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Acute urinary obstruction causes interstitial inflammation

with leukocyte accumulation and the secretion of soluble

mediators. Here we show that unilateral ureteral ligation

caused a progressive increase in renal F4/80þ and F4/80�

dendritic cells, monocytes, neutrophils and T-cells 24–72 h

following obstruction. Depletion of dendritic cells by

clodronate pretreatment showed these cells to be the most

potent source of tumor necrosis factor and other

pro-inflammatory mediators in the obstructed kidney.

F4/80þ dendritic cells and T-cells co-localized in the

cortico-medullary junction and cortex of the obstructed

kidney. Cytokine secretion patterns and surface phenotypes

of T-cells from obstructed kidneys were found to include

interferon-c-secreting CD4þ and CD8þ memory T-cells as

well as interleukin 17 (IL-17)-secreting CD4þ memory T-cells.

Depletion of the intra-renal dendritic cells prior to ligation

did not numerically reduce T-cells in obstructed kidneys but

attenuated interferon-c and IL-17-competent T-cells. Our

study shows that intra-renal dendritic cells are a previously

unidentified early source of proinflammatory mediators after

acute urinary obstruction and play a specific role in

recruitment and activation of effector-memory T-cells

including IL-17-secreting CD4þ T-cells.
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Localized inflammatory responses determine the extent and
duration of renal dysfunction following acute kidney injury
(AKI) because of ischemia, nephrotoxins, and urinary
obstruction.1–4 Persistence of intrarenal inflammation may
foster irreversible interstitial fibrosis and chronic renal failure.5

Insights into the cellular and molecular mediators of renal
injury-induced inflammation will likely lead to improved
strategies for the prevention or treatment of AKI.1,6–12

Important basic elements of the inflammatory injury response
of the kidney include the early secretion of tumor necrosis
factor (TNF, also commonly referred to as TNFa) and other
cytokines and chemokines13–15 and the rapid interstitial
accumulation of neutrophils, monocytes, and T cells.16–20

Aspects of these phenomena that continue to be
intensively studied are the precise actions of individual
mediators, the most significant cellular sources of each within
the injured kidney, and the role played by specific
parenchymal and bone marrow-derived cell types in renal
functional decline or recovery.1,4,10,15,19–24 Recently, we and
others have reported that dendritic cells (DCs), which are
typically viewed as antigen-presenting cells with potent
capacity for T-cell activation,25,26 form an extensive network
of bone marrow-derived cells resident within the renal
interstitium27–31 and serve as a major source of proinflam-
matory mediators within hours of renal ischemia reperfusion
injury (IRI).27 These findings raise questions regarding the
participation of renal DCs (rDCs) in the response to other
forms of AKI as well as the degree to which DC-derived
inflammatory mediators orchestrate other nonresident
leukocyte populations.

Urinary obstruction represents a form of AKI that is
commonly encountered clinically and is readily reproduced
in animal models. Despite its overtly simple mechanical basis,
the pathophysiology of postobstructive renal functional
decline is complex.32–36 The responses that reportedly occur
within minutes to hours in the renal parenchyma include
profound changes in renal hemodynamics; localized secretion
of TNF and other proinflammatory mediators; margination
and interstitial migration of monocytes, neutrophils, T cells,
and macrophages; induction of epithelial cell apoptosis; and
stimulation of profibrogenic factors such as TGFb1 and
connective-tissue growth factor.32–37 It has been well demon-
strated that absence or blockade of individual proinflamma-
tory mediators (for example TNF) or specific infiltrating cell
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populations (for example monocytes and T cells) may
ameliorate widespread apoptosis and deposition of excess
interstitial collagen.34,38–44

We posited that additional insight into the inflammatory
nature of postobstructive AKI could be gleaned from a more
extensive characterization of intrarenal bone marrow-derived
cell populations in the mouse unilateral ureteral ligation
(UUL) model. We demonstrate here that rDCs are a potent
early source of proinflammatory cytokines and chemokines.
We also find that acute obstruction is associated with influx
of separate interferon-g (IFNg)- and interleukin (IL)-17-
competent memory T-cell populations, and that rDCs appear
to be necessary for intrarenal accumulation of these
predifferentiated effector T cells.

RESULTS
Acute urinary obstruction is associated with accumulation
of multiple CD45þ cell populations

Unilateral ureteral ligation in adult mice was employed to
compare bone marrow-derived cell populations within
obstructed and nonobstructed kidneys at 24 and 72 h.
Monocytes, F4/80þ and F4/80– DCs, neutrophils, ‘helper’
(CD4þ ) T cells, and ‘cytotoxic’ (CD8þ ) T cells were
identified and expressed as a proportion of the total cells
by multicolor flow cytometry of kidney cell suspensions using
the pan-leukocyte marker CD45 and a panel of cell type-
specific markers (Figure 1a). As shown in Figure 1, total
CD45þ cells and each of the cell populations analyzed were
proportionately increased in obstructed compared to non-
obstructed kidneys at 24 h. With the exception of CD8þ T
cells, all cell types exhibited a further increase within
obstructed kidneys at 72 h. The proportionate increase in
these cell types following acute urinary obstruction was
confirmed to be due to a true numerical increase by
calculating total cell numbers for each subtype in non-
obstructed and obstructed kidneys at 72 h (Supplementary
Figure S1). The relative maturation of F4/80þ and F4/80–

DCs within obstructed kidneys was also examined at 24 and
72 h by quantifying staining intensity for major histocompat-
ibility complex II and the co-stimulatory ligand CD86
(Figure 2). There was increased major histocompatibility
complex II and CD86 expression on DCs from obstructed
kidneys at 24 h that was more marked for F4/80þ DCs but
declined by 72 h. It was concluded that a 72 h period of acute
urinary obstruction is associated with a rapid, progressive
accumulation of multiple bone marrow-derived cell types
including F4/80þ DCs. The maturation response of F4/80þ

DCs, however, peaks during the first 24 h and mature DCs are
less abundant at 72 h even when the total number of DCs is
still increasing.

Dendritic cells are potent secretors of proinflammatory
mediators following acute ureteric obstruction

Intracellular and multicolor surface staining was used to
determine the predominant TNF-producing cells early after
UUL. Figures 3a and b demonstrate a representative

experiment in which the frequency of TNFþ cells was
increased 24 h after UUL within cells from obstructed
kidneys. The TNFþ cells were almost exclusively CD45þ

and were highly enriched (450% in multiple experiments)
for F4/80þ DCs (Figure 3c). A proportion of F4/80þ DCs
from nonobstructed kidneys was also TNFþ albeit with
lower staining intensity indicating that intrarenal F4/80þ

DCs are readily triggered to express TNF and that this
capacity is heightened following acute urinary obstruction.
To confirm that increased expression of TNF was present
before disruption and overnight culture of kidney cell
populations, the relative expression of TNF-encoding mRNA
was assayed by quantitative RT-PCR (qRT-PCR) in freshly
dissected kidney tissue at 24 and 72 h following UUL. As
shown in Figure 3d, mRNA was increased in obstructed
compared to nonobstructed kidneys at both time points and
was highest at 72 h postobstruction. In addition, mRNA for
TNF was increased in the CD11c-enriched fraction (but not
the remaining CD45þ fractions) of kidney cell suspensions
from obstructed compared to nonobstructed kidneys before
placement in culture (Figure 3e). In experiments not shown
here, CD11c-enriched fractions prepared by magnetic bead
separation from kidneys obstructed for 24 h were shown, by
enzyme-linked immunosorbent assay (ELISA) of super-
natants, to be many times more potent than CD11c-depleted
fractions in the secretion of TNF, IL-6, MCP-1, MIP-2,
RANTES, and IP-10. Thus, we concluded that rDCs,
particularly F4/80þ rDCs, are a highly potent source of
TNF and other proinflammatory mediators during the early
postobstructive time period in the ULL model.

T cells progressively accumulate at the corticomedullary
junction (CMJ) and cortex and are colocalized with F4/80þ

DCs following acute urinary obstruction

The localization of T cells and F4/80þ DCs within obstructed
and nonobstructed kidneys was examined by immunohis-
tochemistry of formalin-fixed, paraffin-embedded kidney
sections stained for CD3 or F4/80 at 24 and 72 h following
left UUL (see Supplementary Figure S2 and S3 for examples
of staining patterns). In nonobstructed kidneys, F4/80þ cells
demonstrated typical dendritic morphology, were localized to
the interstitium, and were most prominent at the CMJ
and superficial cortex. Following 24 h of obstruction the
distribution and morphology of F4/80þ cells were no
different from nonobstructed kidneys. At 72 h, F4/80þ cells
remained localized to the CMJ and cortex but were larger
and more numerous, particularly in the cortex. T cells
were enumerated at the two time points in the medulla,
CMJ, and cortex. As shown in Figure 4a, increased numbers
of interstitial T cells were observed at the CMJ and cortex
following 24 h of urinary obstruction. At 72 h, there were
further increases in T-cell numbers at the CMJ and cortex in
addition to a moderate increase in T-cell numbers within the
medulla. Following 72 h of obstruction there were multiple
clusters of interstitial CD3þ T cells present. Correlation with
sequential sections stained for F4/80þ demonstrated that
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T-cell clusters at the CMJ and cortex coincided with areas of
prominent F4/80 staining (Figure 4b). The results indicated
that rather than undergoing redistribution the F4/80þ DCs

of obstructed kidneys remain concentrated at the CMJ and
cortex where they become more prominent and co-cluster
with accumulating populations of T cells.
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Figure 1 | Progressive increase in multiple bone marrow-derived cell populations following acute renal obstruction. (a) Examples
are shown of multicolor flow cytometry dot plots and gating used to analyze proportions of individual CD45þ cell populations within
total cell suspensions from collagenase/DNase-digested kidneys. The examples shown are from an obstructed kidney 72 h following ureteral
ligation. Staining definitions for the individual cell populations were F4/80þ DCs: CD45þ /CD11cþ /F4/80þ /Ly6C�. F4/80� DCs: CD45þ /
CD11cþ /F4/80�/Ly6C�. Monocytes: CD45þ /Ly6Cþ /CD11c� (in separate experiments this population was also shown to be CD11b-hi).
Neutrophils: CD45þ /Ly6Gþ /CD11c�. CD4þ T cells: CD45þ /CD3þ /CD4þ /CD8�. CD8þ T cells: CD45þ /CD3þ /CD8þ /CD4�. (b) The
proportions of total kidney cells with surface staining characteristics of F4/80þ DCs, F4/80� DCs, monocytes, neutrophils, CD4þ T cells,
and CD8þ T cells are shown graphically for obstructed (Obstr.) and nonobstructed (Ctrl.) kidneys from groups of mice (n ¼ 3) killed
at 24 and 72 h after unilateral (left) ureteral ligation. Each cell population is expressed as mean±s.d. of the percent of total kidney cells
expressing the designated staining characteristics by multicolor flow cytometry. wPo0.05 for Obstr. vs Ctrl. at the same time point. zPo0.05
for 72 vs 24 h. The difference in F4/80þ DCs between control kidneys at 24 and 72 h has not been a reproducible finding.
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Preadministration of clodronate-containing liposomes
specifically diminishes F4/80þ intra-rDC numbers and
reduces proinflammatory mediators

We have observed that F4/80þ rDCs are greatly diminished
in vivo by clodronate-containing liposomes.27 To study
intrarenal T-cell function in the presence or absence of
rDCs, groups of mice were treated with clodronate-contain-
ing or inert (phosphate-buffered saline, PBS) liposomes and
were subjected to UUL. Obstructed and nonobstructed
kidneys were examined 48 h later for F4/80þ DCs, F4/80�

DCs, monocytes, CD4þ T cells, and CD8þ T cells. As shown
in Figure 5 (with representative examples in Supplementary
Figure S3), clodronate markedly reduced F4/80þ DCs in
obstructed as well as nonobstructed kidneys and modestly
reduced F4/80� DCs but did not prevent increases of
monocytes, CD4þ T cells, or CD8þ T cells. In separate
experiments, cell suspensions from obstructed and nonob-
structed kidneys of mice pretreated with clodronate or PBS
liposomes were cultured overnight and proinflammatory
mediators were measured in culture supernatants. To
examine the contribution of bone marrow-derived cells,
samples were cultured with and without removal of CD45þ

cells (Figure 6). For both groups, cell suspensions from
obstructed kidneys secreted higher amounts of TNF, IL-6,
RANTES, MCP-1, MIP-2, and IP-10 compared to those from

nonobstructed kidneys with most or all of the secretion being
attributable to CD45þ cells. ELISA results for obstructed
kidney samples from the two groups demonstrated that
secretion of all mediators was lower following rDC depletion.
These results indicated that rDCs (particularly F4/80þ rDCs)
can be greatly reduced in number by clodronate in the UUL
model without impairing the accumulation of T cells and
that this results in substantial attenuation of the postob-
structive production of proinflammatory mediators.

Acute urinary obstruction results in intrarenal accumulation
of separate IFNc- and IL-17-competent T cells that is
prevented by DC depletion

Utilizing clodronate or PBS liposome administration,
experiments were carried out to characterize cytokine profiles
of T cells in acutely obstructed kidneys in the presence and
absence of rDCs. Following 24 h of obstruction, unsorted or
CD4-enriched kidney cells were cultured overnight with or
without a low dose of T-cell stimulatory antibody (anti-
CD3e—2C11). Supernatants were assayed for IL-2, IFNg,
IL-17 (Figure 7), and IL-4 (not shown). Obstructed but not
control kidneys of PBS liposome-treated mice were char-
acterized by 2C11-inducible secretion of IL-2, IFNg, and IL-
17 that was detectable in unsorted as well as CD4-enriched
cells. Despite the presence of comparable numbers of T cells

24 h
72 h

0

50

100

150

200

MHC II (I-Ab) CD86 MHC II (I-Ab) CD86

†‡

†‡ †‡

†‡†

†

Obstr.

Obstr.

Ctrl.

Ctrl.

Obstr.

Obstr.

MHC II (I-Ab)-FITC
104103102101100

104103102101100

104103102101100

104103102101100

104103102101100

104103102101100

104

104

103

103

102

102

101

101

100

104103102101100

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100
C

D
86

-P
E

F4/80+ DCs

Ctrl.

Ctrl.

F4/80– DCs

F4/80+ DCs F4/80– DCs

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

0

50

100

150

200

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

Ctrl. 24 h
Ctrl. 72 h

Obstr. 72 h
Obstr. 24 h

Ctrl. 24 h
Ctrl. 72 h

Obstr. 72 h
Obstr. 24 h

Figure 2 | Increased maturation marker expression by DCs in acutely obstructed kidneys. (a) Examples are shown of flow
cytometry contour plots indicating MHC II (I-Ab) and CD86 (B7-2) surface staining of F4/80þ DCs (left) and F4/80� DCs (right). For both
DC populations, initial gating was performed on cells staining positive for CD45 and for the DC-specific marker CD11c. Dot plots are shown
for cells derived from obstructed (Obstr.) and nonobstructed (Ctrl.) kidneys at 24 and 72 h following unilateral (left) ureteral ligation.
(b) Results are presented graphically for groups of three mice each killed at 24 and 72 h following unilateral ureteral ligation. Surface
staining levels of MHC II and CD86 on F4/80þ DCs (left) and F4/80� DCs (right) are expressed as mean±s.d. of the mean fluorescence
intensity by flow cytometric analysis. wPo0.05 for Obstr. vs Ctrl. at the same time point. zPo0.05 for 24 vs 72 h.
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Figure 3 | F4/80þ DCs are the predominant TNF-producing cell early following acute renal obstruction. (a) Examples of flow cytometric dot
plots of cell suspensions from obstructed (Obstr.) and nonobstructed (Ctrl.) kidneys stained intracellularly with a monoclonal antibody against TNF
(TNF-AF488, upper plots) or with an isotype control antibody (rIgG1-AF488). Staining was carried out 24 h following unilateral (left) ureteral
ligation. The percent of the total cells within the positive staining region are indicated. (b) Graphical results are shown for intracellular staining of
cell suspensions from a total of four pairs of obstructed (Obstr.) and nonobstructed (Ctrl.) kidneys. Staining was carried out 24 h following
unilateral ureteral ligation. Results are expressed as mean±s.d. percent total kidney cells staining positive with anti-TNF (TNFþ ) or isotype control
(rIgG1þ ) antibodies as measured by flow cytometry. wPo0.05 for anti-TNF vs isotype control. zPo0.05 for Obstr. vs Ctrl. (c) Examples are shown of
multicolor flow cytometric analysis of total kidney cells, TNF-negative (TNF�) and TNF-positive (TNFþ ) cells 24 h following ureteral ligation.
Intracellular staining and gating for TNFþ and TNF� cells was carried out as illustrated in (a). Staining of each population for CD45 is shown in the
upper plots with the percentage of the cells contained within the positively stained region indicated. Staining of CD45þ cells from each
population for CD11c and F4/80 is shown in the lower plots. The percentages of the cells that are CD11cþ /F4/80þ (i.e. F4/80þ DCs) and
CD11cþ /F4/80� (i.e. F4/80� DCs) are indicated. (d) Results of qRT-PCR for mRNA-encoding TNF are shown for individual obstructed and
nonobstructed (Ctrl.) kidneys (gray circles) and for the means of each group (black bars, n¼ 6) at 24 and 72 h after left UUL. RNA was prepared
without prior tissue digestion or culture. Results are expressed as fold expression relative to that of the first of six nonobstructed 24 h kidneys.
wPo0.05 for Obstr. vs Ctrl. (e) Results are shown of qRT-PCR for mRNA-encoding TNF in pooled CD11c-enriched cells and CD11c-depleted,
CD45-enriched cells from obstructed and nonobstructed kidneys at 24 and 72 h after left UUL. RNA was prepared without overnight culture.
Results are expressed as fold expression relative to that of the cell preparations from the nonobstructed 24 h kidneys.
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in the obstructed kidneys of clodronate-treated animals (see
Figure 5) there was little or no 2C11-inducible secretion of
these cytokines by cells from this group of animals. No
detectable IL-4 secretion was present under any conditions
(data not shown). In a similar experiment carried out
following 72 h of obstruction (Figure 8a), inducible IL-17 but
not IFNg remained diminished in unsorted cells from
obstructed kidneys of clodronate- compared to PBS lipo-
some-treated animals. In the case of CD4-enriched cell
preparations, there was a persistent marked reduction in
inducible secretion of IFNg and IL-17. The possibility that
the capacity of intrarenal T cells to produce IFNg and IL-17
was induced only following a period of in vitro culture was
ruled out in separate experiments in which freshly isolated
CD4-enriched cells from nonobstructed and obstructed
kidneys were subjected to qRT-PCR for mRNA encoding
the two cytokines of interest. As shown in Figure 8b, there
was marked increase in mRNA for both IFNg and IL-17 in
CD4-enriched cells from obstructed compared to nonob-
structed kidneys at 72 h.

Using intracellular staining for IFNg and IL-17 combined
with surface staining for CD45 and CD4 of unstimulated and
2C11-stimulated kidney cells, it was shown that separate
populations of CD4þ IFNg-competent (Th1) and CD4þ IL-

17-competent (Th17) T cells (as well as CD4� populations of
each) were present within obstructed kidneys at 72 h (Figure
9a). It was also shown by qRT-PCR that expression of the
primary activating cytokines for Th1 and Th17 T cells, IL-12
and IL-23, was increased in whole-kidney tissue as well as
CD11c-enriched cell fractions following acute urinary
obstruction (Figure 9b). It was concluded that acute urinary
obstruction is associated with early accumulation of distinct
Th1 and Th17 CD4þ T-cell populations (in addition to
CD4- T cells) that are competent to secrete high levels of
IFNg and IL-17 following brief, low-dose stimulation
through the T-cell receptor. The presence or functional
capacity of these differentiated T-cell populations was shown
to be diminished by predepletion of intra-rDCs and likely to
be dependent on DC-produced activating factors.

Intrarenal IFNc- and IL-17-competent T cells in the acutely
obstructed kidney have characteristics of memory T cells

Intrarenal IFNg- and IL-17-competent T cells in obstructed
kidneys were further characterized by flow cytometry. Kidney
cells were enriched for CD45þ cells and cultured overnight
with varying doses of 2C11. IL-17þ CD4þ CD44hi cells and,
to a lesser extent, IFNgþ CD4þ CD44hi cells were detectable
in preparations from obstructed kidneys at 72 h even in the
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absence of 2C11 stimulation with additional numbers
detectable following as little as 0.001 mg/ml of 2C11
(Supplementary Figure S4). Separate analysis of CD8þ T
cells indicated the presence of 2C11-inducible IFNgþ CD8þ

CD44hi cells that were also responsive to very low
concentration of 2C11 (see Supplementary Figure S4).
Additional analyses indicated that the large majority of IL-
17-competent T cells within obstructed kidneys were CD4þ ,
whereas IFNg-competent cells consisted of separate CD4þ ,
CD8þ , and CD4�/CD8� populations. In addition, small
numbers of CD4þ /CD8þ T cells were noted some of which
stained for IFNg or IL-17 (Supplementary Figure S5). The
characteristics of these T-cell populations were suggestive of a
predifferentiated memory phenotype and a staining panel of
relevant surface markers was applied to further characterize
them (Figure 10). This indicated that IL-17þ CD4þ T cells
from obstructed kidneys were CD44hi CD45RBlo CD62Llo

CD69þ , CD25þ—consistent with activated memory CD4þ

T cells. A smaller population of IL-17þ CD4� cells were
present and exhibited a similar staining profile. These cells
did not stain for TCRgd, NK1.1, or CD8. A separate analysis
of IFNgþ cells yielded similar results with the exception that
IFNgþ cells were not CD45RBlo and the majority of IFNgþ

CD4� cells were CD8þ (Supplementary Figure S6). An
overall conclusion was reached that acute urinary obstruction
results in intrarenal accumulation of memory-phenotype
T-cell populations with distinct cytokine-secreting capacities
including Th17- and Th1-type CD4þ T cells, IFNg-

competent CD8þ T cells, and lesser numbers of double-
negative and double-positive T cells.

Dendritic cell depletion prevents accumulation of CD44hi

T cells in the kidney following acute urinary obstruction

Although depletion of DCs before UUL did not prevent
accumulation of T cells in the obstructed kidney, we postulated
that the presence of rDCs may be necessary for recruitment or
activation of memory-phenotype T cells. This was confirmed
experimentally as shown in Figure 11. In groups of mice
pretreated with clodronate or control liposomes and subjected
to UUL, it was confirmed that following 72 h of obstruction
there was marked reduction in F4/80þ DCs but similarly
increased numbers of CD4þ and CD8þ T cells in the
obstructed kidneys of the clodronate-treated group. None-
theless, although obstructed kidneys from the PBS group were
characterized by increased proportions of CD4þ and CD8þ T
cells that were CD44hi and by overall increase in mean
fluorescence intensity for CD44 surface staining, there was no
such alteration in CD44 staining in obstructed kidneys of mice
in which F4/80þ DCs numbers were reduced.

DISCUSSION

This study provides novel findings pertaining to the
pathogenesis of obstruction-induced inflammation in three
areas. First, acute urinary obstruction is associated with an
early progressive increase in both F4/80þ and F4/80� DCs in
the kidney in addition to the previously reported infiltration
by monocytes, neutrophils, and T cells. The cells in question
can be clearly categorized as DCs rather than macrophages on
the basis of morphology, surface and intracellular markers,
maturation response, and T-cell stimulatory capa-
city.27–31,45,46 Second, as we have recently reported for
IRI,27 rDCs constitute a potent source of proinflammatory
mediators including TNF, IL-6, and MCP-1. In the case of
TNF, we show here that the F4/80þ rDC subset is the
predominant secretor within 24 h of obstruction. Third,
progressive accumulation of discrete CD4þ and CD8þ

memory T cells that are predifferentiated for IFNg and IL-17
secretion is also a characteristic early feature of urinary
obstruction. Although predepletion of rDCs does not prevent
the postobstructive influx of T cells, it does reduce the
presence of such predifferentiated effector memory T cells
suggesting an in situ role for rDCs in arming phenotypically
distinct effector memory T-cell responses to AKI.

Recent commentaries on the pathophysiology of obstruc-
tive uropathy highlight the well-established role of inflam-
mation in early renal dysfunction and chronic fibrotic
injury.34,36 The most compelling evidence for this perspective
was initially derived from histological studies demonstrating
infiltration of leukocyte populations and expression analyses
documenting increased presence of specific cytokines and
chemokines in whole-kidney preparations.34,47–50 More
recently, genetically modified mouse strains and pathway-
specific blocking agents have been applied to determine the
role of individual molecular pathways in promoting cellular

†

†‡

†‡

†

†

‡

‡

‡

F4/80+ DCs

F4/80– CDs

Monocytes

CD4+ T cells

CD8+ T cells

F4/80+ DCs

F4/80– DCs

Monocytes

CD4+ T cells

CD8+ T cells
Clodr. liposomes

PBS liposomes

C
tr

l. 
ki

dn
ey

O
bs

tr
. k

id
ne

y

% Total kidney cells
0 1 2 3 4 

Figure 5 | Clodronate-containing liposomes selectively reduce
F4/80þ DCs but do not prevent increased renal monocytes
and T cells following acute renal obstruction. The proportions
of total kidney cells with surface staining characteristics of F4/80þ

DCs, F4/80� DCs, monocytes, CD4þ T cells, and CD8þ T cells are
shown graphically for obstructed (Obstr.) and nonobstructed
(Ctrl.) kidneys from groups of mice pretreated with either
clodronate-containing (Clodr.) or inert (PBS) liposomes (n¼ 5
each) and killed 48 h after unilateral (left) ureteral ligation. Each
cell population is expressed as mean±s.d. of the percent of total
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apoptosis and interstitial fibrosis.34,36,39–43,51–53 Thus, we now
know that TNF, MCP-1, TGFb1, colony-stimulating factor 1,
IL-6, and ligands for CCR1 and CCR2 exert nonredundant
influences on postobstructive renal injury.36,40–43 Although
resident parenchymal renal cells and infiltrating bone
marrow-derived leukocytes have the capacity to secrete and
respond to these mediators,22,54–56 infiltrating macrophages,
which are typically identified in the mouse by staining with
F4/80 or anti-CD68 antibodies, are frequently cited as the
most significant early regulator of apoptosis, fibroblast
activation, and epithelial to mesenchymal transforma-
tion.34,51 Combined with previously published results
characterizing rDCs in the healthy kidney,27–31,46 our findings
here indicate that the majority of F4/80þ cells present in the
kidney are DCs rather than macrophages. These interstitial
F4/80þ DCs, which also express other ‘macrophage markers’

including CD68, CD11b, and FcR, are present in relative
abundance before the onset of obstruction.27,28

In contrast to IRI where we have observed constant DC
numbers during the first 24 h,27 F4/80þ rDCs are increased
following ureteral ligation at 24 and 72 h. In addition, we
demonstrate a rapid response of these cells to the primary
injury event in the form of DC maturation and production of
TNF. Interestingly, immunohistochemical analysis indicates
that F4/80þ DCs remain most prominently localized to the
CMJ and cortex throughout the first 72 h after onset of
obstruction. Whether the subsequent decline in maturation
level of these DCs between 24 and 72 h represents a shift in
their pathogenic role now merits further investigation given
the recent report of Scholz et al.57 indicating an anti-
inflammatory role of rDCs in nephrotoxic serum nephritis.
The population of F4/80� DCs, which is relatively scant in
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the intact, disease-free kidney, increases substantially follow-
ing acute obstruction—presumably being recruited from
circulating immature DCs or representing DC differentiation
of infiltrating monocytes. Although our experiments to date
suggest a more active role for F4/80þ DCs in early
proinflammatory responses to obstruction, it will be
necessary in the future to separately study the participation
of F4/80� DCs in AKI. In general, we believe that previously
unrecognized early abundance of rDCs rather than macro-
phages in the obstructed kidney represents an important shift
in our understanding of the localized pathophysiology of
injury in this disease model.

In this study, we also provide clear evidence for a plurality
of differentiation phenotypes among accumulating T cells—
most strikingly the Th1 and Th17 phenotypes present within
the CD4þ T-cell compartment and the IFNg-secreting
capacity of CD8þ T cells. The expression by these cells of
memory surface markers and the fact that high-level cytokine
secretion is stimulated overnight by a low concentration of
soluble anti-CD3 antibody indicate that these lymphocytes

have undergone prior differentiation.58 As effector memory T
cells they are, therefore, primed for rapid response to
antigen59 and have the capacity to participate in the early
stages of postobstructive AKI. Importantly, qRT-PCR studies
demonstrate that increased expression of IFNg and IL-17
among CD4-enriched cells of obstructed kidneys was present
before placing the cells in culture and in the absence of
additional T-cell receptor stimulation indicating that the T-
cell phenotypes we observed were not the result of ex vivo
modifications. CD4þ T cells have been implicated in the renal
functional decline that occurs following AKI.19,24,60,61 For
example, depletion or blockade of CD4þ T cells may
ameliorate organ damage in models of IRI.19,61,62 Despite
these observations, current and available characterization of
the phenotype and function of infiltrating T cells in AKI
models is quite limited. Our finding of IFNg-competent
CD4þ as well as CD8þ T cells in obstructed but not control
kidneys is, however, consistent with studies by Rabb and
colleagues that have implicated IFNg and the Th1 differentia-
tion pathway in the adverse effects of T cells in renal IRI.19,63
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The additional demonstration of CD4þ T cells in the
obstructed kidney that are armed to secrete IL-17 is of
potentially high interest. This T-cell subtype, which has been
dubbed Th17 or ‘proinflammatory T cell’, is now known to
be present at sites of tissue-specific autoimmunity and to play
a key pathogenic role.64–67 As recently reviewed by Bettelli
et al.,66 Th17 T cells are known to have a complex
dependency on soluble mediators. A variety of individual
factors have been shown to be involved in the separate

processes of differentiation, stabilization, and amplification
of Th17 T cells including IL-6, TGFb, IL-23, and IL-21.66,67

During the differentiation process from naive T cells, the Th1
and Th17 phenotypes as well as regulatory T-cell populations
may be mutually competitive based on the availability of such
soluble mediators. In the case of predifferentiated effector
memory T cells, however, our results would support a model
whereby separate populations of Th1 and Th17 T cells coexist
in the renal parenchyma and are activated for response by
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specific DC-produced cytokines including IL-12 and IL-23.
Important questions regarding the timing of DC-mediated
activation of effector memory T-cell populations following

AKI, the role of soluble mediators produced by non-bone
marrow-derived kidney cells in localized T-cell activation,
and the pathogenic role of Th17 T cells in renal parenchymal
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injury and fibrosis remain to be addressed. Nonetheless, the
current results and the emerging picture of this lymphocyte
subset as a potent contributor to autoimmune and
inflammatory diseases heighten the likelihood that they will
be found have similar effects in the kidney.64–67

The strategy we have used to reduce rDCs has the
advantage of being potent and quite selective as regards the

major subsets of resident and infiltrating CD45þ cells in
the kidney. Specifically, we have not observed a deficit of
monocyte or T-cell infiltration of the kidney despite
administration of clodronate.27 Nonetheless, the systemic
nature of clodronate-induced depletion of phagocytic cells
leaves open the possibility that absence or altered function of
non-DC populations may be relevant to the observed
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results.68,69 Although it is well documented that clodronate
reversibly reduces circulating numbers of monocytes,
monocyte repopulation (presumably from the bone marrow)
appears to occur quite rapidly. In our experiments, ureteral
ligation was carried out 48 h after the second of two
clodronate liposome injections and organs were removed
following an additional 24 or 48 h. We interpret our results as
indicating that although depletion of F4/80þ DCs remains
virtually complete throughout this time period, monocyte
repopulation occurs more rapidly and is accompanied by
comparable renal infiltration to the control group. The
application of more discretely targeted DC depletion
models57,70 may help to confirm the role of DCs in recruiting
Th17 and other effector T cells to the kidney following
obstruction. Finally, the antigen specificity and point of
origin of the intrarenal memory T cells remain to be
determined and, notably, a recent study demonstrates that
interstitial CD4þ T cells may be mobilized, following IRI,
from both extrarenal and intrarenal pools.71

In summary, this study highlights the abundance and
responsiveness of DCs during the early inflammatory

response to urinary obstruction, reveals the diversity of
potential T-cell effector functions in the obstructed kidney
(including the recently described IL-17-secreting proinflam-
matory T cell), and introduces the possibility of a localized
axis (DC–T cell) as a determinant of early tissue injury in this
disease model.

MATERIALS AND METHODS
Experimental animals and reagents
Adult C57BL/6 (B6) mice were purchased from The Jackson
Laboratory, Bar Harbor, ME and housed in a specific pathogen-
free facility. All animal procedures were approved by the Institu-
tional Animal Care and Use Committee. Tissue culture was carried
out in Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS. A listing of detection agents, including clone numbers is
provided as supplementary information on the Web.

Mouse model of unilateral ureteral ligation and preparation
of kidney cell suspension
Unilateral ureteral ligation was carried out in adult mice under
ketamine/xylazine anesthesia. A midline incision was made through
the abdominal wall, the intestines were retracted, and the left ureter
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Figure 11 | Reduction of F4/80þ DCs is associated with reduced proportion of CD44hi T cells within kidney cell suspensions at
72 h after acute urinary obstruction. Graphical results are shown for surface staining of cell suspensions prepared from obstructed
(Obstr.) and nonobstructed (Ctrl.) kidneys 72 h following unilateral (left) ureteral ligation. Groups of mice were pretreated with inert
liposomes (PBS, n¼ 4) and clodronate-containing liposomes (Clodr., n¼ 4). (a) The proportions of the total kidney cells suspensions that
stained for surface marker combinations indicative of F4/80þ DCs (CD45þ /CD11cþ /Ly6C�/F4/80þ ), F4/80� DCs (CD45þ /CD11cþ /Ly6C�/
F4/80�), and monocytes (CD45þ /CD11c�/Ly6Cþ /F4/80�) are shown as mean±s.d. for each condition. (b) The proportions of the total
kidney cells suspensions that stained for surface marker combinations indicative of total T cells (CD45þ /CD3þ ), CD4þ T cells (CD45þ /
CD3þ /CD4þ ), and CD8þ T cells (CD45þ /CD3þ /CD8þ ) are shown as mean±s.d. for each condition. (c) The proportions of total T cells,
CD4þ T cells, and CD8þ T cells that stained highly for CD44 are shown as mean±s.d. for each condition. (d) The mean fluorescence
intensities for CD44 surface staining of total T cells, CD4þ T cells, and CD8þ T cells are shown as mean±s.d. for each condition. wPo0.05
for Obstr. vs equivalent condition Ctrl. zPo0.05 for PBS vs equivalent condition for Clodr.
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was identified. Two proline sutures were tied around the mid
portion of the left ureter and the abdominal incision was closed in
separate layers. Animals were observed for 2 h and killed between 24
and 72 h later. Kidneys were digested with collagenase and DNase as
previously described.31

Flow cytometric analysis
Aliquots of cells were incubated in fluorescence-activated cell sorting
buffer (PBS/0.2% bovine serum albumin/0.02%NaN2) at 4 1C with
combinations of fluorochrome-labeled and/or biotinylated anti-
bodies followed by fluorochrome-labeled streptavidin. Intracellular
staining of kidney cells was carried out using the Cytofix/Cytoperm
kit (BD Pharmingen, San Diego, CA, USA). For experiments
involving intracellular staining, suspensions were cultured overnight
in Dulbecco’s modified Eagle’s medium/10% fetal calf serum with
GolgiPlug (BD Pharmingen) added to 1 ml/ml 4 h before staining.
For experiments involving T-cell stimulation, purified anti-CD3e
antibody (145-2C11) was added at the beginning of culture to
concentrations varying between 0.001 and 1.0mg/ml. Samples were
analyzed using a FACS Calibur flow cytometer (BD Pharmingen)
and WinMDI 2.8 software.

Clodronate liposome-mediated depletion of intrarenal DCs
Clodronate (Sigma-Aldrich, St Louis, MO, USA) and inert (PBS)
liposomes were prepared as previously described.27,68 Mice were
injected intravenously with 200ml of clodronate or PBS liposomes
on 2 consecutive days then subjected to UUL 48 h after the second
injection.

Magnetic column separation, cell culture, and ELISA of
culture supernatants
Magnetic bead separations of kidney cell suspensions were carried
out using antibody-coated microbeads and the miniMACS separa-
tion system (Miltenyi Biotech Inc., Auburn, CA, USA). Cultures of
total cells and magnetic column cell fractions were carried out
overnight in 96-well round-bottom plates following which super-
natants were subjected to ELISA for TNF, IL-6, (BD Pharmingen),
MCP-1, RANTES, MIP-2, and IP-10 (R&D Systems, Minneapolis,
MN). For experiments comparing unsorted and CD45-depleted
fractions or those comparing unsorted fractions from kidneys of
clodronate-treated and control groups, cells were plated at 5� 105

per well with 3–6 wells per condition. For experiments comparing
CD4-enriched fractions from kidneys of clodronate-treated and
control groups, cells were plated at 5� 104 per well with 3–6 wells
per condition.

Quantitative RT-PCR
Portions of freshly dissected kidneys were snap-frozen. The
remaining portions were digested with collagenase and DNase
followed by preparation of CD11c-enriched, CD11c-depleted/CD4-
enriched, and CD11c-depleted/CD45-enriched fractions that were
then pelleted and snap-frozen. Total RNA was extracted from all
samples using PerfectPure Tissue and Cultured Cell RNA (5 Prime,
Gaithersburg, MD) kits and was reverse transcribed using the High-
Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA,
USA). qRT-PCR was carried out in 96-well plates on selected samples
for mouse TNF, IL-17, IFNg, IL-12 p35, IL-23 p19, and glycer-
aldehyde-3-phosphate dehydrogenase using inventoried TaqMan
Gene Expression Assays, TaqMan Universal PCR Master Mix, and
an ABI Prism 7900HT Real-Time System (Applied Biosystems). For

all assays relative quantitation of gene expression was carried out by
the comparative CT method with amplification of glyceraldehyde-3-
phosphate dehydrogenase as the reference. Comparative expression
of a given target among samples was expressed as fold expression
relative to a single control sample from nonobstructed kidney.

Immunohistochemistry and microscopic analysis
Freshly dissected kidneys were halved and fixed overnight at 4 1C in
10% formalin (Sigma-Aldrich) and were then embedded with
paraffin. Sequential 6 mM sections were stained with primary
antibodies against mouse CD3 (1:250) and F4/80 (1:200) using a
Dako Autostainer (Dako, Carpinteria, CA, USA). Slides were
deparaffinized and hydrated through an alcohol gradient. Peroxidase
block and proteinase K were applied for 5 min each. Rodent block
was applied for 30 min followed by primary antibody in Dako
background-reducing diluent for 60 min. For anti-CD3 staining,
MACH4 HRP Polymer (anti-rabbit secondary; Biocare Medical,
Concord, CA, USA) was then applied for 30 min. For F4/80 staining,
the Rat on Mouse secondary system was used (Biocare Medical).
The rat probe was applied for 15 min, followed by the rat on mouse
horseradish peroxidase polymer for 15 min. Betazoid DAB Chromo-
gen (Biocare Medical) was then applied for 5 min. Slides were
counterstained in hematoxylin, then dehydrated through an alcohol
gradient and coverslipped. Stained slides were analyzed using a
Nikon Eclipse E600 microscope with a Nikon DXM1200 digital
camera. To quantify T cells in CD3-stained sections, positively
stained cells were counted in a total of 10 nonoverlapping high-
power (20� ) fields in the medulla, at the CMJ, or in the cortex of
each section. T-cell numbers at the three sites were expressed for
each group as the mean±s.d. of the average counts from each
kidney within the group.

Statistical analysis
Results for individual experimental groups were expressed as
mean±s.d. and were compared using paired (for left vs right
kidney experiments) or unpaired (for all other comparisons) two-
sided Student’s t-test with significance assigned to Po0.05. Experi-
ments were carried out between three and six times to ensure
reproducibility.
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SUPPLEMENTARY MATERIAL
Figure S1. Calculated total cell numbers are shown for F4/80þ DCs,
F4/80� DCs, monocytes, neutrophils, CD4þ T cells and CD8þ T cells
within cell suspensions of obstructed (Obstr.) and nonobstructed
(Ctrl.) kidneys (n¼ 4) prepared 72 h after unilateral (left) ureteral
ligation and analyzed by flow cytometry.
Figure S2. Representative examples of kidney sections
immunostained for T cells (CD3) and F4/80þ DCs (F4/80) are shown
from nonobstructed (Control) and obstructed kidneys at 24 and 72 h
following left UUL.
Figure S3. Examples of flow cytometric staining and gating are
shown for cell suspensions of obstructed (Obstr.) and nonobstructed
(Ctrl.) kidneys prepared 48 h after unilateral (left) ureteral ligation.
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Figure S4. Flow cytometric analysis of CD4þ (left) and CD8þ (right) T
cells present among a CD45-enriched cell suspension prepared by
magnetic bead separation from a pooled digest of four mouse
kidneys 72 h after ureteral ligation.
Figure S5. Analysis of CD45-enriched cells from cell suspensions of
kidneys following 72 h of urinary obstruction is shown following
overnight culture in the absence (Unstim.) or presence (Anti-CD3e) of
2C11 antibody.
Figure S6. Flow cytometric analysis is shown for CD4þ and CD4� T
cells present among a CD45-enriched cell suspension prepared by
magnetic bead separation from a pooled digest of three mouse
kidneys 72 h after ureteral ligation.
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