 Female Minimal change disease Yes 3

3 80 Male Minimal change disease No 3

4 72 Male Diabetes mellitus Yes 3

5 46 Female Sepsis Yes 4

6 41 Female Immune mediated glomerulonephritis No 5

7 76 Female Hypertension Yes 6

8 37 Female Thrombotic microangiopathy No 7

9 46 Female Hepatitis A Yes 8

10 31 Female Hypercalcemia No 9

11 18 Female Focal segmental glomerulosclerosis No 9

Calcineurin inhibitor toxicity

12 25 Female None No 11

13 37 Male Henoch Schönlein nephritis No 12

14 69 Female Minimal change disease No 12

15 67 Female Minimal change disease No 14

16 53 Female Diabetes mellitus Yes 15

17 28 Female Hepatitis A Yes 16

18 45 Male Focal segmental glomerulosclerosis No 16

19 81 Female Focal segmental glomerulosclerosis Yes 16

20 78 Female IgA nephropathy No 17

21 24 Female Hepatitis A No 31

22 60 Female Bronchiectasis No 40

23 62 Male Diabetes Mellitus No 77

ATN, acute tubular necrosis; RRT, renal replacement therapy.
aNumber of total NKT cells counted in five randomly selected fields.

Figure 7. Presence of NKT cells in human renal tissues of acute
tubular necrosis (ATN). CD3 and V�24 were traced by confocal
microscopy (magnification �800). CD3�V�24� cell were more
frequently found in patients with ATN. DIC, differential interfer-
ence contrast. Figure 8. Requirement of dialysis therapy in patients with ATN

compared according to the number of total NKT cells in kidney
tissues. Dialysis was instituted more frequently when fewer NKT
cells were present in kidney.
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cells and increased the potency of regulatory T cells. Furthermore,

HIF-1� itself induced an increase in Foxp3 expression as well as in

the number of functionally active Tregs. In our study, the sul-

fatide-induced activation of type II NKT cells enhanced HIF-1�

and IL-10 expression. Clearly, blocking of NKT cell recruitment

and IL-10 signaling abolished the beneficial effects of activated

type II NKT cells with the downregulation of HIF-1� expression.

IL-10 is also indispensable for exerting the protective property of

Tregs.39

Finally, we demonstrated the significance of the presence of

NKT cells in human renal tissue with ATN. We performed

kidney biopsy in these ATN patients because the patients

showed atypical clinical manifestations or had unknown etiol-

ogy of ATN. NKT cells (CD3�V�24�) were found rarely in

normal human kidney tissue but frequently found in kidney

tissue from patients suffering from ATN. The number of NKT

cells varied according to the severity of ATN and the timing of

kidney biopsy. Although the causes and severity of ATN were

diverse in the tissue samples we studied, NKT cells were clearly

present in human renal tissues after ischemic damage oc-

curred. In patients with severe renal dysfunction, for whom the

renal replacement therapy was instituted, NKT cells were

found less frequently than in patients with less severe renal

dysfunction for whom renal replacement therapy was not nec-

essary. The result supports our observations that NKT cells

play a beneficial role in the renal IRI.

In conclusion, our data demonstrate a significant protective

role for NKT cells, especially sulfatide-reactive type II NKT

cells, in acute kidney injury caused by ischemia-reperfusion.

Modulation of cellular infiltration and cytokine expressions

along with molecular changes such as HIF-1 and IL-10 are the

main mechanisms for the protection. In the future, large-scale

prospective investigations should be undertaken to provide a

more comprehensive understanding of the role of NKT cells in

human disease.

CONCISE METHODS

All of the experiments were performed under the approval of the Institu-

tional Animal Care and Use Committee of Clinical Research Institute at

Seoul National University Hospital and in accordance with the Guide-

lines for the Care and Use of Laboratory Animals of the National Re-

search Council. All of the experiments dealing with human products were

also approved by the internal review board of our institution.

Experimental Animals
Male C57BL/6 (B6; 7- to 8-week-old) mice were purchased from Ori-

ent Company (Seoul, Korea). B6.CD1d-deficient (B6.CD1d�/�) and

B6.J�18-deficient (B6.J�18�/�) mice were originally generated by

Van Ker and Taniguchi.40,41 All of the mice were raised in a specific

pathogen-free animal facility.

Induction of Renal IRI
The mice were anesthetized with ketamine (100 mg/kg of body

weight) and pentobarbital sodium (50 mg/kg of body weight Nembu-

tal; Abbott, Wiesbaden, Germany). After bilateral flank incisions,

both renal pedicles were crossclamped for 30 minutes with microan-

eurysm clamps (Roboz Surgical Instrument Co., Gaithersburg,

MD).42 During the procedure, the animals were placed on heating pad

(37°C). Prewarmed (37°C) PBS (400 �l) was administered subcuta-

neously for optimal fluid balance. The mice were sacrificed 24 hours

after reperfusion (n � 6 to 8/group). Sham-operated mice received

the same surgical procedure except for the clamping of renal pedicles.

In another set of experiments, anti-CD1d mAb (clone 1B1; 300 �g/

mouse per day for �1 and 0 days, purified from hybridomas) or

anti-CXCL16 mAb (500 �g/mouse for �1 and 0 days; R & D, Min-

neapolis, MN) was used to inhibit CD1d-restricted NKT cell recruit-

ment (controls were treated with rIgG2b) or neutralize CXCL16 bio-

activity. Renal function was evaluated by serum creatinine levels.

Creatinine concentration (�mol/L [mg/dl]) was measured with the

modified Jaffé rate reaction using autoanalyzer (Hitachi Chemical

Industries, Ltd., Osaka, Japan).

For a detailed explanation of methods relative to in vitro and in

vivo manipulations, immunohistochemistry, Western blot, flow cy-

tometry, quantitative real-time PCR, confocal microscopy, hypoxia-

reoxygenation procedure, human and mouse tubular epithelial cell

isolation, and culture, please see the online supplemental data.

Statistical Analyses
The results are expressed as the means � SD or the means � SEM

where appropriate. Statistical analysis was performed using GraphPad

Prism 5.0 (GraphPad Software, Inc., San Diego, CA). To compare

more than two groups, one- or two-way ANOVA statistical analysis

using Tukey test was performed. Statistical significance was deter-

mined at P � 0.05.
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