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Phenotypic and Functional Characterization of
Kidney-Infiltrating Lymphocytes in Renal Ischemia
Reperfusion Injury1

Dolores B. Ascon,* Sergio Lopez-Briones,* Manchang Liu,* Miguel Ascon,*
Vladimir Savransky,* Robert B. Colvin,† Mark J. Soloski,* and Hamid Rabb2*

T and B lymphocytes have been implicated in the pathogenesis of renal ischemia reperfusion injury (IRI). The trafficking of
lymphocytes into kidneys during IRI has been postulated to underlie this effect, but has not been rigorously studied. We therefore
characterized the lymphocyte populations infiltrating into mouse kidneys 3 and 24 h after renal IRI. Immunohistochemistry and
flow cytometry staining of kidney lymphocytes showed increased trafficking of CD3� T cells and CD19� B cells in both sham-
operated and IRI mice 3 h after renal IRI. In the IRI mice, increased infiltration of NK1.1� and CD4�NK1.1� cells compared with
normal and sham-operated mice was observed 3 and 24 h after renal IRI, respectively. After 24 h of renal IRI, the decreased
percentages of CD3�, CD19�, and NK1.1� populations in the IRI mice compared with control groups were observed. Increased
TNF-� and IFN-� production of kidney infiltration CD3� T cells in IRI mice but not sham-operated mice was found. Unexpect-
edly, isolation and transfer of kidney-infiltrating lymphocytes 24 h after renal IRI into T cell-deficient mice reduced their func-
tional and histological injury after renal IRI, suggesting that kidney-infiltrating lymphocytes could have a protective function.
These quantitative, qualitative, and functional changes in kidney lymphocytes provide mechanistic insight into how lymphocytes
modulate IRI, as well as demonstrating that abdominal surgery alone leads to lymphocyte changes in kidney. The Journal of
Immunology, 2006, 177: 3380–3387.

R enal ischemia reperfusion injury (IRI)3 is a major cause
of acute renal failure associated with a high rate of mor-
tality in patients with native kidneys and early kidney

dysfunction with enhanced rejection in patients with transplanted
kidneys (1). Several inflammatory mediators have been identified
in the pathogenesis of renal IRI, including infiltration of neutro-
phils and macrophages, activation of complement fraction C5a and
membrane attack complex, and up-regulation of cytokines, che-
mokines, and leukocyte adhesion molecules ICAM-1 and
VCAM-1 (2–6). Recent studies have identified T lymphocytes as
important mediators in renal IRI (7–9) as well as IRI of the liver
(10, 11) and the lung (12). Adoptive transfer of wild-type CD4� T
cells into athymic mice (nu/nu), which were partially protected
from IRI, restored renal injury phenotype. However, transfer of
CD4� T cells deficient in either the molecule CD28 or the ability
to produce IFN-� were unable to restore the ischemic injury in
nu/nu mice (8). Subsequent studies investigated the CD4� T cell
subsets Th1 or Th2 and their contribution in renal IRI using
STAT4 and STAT6 knockout mice, finding that STAT6 deficiency

conferred enhanced kidney injury and mild improvement of renal
function in the STAT4- deficient group (13) similar to findings in
liver IRI (14). B cell-deficient mice were also protected from isch-
emic injury, supporting the role of the adaptive immune system in
the pathogenesis of renal IRI (15). Intriguingly, no protection from
renal IRI was observed in the RAG-1-deficient mouse which lacks
both T and B lymphocytes (16, 17). Enhanced NK cell activity in
these mice was implicated. Taken together, these studies illustrate
the complexity of the mechanisms involving T lymphocytes in
renal IRI.

Despite several studies demonstrating a role for lymphocytes in
renal IRI, there have been no rigorous studies to date to determine
whether lymphocytes orchestrate kidney injury from the affected
organ or from a distant site possibly releasing inflammatory cyto-
kines. The limited studies on infiltrating lymphocytes in postisch-
emic mouse kidneys are due, in part, because of difficulties in
isolating the smaller number of lymphocytes involved in acute
renal failure compared with the massive infiltration of CD8� T
cells in kidney allograft rejection (18). Infiltration of CD4 and CD8
T cells has been reported in rat kidneys 3 days after ischemia (19).
In contrast, very early infiltration of CD3int T cells (intermediate
cells with phenotype CD3intIL-2R��) was observed in mouse kid-
neys that underwent ischemic injury (20). There is no information
to date about the role of NK cells and NKT cells in renal IRI,
which has been recently found to be important mediators in liver
IRI (21).

To better understand the role of lymphocytes in the pathophys-
iology of renal IRI, we used immunohistochemistry and found
lymphocyte trafficking into kidneys of sham-operated and IRI
mice. We then optimized a technique to effectively elute lympho-
cytes from mouse kidneys and characterized these lymphocyte
populations. Flow cytometry analysis of kidney mononuclear
cells (KMNC) identified the following lymphocyte phenotypes
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CD3�, CD4�, CD4�NK1.1�, CD8�, CD19�, and NK1.1� cells
in normal mice (no surgery), sham-operated (laparotomy), and IRI
mice (laparotomy and 30-min ischemia). We found that early traf-
ficking of CD3� T cells and activation of CD4� and CD8� T cells
into kidneys of sham-operated and IRI mice were largely due to
laparotomy and surgical trauma alone. However, the trafficking of
the populations NK and NKT cells into postischemic kidneys was
closely correlated with increased serum creatinine and kidney in-
jury and not sham surgery. In addition, infiltrating CD3� T cells
increased proinflammatory cytokine production in IRI mice but not
in sham-operated mice, which illustrates the importance of func-
tional changes in infiltrating lymphocytes independent of traffick-
ing alone. Finally, we isolated kidney-infiltrating lymphocytes
24 h after renal IRI and transferred the cells into T cell-deficient
mice, and found that adoptive transfer of these lymphocytes un-
expectedly improved structural and functional outcome after IRI.

Materials and Methods
Mice

Male C57BL/6J wild-type and T cell-deficient nu/nu mice (B6.Cg-
Foxn1�), 5–10 wk of age, were purchased from The Jackson Laboratory
and Taconic Farms, respectively. The mice were maintained under specific
pathogen-free conditions. All experiments were performed in accordance
with the guide for the Animal Care and Use Committee guidelines.

Mouse renal IRI model

An established model of renal IRI in mice was used (7). Briefly, male mice
were anesthetized with an i.p. injection of sodium pentobarbital (75 mg/
kg). Following abdominal incisions, renal pedicles were bluntly dissected
and a microvascular clamp (Roboz Surgical Instrument) was placed on
each renal pedicle for 30 min. During the procedure, animals were kept
well hydrated with warm saline and at a constant temperature (37°C). After
a 30-min ischemia, the clamps were removed, and the wounds were su-
tured. Then the animals were allowed to recover, with free access to food
and water. Sham-operated mice underwent the same surgical procedure
without clamping of the renal pedicle.

Assessment of renal function

Blood samples were obtained at 0, 3, 24, 48, and 72 h after renal IRI.
Serum creatinine levels (milligrams per deciliter) were measured to mon-

itor renal function using a commercial creatinine kit (Randox) and an au-
toanalyzer (Roche).

Histology

At 0, 3, 24, and 72 h of renal IRI, kidneys were dissected from mice and
tissue slices were fixed in 10% formalin. For histological examination,
formalin tissues were embedded in paraffin and 4-�m sections were stained
with H&E.

Immunohistochemistry

Immunohistochemistry staining for T cells was performed on formalin-
fixed kidney tissue. Kidney sections (4 �m) were immersed in 3% hydro-
gen peroxide methanol for 5 min to block endogenous peroxidase. For Ag
retrieval, slides were pressure cooked in Ag-decloaker solution (Biocare
Medical) for 3 min. After treatment with normal goat serum (1/100) and
two drops of avidin D (100 mg/ml PBS), polyclonal rabbit anti-human/
mouse CD3 Ab was added to the sections at a 1/200 dilution (Calbiochem).
Sections were then incubated overnight at 4°C. An isotype primary Ab was
used as a background staining control. Sections were then rinsed in PBS
and treated with biotin (10 �g/L PBS) to block the biotin binding sites.
After three washes in PBS, the slides were incubated with a biotin-conju-
gated goat anti-rabbit IgG secondary Ab (Vector Laboratories) for 35 min
at room temperature. Sections were once again washed, and were then
incubated for 45 min with streptavidin peroxidase (Biogenex). Kidney sec-
tions were exposed with romulin AEC chromogen (Biocare Medical) to
visualize the immunocomplex and counterstained with hematoxylin. All
kidney sections were examined by a pathologist and a nephrologist in a
blinded fashion. Ten high-powered fields were counted in the area of the
corticomedullary junction, and the total number of cells was quantified
(cells per 10 HPF).

Isolation of lymphocytes from mouse kidneys

At the time of sacrifice, mice were first exsanguinated and then both kid-
neys were collected. Lymphocytes were isolated from two decapsulated
kidneys by modifying a protocol previously used to isolate intestinal in-
traepithelial lymphocytes (22). Kidney tissue was disrupted mechanically
in 10 ml of RPMI 1640 medium supplemented with 5% of newborn calf
serum using a Stomacher 80 Biomaster (Sewart). To remove debris, sam-
ples were passed through a glass wool column prewashed with 50 ml of
RPMI 1640 medium with 5 mM HEPES at 37°C. The resulted cell sus-
pension was centrifuged at 300 � g for 10 min to pellet the cells. The pellet
was then suspended in 36% Percoll (Amersham Pharmacia), gently over-
laid onto 72% Percoll, and centrifuged at 1000 � g for 30 min at room
temperature. Cells were isolated from the Percoll interface and washed
twice in medium at 300 � g for 10 min at 4°C. Samples were resuspended

FIGURE 1. Kidney dysfunction in mice following a 30-min bilateral ischemia. Rise in serum creatinine of IRI mice (F) compared with normal (Œ) and
sham-operated (E) mice 3 and 24 h after renal IRI. Serum creatinine is expressed as mean � SE of three independent experiments (n � 8/group; p � 0.05).
Histological kidney injury assessment in tissue sections stained with H&E. A, Normal mouse kidney (no IRI). B and C, Sham-operated mice kidneys
showing normal histology 3 and 24 h after surgery, respectively. D, IRI mouse kidney showing same proteinaceous casts in tubules 3 h after renal IRI. E,
IRI mouse kidney showing severe damage 24 h after renal IRI. Original magnification, �20.
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in 250 �l of RPMI 1670 medium and the number of KMNC was assessed
using trypan blue exclusion on a hemocytometer, and results were ex-
pressed as number of KMNC per two kidneys. The absolute number of
infiltrating CD3� T cells and CD19� B cells into postischemic kidneys was
calculated by multiplying the total number of KMNC by the percentage of
positive cells determined by flow cytometry.

Antibodies

The fluorochrome-conjugated mAbs to mouse Ags used for flow cytometry
analysis were: anti-CD16/CD32 (2.4G2), anti-CD3� allophycocyanin
(145-2C11), anti-CD4 PerCP (RM4-5), anti-CD8b FITC (53-5.8), anti-
CD19 PE (1D3), anti-CD69 PE (H1.2F3), anti-CD25 PE (3C7), and anti-
NK1.1 PE (PK136) (BD Pharmingen).

Flow cytometry analysis

KMNC (�105 cells) were preincubated with anti-CD16/CD32 Fc receptor
for 10 min to minimize nonspecific Ab binding. Cells were then incubated
with various combinations of mAbs for 25 min at 4°C, washed twice with
FACS buffer, and fixed with 1% paraformaldehyde. Three-color immuno-
fluorescence staining was analyzed using a FACSCalibur instrument (BD
Biosciences). The lymphocytes were gated using forward and side scatter
to exclude debris and dead cells, then 10,000 events were acquired in each
assay for analysis. The data were analyzed using CellQuest software (BD
Biosciences).

Intracellular cytokines staining by flow cytometry

Freshly isolated KMNC were stimulated with 5 ng/ml PMA and 500 ng/ml
ionomycin (Sigma-Aldrich) in the presence of monensin. The samples
were incubated for 4 h at 37°C in a 5% CO2 humidified atmosphere incu-
bator. Surface staining of stimulated cells was performed with mAb anti-
CD3 for 25 min at 4°C. Then, cells were permeabilized with perm/wash
solution for 20 min and stained with PE-conjugated mAb anti-TNF-� and
anti-IFN-� or the appropriate isotype-matched control Abs.

Adoptive transfer of KMNC from ischemic wild-type mice to T
cell-deficient mice

To study the functional role of lymphocytes infiltrating into postischemic
kidneys, we isolated KMNC from wild-type mice 24 h after renal IRI. Cells
(1.1 � 106) were transferred by i.v. injection into T cell-deficient mice. The
lymphocytes transferred to nu/nu mice were CD3� T cells (46%), CD4� T
cell (22%), CD8� T cells (12%), and CD19� B cells (17%). After 24 h,
renal ischemia was induced both in the nu/nu mice that received the
KMNC and in the control nu/nu mice group only receiving saline. Assess-

ment of postischemic renal function was monitored at 0, 24, 48, and 72 h
after renal IRI. Tissue histological examination was performed 72 h after
renal IRI.

Statistical analysis

Data are expressed as mean � SE. Statistical comparisons between groups
were performed by one-way ANOVA test. For paired data, Student’s t test
was used. Statistical significance was determined as a p � 0.05. Analysis
was accomplished using Sigma Stat 3.0.

Results
Assessment of renal function and histology changes after renal
IRI

Kidney function of mice that underwent a 30-min ischemic injury
was evaluated by following serum creatinine levels 3 and 24 h
after renal IRI. After 3 h of renal IRI, a significant increase in
serum creatinine of IRI mice (n � 8, 1.18 � 0.08 mg/dl) when
compared with normal (n � 8, 0.50 � 0.05 mg/dl; p � 0.002) and
sham-operated (n � 8, 0.70 � 0.06 mg/dl; p � 0.001) mice was
observed. After 24 h of renal IRI, serum creatinine significantly
increased in the IRI mice (n � 8, 2.83 � 0.17 mg/dl) as compared
with control groups ( p � 0.001). In the sham-operated mice, se-
rum creatinine was slightly increased compared with normal mice
3 h after surgery (Fig. 1). The kidney structural injury in the cortex
and the medulla of IRI mice is shown in Fig. 1. Compared with
kidneys of normal mice (Fig. 1A) and kidneys of sham-operated
mice 3 (Fig. 1B) and 24 h (Fig. 1C) after surgery, IRI mice show
slightly tubular epithelial necrosis 3 h after renal IRI (Fig. 1D) and
significant tubular injury with loss of tubular structure 24 h after
renal IRI (Fig. 1E).

Early trafficking of CD3� T lymphocytes into postischemic
kidney determined by immunohistochemistry

Using immunohistochemistry staining, we found CD3� T lympho-
cytes in normal mouse kidneys (18 � 12 cells per 10 HPF) (Fig.
2A). In sham-operated mice, the number of CD3� T cells was
slightly increased 3 h after surgery (21 � 7 cells per 10 HPF; Fig.
2B) followed by a decrease 24 h after surgery (7 � 8 cells per 10

FIGURE 2. Number of CD3� T lymphocytes in mouse kidneys determined by immunohistochemistry. A, Normal mouse kidney (no IRI) showing few
CD3� T cells. B and C, Kidneys from sham-operated mice showing a slight increase of CD3� T cells 3 h after renal IRI and few cells 24 h after renal
IRI, respectively. D and E, IRI mice kidneys showing a slight increase of CD3� T cells 3 h after renal IRI and few T cells 24 h after renal IRI, respectively.
n � 5/group. Original magnification, �20.
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HPF; Fig. 2C) when compared with normal mice. Similarly, in the
IRI mice we observed a slight increase of CD3� T cells 3 h after
renal IRI (22 � 17 cells per 10 HPF; Fig. 2D) in the peritubular
capillaries, particularly in the medullary outer stripe in kidneys,
followed by a decrease 24 h after renal IRI (4 � 3 cells per 10
HPF; Fig. 2E). These results demonstrate that the “sham isch-
emia,” which includes anesthesia and laparotomy, but minimal
handling of the kidney, itself induces infiltration of T lymphocytes
into mouse kidneys.

Increased infiltration of mononuclear cells into postischemic
kidneys

To better characterize the lymphocytes infiltrating into postisch-
emic kidneys, we optimized a technique to efficiently elute mouse
KMNC using a mechanical disruption technique followed by a
Percoll gradient separation. The total number of KMNC recovered
from both kidneys of normal mice was 8.87 � 105 � 2.16 � 105

cells (n � 8). Although 3 h after renal IRI serum creatinine of IRI
mice was greater than that of control groups, we observed a similar
increased number of KMNC in both sham-operated (3.26 � 106 �
1.95 � 106 cells) and IRI (3.80 � 106 � 1.41 � 106 cells; p �
0.027) mice when compared with normal mice (Fig. 3). Surpris-
ingly, 24 h after renal IRI, while IRI mice exhibit a significant rise
of serum creatinine and severe kidney structure damage, the num-
ber of KMNC in these mice (7.15 � 105 � 2.42 � 105 cells) was
lower than that of sham-operated (8.30 � 105 � 1.26 � 105 cells)
and normal mice; however, the differences were not significant.
These results demonstrated that laparotomy with anesthesia alone
increases early infiltration of KMNC into kidneys of sham-oper-
ated and IRI mice.

Phenotype of mouse kidney lymphocytes

To characterize the intrarenal lymphocytes, mice were exsangui-
nated before the kidneys were collected to minimize contamination
with lymphocytes from peripheral blood. Three-color flow cytom-
etry analysis of freshly isolated KMNC from mouse kidneys re-
vealed the presence of numerous lymphocyte subsets which in-
clude: CD3�, CD4�, and CD8� T cells, CD4�NK1.1�, NK1.1�

(phenotype CD3�NK1.1�) cells, and CD19� B cells (Figs. 4-6).
The predominant population in mouse kidneys was CD3� T cells.
These data show the diversity of lymphocyte populations in mouse
kidneys.

T and B lymphocytes infiltrating into mouse kidneys

After 3 h of renal IRI, we observed an increased number of CD3�

T cells in sham-operated (1.71 � 106 � 1.02 � 106 cells) and IRI
(1.84 � 106 � 0.74 � 106 cells; p � 0.022) mice compared with
normal mice (0.35 � 106 � 0.13 � 106 cells). However, 24 h after
renal IRI, while the number of CD3� T cells in sham-operated
mice (0.42 � 106 � 0.06 � 105 cells) reached normal levels, a
decreased number of these cells was observed in IRI mice (0.25 �
106 � 0.13 � 106 cells; p � 0.040; Fig. 4A).

In view of recent studies showing a protection in B cell-deficient
mice from renal IRI (15), we evaluated the infiltration of B lym-
phocytes into postischemic kidneys. After 3 h of renal IRI, there
was a similar increased number of CD19� B cells in sham-oper-
ated (5.88 � 105 � 3.35 � 105 cells) and IRI (5.99 � 105 �
2.07 � 105 cells) mice when compared with normal mice (2.99 �
105 � 0.98 � 105 cells). However, 24 h after renal IRI, the number
of CD19� B lymphocytes decreased significantly in the IRI mice
(0.73 � 105 � 0.32 � 105 cells) compared with normal ( p �
0.041) and sham-operated (2.52 � 105 � 0.53 � 105 cells; p �
0.019) mice (Fig. 4B).

CD4� T lymphocytes infiltrating into postischemic kidneys

Since previous studies have demonstrated that the CD4 T cells
play an important role in the pathogenesis of renal IRI (8), we
examined the trafficking of CD4� and CD8� T cell subsets into
kidneys after ischemic injury. After 3 h of renal IRI, the percent-
ages of CD4� and CD4�NK1.1� cells increased similarly in both
sham-operated and IRI mice as compared with normal mice (Fig.
5, A and B). However, 24 h after renal IRI, while the percentage of
CD4� T cells in the IRI mice was similar to that of control groups,
the percentage of CD4�NK1.1� cells increased (3.2% � 0.59%)
when compared with normal (1.2% � 0.24%; p � 0.010) and
sham-operated (1.6% � 0.17%) mice (Fig. 5C). The percentage of
CD8� T cells was similar in all groups 3 and 24 h after renal IRI
and no expression of NK1.1 Ag was observed on these cells (Fig.
5). These results demonstrate that laparotomy itself induces infil-
tration of CD4� and CD4�NK1.1� cells early after performed

FIGURE 3. Kidney mononuclear cells in sham-operated and IRI mice 3
and 24 h after renal IRI. KMNC were obtained from two kidneys as de-
tailed in Materials and Methods. The total cell number was calculated from
viable cell counts and expressed as the number of cells per two kidneys
(cells). The results are expressed as mean � SE of three independent ex-
periments (p � 0.027).

FIGURE 4. Absolute number of CD3� T cells
and CD19� B cells trafficking into mouse kidneys.
A, Number of CD3� T cells in sham-operated and
IRI mice 3 (p � 0.026) and 24 h (p � 0.026) after
renal IRI. B, After 3 h of renal IRI, the number of
CD19� B cells increased similarly in both sham-
operated and IRI mice. After 24 h of renal IRI, the
percentage of CD19� B cells in the IRI mice de-
creased significantly when compared with normal
(p � 0.003) and sham-operated (p � 0.001) mice.
Values shown in the bar graphs represent the per-
centage mean � SE of three independent experi-
ments (n � 8/group).
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surgical trauma. However, the increased percentage of the
CD4�NK1.1� cells in the IRI group 24 h after renal IRI could be
related to renal ischemic injury because at this time point serum
creatinine was increasing and visible kidney structure damage was
observed.

NK cells infiltrating into postischemic kidneys

We also determined the trafficking of NK cells (phenotype
CD3�NK1.1�) because these cells have been found infiltrating
ischemic allografts (23). Interestingly, after 3 h of renal IRI, the
NK1.1� cells increased significantly in the IRI mice (16% � 1%)
as compared with normal (7% � 1%; p � 0.001) and sham-op-
erated (11% � 1%; p � 0.014) mice. However, 24 h after renal
IRI, the NK1.1� cells decreased significantly in the IRI mice
(3.8% � 0.75%) as compared with normal ( p � 0.010) and sham-
operated (9% � 0.7%; p � 0.001) mice (Fig. 6). These results
suggest that NK cells could be involved in the pathogenesis of
renal IRI and further studies should be conducted to determine
their role in the pathogenesis of renal IRI.

Expression of CD69 on CD4� and CD8� T lymphocytes

In diseases involving trafficking of T lymphocytes into affected
organs, up-regulation of CD69 Ag was observed (24, 25). We
therefore investigated the activation state of the intrarenal CD4�

and CD8� T cell subsets analyzing the expression of activation
markers CD69 and CD25. After 3 h of renal IRI, we observed
increased expression of CD69 on CD4� T cells in sham-operated
(14.7% � 2.35%; p � 0.024) and IRI (14.2 � 1.85%; p � 0.014)
compared with normal mice (7.1 � 1.34%) (Fig. 7). CD69 expres-
sion on CD8� T cells tended to increase at 3 h, but was not sta-
tistically significant. After 24 h of renal IRI, the expression of
CD69 on CD4� and CD8� T cells declined to lower levels than
normal mice. Moreover, no increased expression of CD25 Ag on
CD4� and CD8� T cells in any of the studied groups was found
(data not shown). These results demonstrated that CD4� and
CD8� T lymphocytes infiltrating kidneys of sham-operated and
IRI mice display some features of activated T lymphocytes.

FIGURE 5. Percentages of CD4�,
CD4�NK1.1�, and CD8� T cells 3
and 24 h after renal IRI by flow cy-
tometry analysis. A, The percentages
of CD4� and CD8� T cells were ob-
tained from the gated lymphocyte
area of 10,000 events collected. B,
After 3 h of renal IRI, similar in-
creased percentages of CD4� and
CD4�NK1.1� T cells are shown in
sham-operated and IRI mice as com-
pared with normal mice. C, After
24 h of renal IRI, the percentage of
CD4�NK1.1� cells increased in IRI
mice. Results are representative of
three independent experiments (n �
8/group).

FIGURE 6. Trafficking of NK1.1� cells into postischemic kidneys. Af-
ter 3 h of renal IRI, a significant increase of NK1.1� cells in the IRI mice
was observed compared with normal (p � 0.001) and sham-operated (p �
0.014) mice, followed by a significant decrease 24 h after renal IRI. Data
are expressed as the mean percentage of positive cells � SE of three in-
dependent experiments (n � 8/group).

FIGURE 7. Expression of the early activation marker CD69 on CD4�

and CD8� T lymphocytes in normal, sham-operated, and IRI mice. Freshly
isolated KMNC were three-color stained with mAb anti-CD8� FITC, anti-
CD4� PerCP, and anti-CD69� PE and analyzed by flow cytometry. Cells
were gated in the lymphocyte area and 10,000 events were collected. Sig-
nificantly increased expression of CD69 on CD4� T cells of sham-operated
and IRI mice as compared with normal mice 3 h after renal IRI was ob-
served. After 24 h of renal IRI, expression of CD69 decreased in both
groups. Dot plots are representative examples and show the mean percent-
age of positive cells � SE of three independent experiments (n � 8/group).
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Production of TNF-� and IFN-� by CD3� T lymphocytes

Several studies have reported the up-regulation of cytokines
TNF-� and IFN-� in renal IRI (5, 26). However, it is not known
which cells produced these proinflammatory cytokines. Flow cy-
tometry analysis of freshly isolated KMNC was examined for in-
tracellular cytokine production by CD3� T lymphocytes. After
24 h of renal IRI, flow cytometry analysis of KMNC of IRI mice
revealed increased production of TNF-� and IFN-� by CD3� T
lymphocytes when compared with normal and sham-operated mice
(Fig. 8).

Adoptive transfer of KMNC confers protection from renal IRI

It has been demonstrated that T cell-deficient nu/nu mice have less
kidney dysfunction after ischemia than wild-type control mice.
Adoptive transfer of normal splenocytes to these nu/nu mice sig-
nificantly restores the kidney injury response to IRI (8). To deter-
mine the role of infiltrating lymphocytes in mouse kidney, we
adoptively transferred KMNC from wild-type mice 24 h after renal
IRI into T cell-deficient mice. Renal ischemia was induced both in
the nu/nu mice that received the KMNC and in the control mice
group only receiving saline. We expected worsening of kidney
injury after transfer of KMNC to nu/nu mice. Unexpectedly, serum
creatinines after IRI in nu/nu mice that received the KMNC were
lower compared with nu/nu mice that underwent ischemia but did

not received KMNC 24 h (n � 4, 0.53 � 0.23 mg/dl vs 1.53 �
0.23 mg/dl, p � 0.03), 48 h (n � 4, 0.35 � 0.0.23 mg/dl vs 1.53 �
0.52 mg/dl), and 72 h (n � 4, 0.1 � 0.04 mg/dl vs 1.50 � 0.58
mg/dl) after renal IRI (Fig. 9). Histological examination of kidney
tissue of nu/nu mice was consistent with the functional data in that
mice that did not receive KMNC exhibited more tubular injury
than mice undergoing IRI after transfer of KMNC.

Discussion
Recent studies have identified T and B lymphocytes as important
mediators of renal IRI (7–9, 15). However, the mechanisms by
which these cells mediate kidney injury are unknown. Since little
is known about the lymphocyte populations infiltrating kidneys,
we optimized a technique to efficiently extract mononuclear cells
from mouse kidneys to analyze the surface phenotype of cells traf-
ficking into postischemic kidneys. Our results showed early traf-
ficking of CD3� T cells and CD19� B cells into kidneys of both
sham-operated and IRI mice 3 h after renal IRI. Thus, laparotomy
per se induces very early infiltration of T and B lymphocytes into
mouse kidneys, consistent with previous data showing that lapa-
rotomy causes a systemic inflammation response syndrome that
can involve distant organs (27). These data are also consistent with
previous results showing similar infiltration of CD4� T cells into
kidneys of B cell-deficient mice, which were protected from renal
IRI, and wild-type mice showing severe kidney damage (15). Al-
though our data suggest that trafficking of T and B lymphocytes
into kidneys 3 and 24 h after renal IRI are not correlated with
kidney damage, this does not exclude the possibility that accumu-
lation of inflammatory cells into postischemic kidneys is an addi-
tional factor that contributes to worsen the already initiated tissue
damage (3). Recently, it has been found that ischemic mice treated
with FTY720, which prevents renal T cell infiltration, have less
kidney dysfunction compared with mice that were not treated (28).
Adoptive transfer of KMNC at 24 h after IRI into recipient T
cell-deficient mice unexpectedly led to relative protection from
renal IRI in the recipient mice, suggesting that at 24 h after IRI,
KMNC served a protective role from further ischemic insult and
potentially a healing role.

The significant increase of NK1.1� cells in the IRI group 3 h
after renal IRI that correlated with increased serum creatinine sug-
gests a role of these cells in renal IRI. Increased infiltration of NK
cells was observed in ischemic allografts with severe tubulointer-
stitial injury (23). We also detected the presence of a small pop-
ulation of CD4�NK1.1� cells in mouse kidneys. Interestingly, in
the IRI mice, CD4�NK1.1� cells were increased as compared
with controls groups 24 h after renal IRI. These new findings are
supported by a report in liver ischemia suggesting that NKT cells

FIGURE 8. Intracellular cytokine staining in kidney CD3� T cells 24 h
after renal IRI. KMNC were isolated from normal, sham-operated, and IRI
mice kidneys and stained with mAb anti-CD3 FITC and anti-TNF-� PE or
IFN-� PE and analyzed by flow cytometry. Data are shown as the percent-
age of CD3� T cells, TNF-�, or IFN-� double-positive cells of gated
lymphocyte area. Compared with normal and sham-operated mice, IRI
mice showed a significant increased percentage of intracellular TNF-�
(p � 0.04) and IFN-� (p � 0.02) producing CD3� T cells (n � 5/group).

FIGURE 9. KMNC from ischemic mice confers functional and structural protection to T cell-deficient-mice. Reconstituted nu/nu mice with KMNC (F)
showed reduced serum creatinine at 24 (p � 0.030), 48, and 72 h after ischemia compared with nu/nu mice that did no receive cells (E). T cell-deficient
mice received 1.1 � 106 cells by i.v. injection from littermate mice 24 h before ischemic injury. A, After 72 h of renal IRI, histological assessment of tubular
injury of nu/nu mice that did not receive cells shows moderate tubular damage. B, Kidney mononuclear cell-reconstituted nu/nu mice show a significant
reduction in renal structural injury. Original magnification, �20.
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mediate liver injury after ischemia (21). NKT cells are a subset of
lymphocytes with surface markers characteristic of both NK cells
(NK1.1) and conventional T cells. Upon activation, NKT cells
rapidly produce various immunoregulatory cytokines that trigger
the activation and differentiation of a variety of other leukocytes.
There is now emerging evidence that NKT cells are playing an
important role in the regulation of autoimmunity (29). Further-
more, it has been also found in ischemic kidney that an increased
population of CD3int T cells indicates that nonconventional T cells
could be also mediating renal IRI (20). These results raise the
possibility that NK and NKT cells might be implicated in kidney
damage and further studies should be conducted to determine the
role of these lymphocytes in renal IRI. The significant decrease of
NK1.1� cells and CD19� B cells observed in the IRI mice has not
been previously reported. The implications of the decrease of these
lymphocytes after renal ischemic injury remain to be determined.

Because similar infiltration of CD4� T cells into kidneys of
sham-operated and IRI mice occurred, we hypothesized that func-
tional changes could be more important and examined the activa-
tion state of infiltrating T cells into postischemic kidneys. The
expression levels of the activation markers CD69 and CD25 on
CD4� and CD8� T cells were examined. The early activation
marker CD69 Ag is a membrane protein rapidly induced on the
surface of activated T lymphocytes, which is detectable within 2–4
h following the initial stimulation event, and is generally sustained
for 18–24 h (30, 31). In rheumatoid arthritis where T lymphocytes
mediated inflammation, T cells infiltrating synovial fluid showed
increased expression of CD69 (24). Patients with systemic lupus
erythematosus and patients undergoing allograft rejection also
show an increased expression of CD69 on T cells (32, 33). We
hypothesized that T cells might be activated after renal IRI; how-
ever, we found a similarly increased expression of CD69 on the
CD4� and CD8� T cells in both sham-operated and IRI mice 3 h
after renal IRI. No increased expression of the CD25 Ag was ob-
served on T cells of IRI mice or the control groups. These results
suggested that laparotomy itself induced activation of infiltrating
CD4� T cells in mouse kidneys.

In renal IRI the up-regulation of cytokines and chemokines in-
cluding IL-1, IL-2, IL-6, IL-8, IL-10, IFN-�, TNF-�, KC, MIP-2,
and GM-CSF (3, 5, 26, 34) has been identified in kidney tissue.
However, it is unknown which type of cytokines are produced by
intrarenal T lymphocytes. We found an increased intracellular cy-
tokine production of TNF-� and IFN-� by CD3� T cells infiltrat-
ing kidneys of IRI mice. Given that TNF-� and IFN-� have been
implicated in the postischemic inflammation as well as directly
mediating the outcome from IRI, the observation that IRI leads to
production of these mediators from T lymphocytes suggest that
lymphocytes infiltrating into the postischemic kidneys could have
a major downstream effect on later inflammation and organ dys-
function. Thus, not only the trafficking of T cells postischemia is
a potential mechanism, but what those infiltrating cells are doing at
the site of injury could be crucial for pathogenesis.

To begin to elucidate the functional role of kidney-infiltrating
leukocytes after IRI, we isolated and transferred KMNC 24 h after
ischemia to athymic nu/nu mice, followed by IRI in the nu/nu
mice. We expected a heightened injury response in the nu/nu mice
after KMNC transfer, but unexpectedly found that they had re-
duced functional and structural injury after IRI. This suggests that
KMNC at 24 h after renal IRI could be serving a protective func-
tion to decrease the injury response and perhaps could be involved
in healing as well. These data are consistent with previous data in
kidney IRI (13) and liver IRI (14) that lymphocytes could play a
deleterious or protective role in IRI. Furthermore, recent data sup-
port a protective role in splenic lymphocytes when harvested 5

days after kidney IRI to confer an “ischemic preconditioning”-like
protection when transferred to wild-type mice when they undergo
IRI (35). The current data do not identify which particular cell type
could be responsible for this effect or whether either earlier or later
time point KMNC have a different effect.

In summary, we successfully isolated high yields of viable
mononuclear cells from mouse kidneys for phenotypic and func-
tional analysis of lymphocytes. Despite minimal effects of IRI be-
yond sham surgery or CD3� T cells trafficking, important in-
creases in proinflammatory cytokine production were found in
CD3� T cells from ischemic kidney. Distinct increases in NK and
NKT cells were also seen with IRI mice. Isolation of kidney-in-
filtrating lymphocytes at 24 h after ischemia, followed by transfer
to T cell-deficient mice, demonstrated that these cells could de-
crease tissue injury after ischemia and could have a potentially
protective or healing effect. This work sets the stage for further
studies to more closely evaluate the phenotype of kidney-infiltrat-
ing cells in IRI, for evaluation of the role of NK and NKT cells in
the injury process, and for closer dissection of the possible bene-
ficial role of infiltrating leukocytes in kidney IRI.
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