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ABSTRACT
Inflammation contributes to the pathogenesis of acute kidney injury. Dendritic cells (DCs) are immune
sentinels with the ability to induce immunity or tolerance, but whether they mediate acute kidney injury
is unknown. Here, we studied the distribution of DCs within the kidney and the role of DCs in
cisplatin-induced acute kidney injury using a mouse model in which DCs express both green fluorescence
protein and the diphtheria toxin receptor. DCs were present throughout the tubulointerstitium but not
in glomeruli. We used diphtheria toxin to deplete DCs to study their functional significance in cisplatin
nephrotoxicity. Mice depleted of DCs before or coincident with cisplatin treatment but not at later
stages experienced more severe renal dysfunction, tubular injury, neutrophil infiltration and greater
mortality than nondepleted mice. We used bone marrow chimeric mice to confirm that the depletion of
CD11c-expressing hematopoietic cells was responsible for the enhanced renal injury. Finally, mixed bone
marrow chimeras demonstrated that the worsening of cisplatin nephrotoxicity in DC-depleted mice was
not a result of the dying or dead DCs themselves. After cisplatin treatment, expression of MHC class II
decreased and expression of inducible co-stimulator ligand increased on renal DCs. These data demonstrate that resident DCs reduce cisplatin nephrotoxicity and its associated inflammation.
J Am Soc Nephrol 21: 53–63, 2010. doi: 10.1681/ASN.2009040407

Innate immune responses are pathogenic in both
ischemic and toxic acute renal failure. In response
to renal injury, inflammatory chemokines and cytokines are produced both by renal parenchymal
cells, such as proximal tubule epithelial cells, and
resident or infiltrating leukocytes.1– 4 The elaborated chemokines and cytokines, including
TNF-␣, IL-18, keratinocyte-derived chemokine,
and monocyte chemoattractant protein 1, subsequently recruit additional immune cells to the kidney, such as neutrophils, T cells, monocytes, and
inflammatory dendritic cells (DCs), which may
cause further injury through pathways that are not
fully defined.2,5–12 DCs are sentinels of the immune
system and under steady-state conditions induce
tolerance by various mechanisms, including production of TGF-␤, IL-10, or indoleamine 2,3dioxygenase13–16; expression of PDL-1, PDL-2, or
Fc ␥ R2B 17,18 ; clonal deletion of autoreactive T
cells19; and induction of T regulatory cells via the
J Am Soc Nephrol 21: 53–63, 2010

inducible co-stimulator (ICOS) pathway.20 –23 In
response to pathogens or products of tissue injury,
DCs mature and initiate immunity or inflammatory diseases.24,25 Monocytes recruited to inflamed
tissue can also differentiate into inflammatory DCs
and mediate defense against pathogens or contribute to inflammatory tissue responses.12,26 –28
Although DCs represent a major population of immune cells in the kidney,29 their role in renal disease is
poorly defined. Liposomal clodronate has been used
to study the pathophysiologic role of phagocytic cells,
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which include DCs and macrophages.3,30 –32 An alternative DCspecific approach uses expression of the simian diphtheria toxin
receptor (DTR) driven by the CD11c promoter to target DCs for
DT-mediated cell death.24 This model has been used extensively
to study the role of DCs in various physiologic and pathophysiologic contexts32,33; however, its application in kidney disease has
been limited to recent studies of immune complex–mediated glomerulonephritis.12,23
We have reported that inflammation plays an important
role in the pathogenesis of cisplatin-induced acute kidney injury (AKI).1,4,5,34 Given the dearth of information regarding
the role of renal DCs in AKI, this study examined the renal DC
population and the impact of its depletion on cisplatin nephrotoxicity. We show that DCs are the most abundant population of renal resident leukocytes and form a dense network
throughout the tubulointerstitium. Renal DCs displayed surface markers that distinguished them from splenic DCs. Using
a conditional DC depletion model, we determined that DC
ablation markedly exacerbates cisplatin-induced renal dysfunction, structural injury, and infiltration of neutrophils.

RESULTS
Properties of Renal DCs

Flow cytometric analysis of tissue digests revealed a distinct
population of cells expressing high levels of CD11c and MHC
class II (MHCII) in both kidney and spleen (Supplemental
Figure 1A). On the basis of this definition, DCs were the most
abundant population of leukocytes in the kidney (46.15 ⫾
2.5% of all CD45⫹ cells; n ⫽ 4). A total of 9.4 ⫾ 0.6 ⫻ 104
CD11c⫹ MHCII⫹ DCs were obtained from each kidney compared with 6.8 ⫾ 0.3 ⫻ 105 from the spleen of normal C57BL/6
mice (n ⫽ 12). Comparative analysis of cell surface markers of
renal and splenic DCs (Supplemental Figure 1B) showed similar expression of CD11b, MHCI, MHCII, CD40, CD80, CD86,
and Gr-1. In contrast to splenic DCs, renal DCs were negative
for CD4 and CD8. Renal DCs also differed from the bulk of
splenic conventional DCs by their prominent expression of
F4/80, a surface marker of monocytes and macrophages (Supplemental Figure 1, B and C).
We used transgenic mice (CD11c-DTRtg) that express
green fluorescence protein (GFP) and the simian DTR driven
by the CD11c promoter to examine renal DC distribution (Figure 1, A and C through F). Confocal imaging revealed GFPpositive cells throughout the tubulointerstitium but not in glomeruli (Figure 1, E and F). GFP-positive cells had a stellate
shape typical of DCs. As expected, wild-type (WT) mice
showed no GFP positive cells (Figure 1B).
Inducible Ablation of Renal DCs In Vivo

To deplete selectively DCs in vivo, we used CD11c-DTRtg mice
in which expression of the DTR/GFP fusion protein in DCs
renders the normally resistant murine cells sensitive to DT54
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Figure 1. DCs in the kidney are shown. (A) Flow cytometry of
renal CD11c⫹ MHCII⫹ DCs from WT and CD11c-DTRtg mice for
GFP expression. (B through F) Confocal microscopy of kidney
sections of WT (B) and CD11c-DTRtg mice (C through F) for
GFP-positive DC localization. (D) Magnification of boxed area in C
showing GFP-positive cells between renal tubules. (E and F) Absence of GFP-positive cells (DCs) in glomerulus. Arrows point to
GFP-positive DCs. Nuclei are stained with DAPI.

induced cell death.23–25 We first examined the efficiency of depletion of renal and splenic DCs in response to DT treatment.
Similar to the recent study by Scholz et al.,23 DT administration
to CD11c-DTRtg mice caused a marked transient depletion of
CD11c⫹ MHCII⫹ cells in both kidney and spleen (Figure 2).
Ablation was maximal at 24 h in spleen and at 48 h in kidney
(Figure 2, C and D). DC depletion in the kidney was more
prolonged than in spleen. DT did not deplete CD11c⫺F4/80⫹
macrophages in the kidney (Supplemental Figure 2).
DC Depletion Exacerbates Cisplatin Nephrotoxicity

DT was injected 24 h before cisplatin injection to ablate DCs.
Treatment of either CD11c-DTRtg mice or their WT littermates with DT alone did not result in renal dysfunction as
assessed by levels of blood urea nitrogen (BUN) and serum
creatinine (Figure 3). In comparison with WT mice, CD11cDTRtg mice that were administered an injection of DT followed by cisplatin showed both earlier and more dramatic increases in serum creatinine and BUN. The survival at 72 h was
only 20% in the CD11c-DTRtg mice and 100% in WT mice
treated with DT and cisplatin (n ⫽ 5).
J Am Soc Nephrol 21: 53–63, 2010
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Figure 2. DC depletion in CD11c-DTRtg mice after DT treatment is shown. (A and B) Histogram of GFP expression by splenic (A) and
renal (B) CD11c⫹ MHCII⫹ DCs in WT and CD11c-DTRtg mice and their depletion at 24 h after DT treatment. (C and D) Flow cytometric
quantification of spleen (C) and kidney (D) CD11c⫹ MHCII⫹ DCs obtained from CD11c-DTRtg mice at various time points after DT
injection. *P ⬍ 0.05 versus 0 h group (n ⫽ 4 to 12).

Figure 3. DC depletion increases susceptibility to cisplatin nephrotoxicity. WT and CD11c-DTRtg mice were treated with either DT or
DT and cisplatin. (A and B) Blood collected at various time points with respect to cisplatin injection was analyzed for BUN (A) and serum
creatinine (B) as a measure of renal function. **P ⬍ 0.01 versus all other groups; ⫹P ⬍ 0.05 versus all other groups (n ⫽ 9 to 17).

The worsening renal dysfunction in response to cisplatin
treatment in DC-depleted mice was associated with an increase
in tubular necrosis (Figure 4). Kidneys from DT-treated WT
mice and CD11c-DTRtg mice did not exhibit any visible tubular damage (Figure 4, A, B, and E). WT mice treated with DT
followed by cisplatin displayed moderate tubular injury characterized by dilation of tubules, loss of brush border, and
J Am Soc Nephrol 21: 53–63, 2010

sloughing of epithelial cells (Figure 4, C and E). CD11c-DTRtg
mice treated with DT followed by cisplatin showed more extensive renal tubular damage compared with mice not depleted
of DCs (Figure 4, D and E).
Tissue injury is associated with inflammation and infiltration of leukocytes.5 Because DC ablation exacerbated renal
dysfunction as early as 24 h after cisplatin injection, we invesDendritic Cells in Cisplatin Nephrotoxicity
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Figure 4. Effect of DC depletion on renal morphology in cisplatin nephrotoxicity is shown. (A through D) WT mice (A and C) and
CD11c-DTRtg mice (B and D) were treated with DT (A and B) or DT and cisplatin (C and D). Cisplatin was injected 24 h after DT injection
(C and D). Kidneys were harvested at 48 h after cisplatin injection and stained with periodic acid-Schiff. (E) Tubular injury scoring in the
renal cortex of periodic acid-Schiff–stained kidney sections harvested at 24 and 48 h after cisplatin injection. **P ⬍ 0.01 versus
CD11c-DTRtg mice (DT ⫹ Cis); ⫹P ⬍ 0.05 versus WT mice (DT ⫹ Cis) (n ⫽ 4 to 5).

tigated the influx of leukocytes into the kidney in WT and
DC-ablated mice to cisplatin nephrotoxicity. DT-treated
CD11c-DTRtg mice showed a significant reduction in total
kidney leukocytes compared with DT-treated WT mice (Figure 5), which reflected the depletion of DCs themselves, which
constitute a major leukocyte population in the kidney. Cisplatin treatment resulted in a striking increase in leukocyte infiltration in DC-depleted CD11c-DTRtg mice, with neutrophils
constituting the major infiltrating leukocyte population. WT
mice treated with cisplatin showed only a moderate increase in
neutrophils. The number of T cells, B cells, NK cells, and plasmacytoid DCs infiltrating the kidney were not dramatically
altered by either DT or cisplatin in either WT or CD11c-DTRtg
mice. Immunohistochemistry for neutrophils confirmed the
results obtained by flow cytometry (Figure 6).
We also examined the impact of the timing of DC depletion
on cisplatin injury. WT and DTRtg mice were administered an
injection of DT either 24 or 1 h before or 24 h after cisplatin
injection (Figure 7). Injection of CD11c-DTRtg mice with DT
either 24 or 1 h before cisplatin injection exacerbated renal
injury to a similar extent, whereas injection of CD11c-DTRtg
mice with DT 24 h after cisplatin injection had no impact on
the severity of renal dysfunction (Figure 7). These results suggest that DC depletion at late stages does not influence the
ongoing kidney injury in cisplatin nephrotoxicity.
Effects of DT on Cisplatin Nephrotoxicity Are
Mediated by Hematopoietic CD11c-Expressing Cells

To exclude the involvement of DTR expressed on nonhematopoietic cells in the previous results, we created chimeric mice in
56
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Figure 5. Effect of DC depletion on renal leukocyte infiltration in
cisplatin nephrotoxicity is shown. WT and CD11c-DTRtg mice
treated with DT or DT and cisplatin were killed at 24 h, and
single-cell kidney suspensions were analyzed by flow cytometry
gating on CD45⫹ leukocytes for total numbers of CD4⫹ and
CD8⫹ T cells, CD11b⫺PDCA-1⫹ plasmacytoid DCs, CD3⫺NK1.1⫹
NK cells, CD11c⫺B220⫹ B cells, and F4/80⫺Ly-6G⫹ neutrophils
per kidney. *P ⬍ 0.05 versus all other groups; ⫹P ⬍ 0.05 versus
WT mice (DT) (n ⫽ 4 to 5).

which CD11c-DTR/GFP bone marrow was transplanted into
irradiated WT recipients, thereby restricting DTR expression
to the hematopoietic compartment (Supplemental Figures 3B
and 9A). We also made WT to CD11c-DTRtg chimera to deJ Am Soc Nephrol 21: 53–63, 2010
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Figure 6. Effect of DC depletion on renal neutrophil infiltration and localization in cisplatin nephrotoxicity is shown. (A through D) WT
mice (A and C) and CD11c-DTRtg mice (B and D) were treated with DT (A and B) or DT and cisplatin (C and D). Cisplatin was injected
24 h after DT treatment (C and D). Kidneys harvested 48 h after cisplatin injection were stained for neutrophils. (E) Enumeration of
neutrophils in renal cortex of kidney sections harvested at 24 and 48 h after cisplatin treatment. **P ⬍ 0.01 versus CD11c-DTRtg mice
(DT ⫹ Cis); ⫹P ⬍ 0.05 versus WT mice (DT ⫹ Cis) (n ⫽ 4 to 5).

Figure 7. Kinetic analysis of renal DC role in cisplatin nephrotoxicity is shown. WT and CD11c-DTRtg mice were treated with DT at
⫺24, ⫺1, or 24 h with respect to cisplatin injection. (A and B) Blood collected at 48 h after cisplatin injection was analyzed for BUN (A)
and serum creatinine (B). (C and D) WT and CD11c-DTRtg mice were administered an injection of cisplatin followed by DT 24 h later.
Blood collected at various time points with respect to cisplatin injection was measured for BUN (C) and serum creatinine (D). **P ⬍ 0.01
versus WT mice (n ⫽ 7 to 10).

J Am Soc Nephrol 21: 53–63, 2010
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termine the efficiency of renal DC depletion in response to the
irradiation protocol used to make the chimeric mice (Supplemental Figure 3A). The results indicate that the resident renal
DCs in bone marrow chimeras are almost exclusively of donor
origin.
Having established that the kidney DCs in CD11c-DTRtg to
WT chimeric mice are of donor origin, CD11c-DTRtg to WT
chimeric mice were administered an injection of DT and cisplatin. To ensure maximal depletion of DCs, the mice received
DT 24 h before and 24 h after cisplatin injection.32,33,35,36 Consistent with our previous observation in CD11c-DTRtg mice,
the CD11c-DTRtg to WT chimeric mice depleted of DCs
showed more severe renal dysfunction as measured by BUN
(Figure 8A) and serum creatinine (Figure 8B) than nondepleted chimeric mice treated with cisplatin alone. Likewise,
CD11c-DTRtg to WT chimeric mice treated with DT and cisplatin exhibited increased mortality compared with CD11cDTRtg to WT chimeric mice that received cisplatin alone (Figure 8C). Treatment of CD11c-DTRtg to WT chimeras with DT
alone did not produce any mortality.
Exacerbation of Injury by DT Is Independent of Dead
DCs

Administration of DT to CD11c-DTRtg mice or CD11cDTRtg to WT chimera results in massive death of DCs. The
exacerbation of cisplatin nephrotoxicity by DT, then, could be
the result of these dead DCs, perhaps serving as a danger signal
to the immune system,37 rather than the absence of DCs, per se.
To address this possibility, we made mixed bone marrow chimeric mice in which 50% of the DCs were WT and 50% expressed DTR and were susceptible to DT-induced cell death
(Figure 9A). Treatment of these mice with DT produced DC
death but did not fully deplete DCs. DT was injected into these
mixed chimeric mice 24 h before and 24 h after cisplatin treatment. DT treatment had no impact on the severity of cisplatininduced renal dysfunction in the mixed chimeras as deter-

mined by levels of BUN (Figure 9B) and serum creatinine
(Figure 9C). These results indicate that dead or dying DCs do
not account for the worsening of cisplatin nephrotoxicity in
DT-treated mice.
Lack of Inflammatory DCs in Cisplatin Nephrotoxicity

In nephrotoxic nephritis, CD11bhiGr-1hiCD11c⫹-expressing
monocyte-derived proinflammatory DCs are recruited to the
kidney.12 We quantified CD11bhiGr-1hiCD11c⫹ DCs in the
kidney after cisplatin treatment (Figure 10, A and C). WT mice
that were administered an injection of cisplatin showed a very
minimal infiltration of CD11bhiGr-1hiCD11c⫹ inflammatory
DCs at 48 and 72 h compared with saline-treated mice; however, kidneys of cisplatin-treated mice showed a time-dependent increase in the number of CD11bhiGr-1hiCD11c⫺ cells.
Gr-1 is a surface marker detected by mAb RB6-8C5 that binds
to both Ly6C and Ly6G.27,38 The 7/4 antibody detects a 40-kD
antigen expressed on monocytes and neutrophils.39 By morphology, neutrophils are Ly6Ghi7/4hi and monocytes are
Ly6G⫺7/4hi.39 To characterize these infiltrating leukocytes further, we stained cells for Ly6G and 7/4 (Figure 10, B and D). We
observed a time-dependent increase in cells positive for both
Ly6G and 7/4, suggesting them to be neutrophils.39 Likewise,
the number of Ly6G⫺7/4hi monocytes39 increased at 72 h in
cisplatin-treated mice. Thus, neutrophils and monocytes,
rather than inflammatory DCs, are increased in cisplatin nephrotoxicity.
Activation State of Renal DCs in Cisplatin
Nephrotoxicity

Renal DCs from cisplatin-treated mice were examined for the
changes in the expression of MHCI, MHCII, CD40, CD80, and
CD86 (Figure 11A), the maturation markers that are required for
the induction of inflammatory response, and ICOS-L (Figure 11,
B and C), which can induce IL-10 production by T cells.20 –23 Kidney DCs from WT mice treated with saline or cisplatin showed

Figure 8. DC-mediated protection is independent of DT effect on nonhematopoietic cells. CD11c-DTRtg to WT chimera mice were
administered an injection of saline, DT, cisplatin, or DT and cisplatin. (A and B) Blood collected at various time points with respect to
cisplatin injection was analyzed for BUN (A) and serum creatinine (B). (C) Survival rate was determined in CD11c-DTRtg to WT chimera
after the administration of cisplatin or DT and cisplatin (n ⫽ 8 to 13). ⫹P ⬍ 0.05 versus saline and DT; *P ⬍ 0.05 versus all other groups.
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Journal of the American Society of Nephrology

J Am Soc Nephrol 21: 53–63, 2010

www.jasn.org

BASIC RESEARCH

Figure 9. Effect of dead cells on DC-mediated protection in cisplatin nephrotoxicity is shown. (A) Histogram of blood leukocytes
obtained from WT(CD45.1) to WT(CD45.2), WT(CD45.1):CD11c-DTRtg(CD45.2) to WT(CD45.2), and CD11c-DTRtg(CD45.2) to
WT(CD45.2) chimera to demonstrate the efficiency of donor bone marrow replenishment and the mixed chimerism of the WT(CD45.1):
CD11c-DTRtg(CD45.2) to WT(CD45.2) mice. (B and C) Blood collected from WT(CD45.1) to WT(CD45.2) and WT(CD45.1):DTRtg(CD45.2) to WT(CD45.2) chimera mice that were administered an injection of DT and cisplatin at various time points with respect to
cisplatin injection was measured for BUN (B) and serum creatinine (C). n ⫽ 6 to 7.

Figure 10. Renal infiltration of inflammatory DCs, neutrophils, and monocytes in cisplatin nephrotoxicity is shown. (A and B) WT mice
that were administered an injection of saline or cisplatin were killed at 48 or 72 h, and single-cell renal suspensions were analyzed by
flow cytometry gating on CD45⫹ leukocytes for the expression of Gr-1 versus CD11b and CD11c (A) and Ly-6G versus 7/4 (B). (C)
Absolute number of Gr-1⫹CD11b⫹CD11c⫺ leukocytes and Gr-1⫹CD11b⫹CD11c⫹ inflammatory DCs. (D) Absolute number of 7/4hiLy6G⫺ monocytes and 7/4hiLy-6G⫹ neutrophils. *P ⬍ 0.05 versus 72 h cisplatin; ⫹P ⬍ 0.05 versus 48 and 72 h cisplatin (n ⫽ 3 to 4).

similar expression of MHCI, CD40, CD80, and CD86. A slight
decrease in MHCII expression was noticed in kidney DCs obtained from cisplatin-treated mice. Expression of PDL-1, PDL-2,
and Fc␥R2B were also similar in saline- and cisplatin-treated mice
(data not shown). These results indicate that DCs maintained
J Am Soc Nephrol 21: 53–63, 2010

their steady-state expression of antigen presentation and co-stimulatory molecules in cisplatin-treated mice, at least when examined 24 h after cisplatin treatment. The renal DCs from WT mice
treated with saline showed high expression of ICOS-L, which increased significantly in response to cisplatin treatment.
Dendritic Cells in Cisplatin Nephrotoxicity
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Figure 11. Renal DC expression of surface markers in response
to cisplatin treatment is shown. (A through C) WT mice treated
with saline or cisplatin were killed at 24 h, and renal DCs
(CD45⫹CD11c⫹NK1.1⫺PDCA⫺) were analyzed for the expression
of MHCI, MHCII, CD40, CD80, and CD86 (A) and ICOS-L (B and
C) by flow cytometry. *P ⬍ 0.05 versus saline (n ⫽ 3 to 5).

DISCUSSION

A pathogenic role for inflammation in AKI is well established.
Compelling evidence suggests that renal dysfunction in different forms of AKI is the outcome of secretion of immune mediators5–9 and the activation of renal resident and recruited
leukocytes2,3,10,11; however, recent studies also suggested that
certain cytokines40 – 43 and immune cells23,44,45 may limit kidney injury by reducing the immune-mediated inflammatory
response.46 During renal injury, DCs are thought to contribute
to renal inflammation and exacerbate kidney injury.3,47,48
These studies were based on measures of DC infiltration and
cytokine production but did not determine the functional relevance of DCs within their physiologic context in vivo. Contrary to these findings, our work used a conditional DC ablation model to demonstrate that resident renal DCs mediate
protection in a nephrotoxic model of AKI.
We found an abundant population of CD11c⫹ cells in the
kidney, accounting for almost half of all renal leukocytes. As
noted by others,29,49,50 renal DCs differed from splenic DCs
with respect to certain surface markers expression, notably, a
high expression of F4/80, a marker of macrophages. Using
60
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CX3CR1 as a marker, Soos et al.29 and Li et al.50 showed DCs in
glomeruli and an intricate network throughout the tubulointerstitium. Using CD11c-DTRtg mice, we also observed a network of DCs in the tubulointerstitium but not in glomeruli.
This is consistent with a recent report on human kidney.48 We
suspect the glomerular cells seen in the CX3CR1-GFP mice
may represent other CX3CR1-expressing cells, such as NK
cells, monocytes, or T cells.51–53
Although a number of studies have documented changes in
the numbers, trafficking, or maturation state of renal DCs in
various pathophysiologic conditions,47,54,55 the role of these
renal DCs in their physiologic context remains poorly defined.
The functional role of DCs in AKI has been examined using
liposomal clodronate.3,56 In ischemic AKI, clodronate reduced
the severity of renal injury,31,57 whereas in the cisplatin model,
clodronate did not affect renal injury.56 Unfortunately, clodronate is not specific for DCs, which limits the interpretation of
these results. In this study, we used a transgenic mouse model
to deplete DCs but not macrophages in the kidney. DC ablation before cisplatin treatment caused a marked increase in the
severity of cisplatin-induced renal dysfunction, structural
damage, and neutrophil infiltration. Through the use of chimeric mice, we determined that the exacerbation of cisplatininduced AKI was referable to DT effects on hematopoietic cells
rather than ectopic expression of the DTR in other sites. These
results are consistent with the view that resident renal DCs play
a protective role against cisplatin nephrotoxicity. We also determined that renal DCs, in contrast to DCs in skin,58 are radiosensitive and that bone marrow transplantation effectively
replaces the renal DC population with donor cells. This finding
has important implications for the design and interpretation of
bone marrow chimera studies, which are being increasingly
applied to the study of kidney disease.4,34,59
During tissue injury, inflammatory DCs may be recruited to
the sites of inflammation.12,27,28 In addition, danger signals released from dying cells may stimulate DCs37,60,61; however, we
found that depletion of DCs 24 h after cisplatin treatment did
not ameliorate cisplatin toxicity and that few inflammatory
DCs could be identified. Taken together, these results suggest
that proinflammatory DCs are not mediators of cisplatin
nephrotoxicity.
The mechanism by which DC ablation exacerbated cisplatin
AKI is not certain. Products released from dying cells can stimulate Toll like receptors and induce inflammation.37,60,61 This
is particularly relevant in light of studies from several laboratories,59,62 including our own,34 that have identified a role for
Toll like receptor signaling in AKI; however, using a novel
mixed chimera approach, we were able to demonstrate that
dead DCs themselves were not responsible for the exacerbation
of AKI. The mixed chimera experiments also indicated that
partial (approximately 50%) depletion of DCs did not exacerbate cisplatin AKI. Apparently, the remaining DCs were sufficient for protection.
We also examined the activation state of renal DCs after cisplatin injection. Cisplatin treatment did not result in any difference
J Am Soc Nephrol 21: 53–63, 2010

www.jasn.org

in the expression of MHCI, CD40, CD80, and CD86 but caused a
slight decrease in the expression of MHCII. Interestingly, renal
DCs were found to express high levels of ICOS-L, which increased
further after cisplatin treatment. An increase in ICOS-L expression on renal DCs was also observed in DC-mediated amelioration of nephrotoxic nephritis.23 The findings that renal DCs maintain their steady-state status with respect to the expression of
antigen presentation and co-stimulatory molecules and upregulate ICOS-L in response to cisplatin treatment suggests that the
modulation of the inflammatory response by DCs may contribute
to tissue protection in cisplatin nephrotoxicity.
It is possible that production of IL-1016 or other anti-inflammatory factors,13–15 either by DCs themselves or by cells under the
influence of DCs, may be an endogenous protective mechanism
in AKI. For example, ICOS-L stimulates IL-10 production by T
cells,20 –23 and IL-10 has been shown to ameliorate cisplatin nephrotoxicity.40 DCs might also induce tolerance by capturing apoptotic renal epithelial cells63 or limit inflammation by ingesting
dead renal epithelial cells. In this regard, the phagocytic activity of
steady-state immature tissue DCs is high compared with activated
mature DCs.64,65 Resident DCs may also modulate the infiltration
of the kidney by other inflammatory cells. In endotoxin-induced
uveitis, IL-10 production by DCs may inhibit neutrophil chemotaxis.66 We observed a greater infiltration of neutrophils into the
kidney in DC-depleted mice. Whether this is a cause of or response to the greater kidney injury is not clear from this work.
Finally, it should be recognized that DT causes global depletion of
DCs in the CD11c-DTRtg mice; therefore, we cannot exclude the
possibility that the exacerbation of cisplatin AKI was due to the
depletion of extrarenal DCs rather than or in addition to resident
renal DCs.
In summary, we have determined the features and distribution
of DCs within the kidney and examined their role in a model of
toxin-induced AKI. DCs are protective against cisplatin nephrotoxicity. Conditional depletion of DCs accelerates and exacerbates
the course of cisplatin-induced AKI. Elucidation of the mechanism by which DCs reduce cisplatin-induced AKI may reveal opportunities for pharmacologic or cell-based interventions. Studies
of DCs in other forms of AKI are also warranted.

CONCISE METHODS
Animals
Experiments were performed using 6- to 14-wk-old C57BL6
(CD45.2⫹) or congenic C57BL6 mice B6.SJL-PtprcaPep3b/BoyJ
(CD45.1⫹) and CD11c-DTRtg mice (B6.FVB-Tg Itgax-DTR/GFP
57Lan/J) harboring a transgene encoding a simian DTR-GFP fusion
protein under the transcriptional control of mouse CD11c promoter.
Bone marrow chimeras were generated as reported previously.4,34
Acute renal failure was induced in mice by injection of a single dose of
cisplatin (20 mg/kg body wt), intraperitoneally. Animals were maintained under specific pathogen-free conditions, and experimental
protocols were approved by the Institutional Animal Care and Use
Committee of the Pennsylvania State University College of Medicine.
J Am Soc Nephrol 21: 53–63, 2010
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Diphtheria Toxin–Mediated DC Ablation
DCs were depleted in CD11c-DTRtg mice by a single intraperitoneal
injection of 4 ng DT/g body weight (Sigma Aldrich). Ablation of DC
was confirmed by staining for CD11c⫹ MHCII⫹ DCs in spleen and
kidney after perfusion of 20 ml of saline through the heart of the mice.
CD11c-DTRtg littermates negative for the transgene were used as
controls. Cisplatin was injected into CD11c-DTRtg mice at various
times before and after DT injection. In WT mice reconstituted with
CD11c-DTRtg bone marrow, 4 ng/g body weight DT was injected
twice, 24 h before and 24 h after cisplatin injection.

Renal Function
Renal function was determined by measurement of BUN (VITROS
DT60II chemistry slides; Ortho-Clinical Diagnostics, Rochester, NY)
and serum creatinine (DZ072B; Diazyme Labs, Poway, CA).

Histologic Examination
Kidneys were fixed in buffered formalin for 24 h, embedded in paraffin, sectioned (4-m thickness), and stained with periodic acidSchiff. The extent of tubular injury was assessed using a semiquantitative scale as described previously.10

Immunostaining
Formalin-fixed and paraffin-embedded kidney tissue sections of
4-m thickness were deparaffinized, and antigen retrieval was performed using 10 mM sodium citrate buffer. Immunohistochemistry
for neutrophils was performed using a rat anti-mouse neutrophil primary antibody (MCA 771 GA; Serotec) followed by biotinylated antirat secondary antibody. For confocal analysis, saline-perfused kidneys
were fixed in 2% paraformaldehyde for 2 h at room temperature immediately after excision followed by incubation in 30% sucrose overnight at 4°C and embedded in OCT. Tissue sections stained with
DAPI were imaged using a Leica confocal microscope.

Preparation of Single-Cell Suspensions for Flow
Cytometry
Mice were subjected to perfusion with 20 ml of saline to remove intravascular leukocytes. Spleen and kidneys were minced into fragments of 1 mm3 and digested with 2 mg/ml collagenase D and 100
U/ml DNase I. The digested tissues were then passed sequentially
through 100- and 40-m mesh. The cell suspension was centrifuged,
and red blood cells in the resulting pellet were lysed using red blood
cell lysis buffer (Sigma).
Splenic and renal cells were stained using the following fluorochrome-labeled antibodies: Anti-CD45, CD45.1, CD11c, F4/80,
MHCI, MHCII, CD11b, CD40, CD80, CD86, Gr-1, Ly-6G (BioLegend), 7/4 (AbD Serotec) CD4, CD8, B220, NK1.1, CD3, ICOS-L, and
PDCA-1. Fc receptors were blocked with rat anti-FcR from 2.4G2
hybridoma supernatant. Unless otherwise indicated, the antibodies
were obtained from eBioscience or PharMingen. Flow cytometry was
performed on FACSCaliber and analyzed using CellQuest (BD
PharMingen) or WinMDI 2.8 software (http://facs.scripps.edu/
software.html).
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Statistical Analysis

Results were expressed as means ⫾ SEM. All data were analyzed using
unpaired, two-tailed t test. P ⬍ 0.05 was considered significant.
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