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ABSTRACT
Renal ischemia-reperfusion injury is mediated by a complex cascade of events, including the immune
response, that occur secondary to injury to renal epithelial cells. We tested the hypothesis that heme
oxygenase-1 (HO-1) expression, which is protective in ischemia-reperfusion injury, regulates trafficking of
myeloid-derived immune cells in the kidney. Age-matched male wild-type (HO-1+/+), HO-1–knockout
(HO-12/2), and humanized HO-1–overexpressing (HBAC) mice underwent bilateral renal ischemia for 10
minutes. Ischemia-reperfusion injury resulted in significantly worse renal structure and function and in-
creased mortality in HO-12/2 mice. In addition, there were more macrophages (CD45+ CD11bhiF4/80lo)
and neutrophils (CD45+ CD11bhi MHCII2 Gr-1hi) in HO-12/2 kidneys than in sham and HO-1+/+ control
kidneys subjected to ischemia-reperfusion. However, ischemic injury resulted in a significant decrease in
the intrarenal resident dendritic cell (DC; CD45+MHCII+CD11bloF4/80hi) population in HO-12/2 kidneys
compared with controls. Syngeneic transplant experiments utilizing green fluorescent protein–positive
HO-1+/+ or HO-12/2 donor kidneys and green fluorescent protein–negative HO-1+/+ recipients confirmed
increased migration of the resident DC population from HO-12/2 donor kidneys, compared to HO-1+/+

donor kidneys, to the peripheral lymphoid organs. This effect on renal DC migration was corroborated in
myeloid-specific HO-12/2 mice subjected to bilateral ischemia. These mice also displayed impaired renal
recovery and increased fibrosis at day 7 after injury. These results highlight an important role for HO-1 in
orchestrating the trafficking of myeloid cells in AKI, which may represent a key pathway for therapeutic
intervention.
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AKI is an intractable clinical condition associatedwith
significant morbidity and mortality.1,2 Epithelial in-
jury and death, circulatory dysfunction, and immu-
nologic factors from the circulation or within the
kidney influence the integrity of the renal paren-
chyma and determine the outcome of AKI.3,4 The
innate immune system, which includes cells of the
myeloid lineage such as neutrophils, circulating
monocytes, tissue macrophages, dendritic cells
(DCs), and their precursors, is a key contributor to
the pathogenesis and resolution of AKI.5–7 Ischemia-
reperfusion injury (IRI) is a common cause of AKI in
clinical settings such as major cardiac surgery, hypo-
volemic shock, and renal transplantation.8–11 The
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pathogenesis of IRI involves crosstalk between the kidney paren-
chyma and the immune system, with effects on renal hemody-
namics and tubular injury.12,13

Heme oxygenase-1 (HO-1) is an important cytoprotective
enzyme that regulates the inflammatory response to tissue
injury.14,15 Its induction is a protective response in renal IRI
and other forms of AKI.16,17 HO-1 expression decreases neutro-
phil infiltration after acute tissue injury.18 In addition, HO-1
expression in DCs regulates their ability to undergo maturation
and antigen presentation in lymphoid tissues.14,19–21 Because of
its emerging role in immune regulation and transplantation, we
hypothesized that HO-1 expression plays a critical role in the
response to renal IRI by modulating the trafficking of myeloid
cells into the kidney as well as controlling emigration of renal
mononuclear cells (RMNCs), definedas hematopoieticallyderived
CD11b+ MHCII+ cells residing within the renal parenchyma, to
the peripheral lymphoid organs. We utilized transgenic mice with
systemic (HO-12/2) or myeloid-specific (HO-1LysM2/2) HO-1
deficiency as well as humanized HO-1 mice that lack mouse
HO-1 but overexpress the human HO-1 gene on a bacterial arti-
ficial chromosome (HBAC),22 to study the effects of HO-1 on
renal inflammation and the intrarenal RMNC population. We
also used syngeneic kidney transplantation with green fluorescent
protein–positive (GFP+)HO-1+/+ and (GFP+)HO-12/2donorkid-
neys into green fluorescent protein–negative (GFP2) HO-1+/+ re-
cipients to evaluate the role of HO-1 in trafficking of myeloid cells
after IRI.

RESULTS

HO-1 Deficiency Increases Susceptibility to Renal IRI
HO-1–deficient mice are extremely susceptible to renal IRI.23

Therefore, we used a short ischemia time (10 minutes),
which was sublethal in HO-1+/+ mice, but resulted in 50%
mortality after 1 day of reperfusion, and 60% mortality by

day 2 inHO-12/2mice (P,0.05) (Figure 1A). Serum creatinine
was significantly elevated by day 1 in HO-12/2 mice compared
with HO-1+/+ mice (P#0.01) and sham-operated control mice
(Figure 1B). In HO-12/2 mice that survived to day 7, serum
creatinine was not significantly different from baseline levels or
HO-1+/+ controls. Overexpression of human HO-1 in HBAC
mice rescued the mortality and decline in kidney function ob-
served in HO-12/2 mice (Figure 1).

HO-1 Expression Prevents Tubulointerstitial Damage
and Renal Fibrosis after IRI
There appeared to be no differences in renal histology in
HO-1+/+, HO-12/2, and HBAC mice subjected to sham sur-
gery. However, significant injury was evident in HO-12/2 kid-
neys at day 1 after IRI, with extensive brush border loss in the
proximal tubules, cast formation, and necrotic tubules. These
features were not present in HO-1+/+ and HBAC kidneys sub-
jected to IRI (Figure 2A). At day 7 after IRI, cast formation was
increased in HO-12/2 mice compared with HO-1+/+ controls.
Analysis of renal fibrosis by picrosirius red staining 7 days after
IRI revealed increased collagen deposition inHO-12/2 kidneys
comparedwithHO-1+/+ andHBACkidneys (Figure 2B).West-
ern blotting demonstrated increased expression of both a
smooth muscle actin (Figure 2C) and fibronectin (Figure 2D)
in HO-12/2 kidneys subjected to IRI.

HO-1 Deficiency Alters the Trafficking of Myeloid-
Derived Immune Cells after IRI
Single cell suspensions from perfused kidneys harvested 1 day
after 10 minutes of ischemia were analyzed by flow cytometry
(Figure 3A). The proportion of bone marrow–derived (CD45+)
cells was significantly elevated in HO-12/2 kidneys subjected
to IRI compared with kidneys from HO-1+/+ and HBAC mice
(P#0.01) (Figure 3, B and D). Further characterization of
CD45+ cells revealed significant neutrophil (CD45+ CD11bhi

MHCII2 Gr-1hi; Figure 3A) infiltration in HO-12/2 kidneys
compared with HO-1+/+ and HBAC kid-
neys subjected to IRI (P#0.001) and sham
kidneys (Figure 3, C and E). Seven days after
ischemia, there were no significant differ-
ences in neutrophil infiltration (data not
shown).

IRI also resulted in a striking decrease in
the proportion of CD45+ CD11b+MHCII+

cells (hereafter called RMNCs; Figure 3, A,
C, and F) in HO-12/2 kidneys compared
with HO-1+/+ and HBAC mice (P#0.001).
There was no significant difference in
sham-operated mice, suggesting that the
decrease of RMNCs in HO-12/2 mice is a
specific response to kidney injury. The ob-
served decrease in RMNCs between HO-12/2

kidneys subjected to sham and IRI (P#0.001)
may be explained by trafficking of RMNCs
from the injured kidney.

Figure 1. HO-12/2 mice exhibit increased susceptibility to renal IRI. (A) Kaplan–Meier
survival plot demonstrating mortality over 7 days in HO-1+/+ (n=10), HO-12/2 (n=12),
and HBAC (n=6) mice subjected to 10 minutes of IRI. *P,0.05 versus HO-1+/+ and
HBAC. (B) Serum creatinine levels in sham-operated mice and after 1 or 7 days of IRI.
Results are presented as the mean6SEM. **P,0.01 in HO-12/2 versus HO-1+/+ and
HBAC mice at day 1. n=6–12 for IRI groups and n=3–4 for sham groups.
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The predominant population of immune cells in the
quiescent kidney is F4/80hi CD11blo, although a second
smaller population of F4/80lo CD11bhi cells is also present
and significantly increases after IRI.24 These cells have been
previously defined as DCs and macrophages, respectively, and
will be referred to as such hereafter.24,25 We confirmed this
previously reported finding by analyzing RMNC expression of
F4/80 in the quiescent kidney and after IRI (Figure 4, Supple-
mental Figure 1). As expected, the F4/80hi CD11blo popula-
tion (DCs) predominates in the kidneys of mice subjected to
sham surgery, with no significant difference between macro-
phages or DCs in HO-1+/+ and HO-12/2mice (Supplemental
Figure 1). However, relative to HO-1+/+ or HBACmice, HO-1
deficiency results in a striking decline in the proportion of DCs
(P,0.001) and a concomitant increase in the proportion of
macrophages (P,0.001) after IRI (Figure 4, A–C). The in-
crease in macrophages and decrease in DCs in HO-12/2 kid-
neys was also confirmed by analyzing changes in absolute cell
number in mice subjected to renal IRI (Figure 4, D and E).

HO-1–Deficient RMNCs Exhibit Dysregulated Cytokine
Gene Expression
RMNCs (CD45+ CD11b+ MHCII+ Gr-12) isolated from kid-
neys 1 day after IRI demonstrated robust induction of HO-1
expression compared with RMNCs isolated from sham kid-
neys (P,0.001) (Figure 5A). Cytokine expression was also
assessed, which revealed marked induction of proinflamma-
tory IL-6 expression (P,0.05) in HO-12/2 compared with

HO-1+/+ and HBAC RMNCs (Figure 5B). The expression
of the proinflammatory cytokine TNFa was suppressed in
HO-12/2 RMNCs (Figure 5C), likely as a result of decreased
DCs within the RMNC population after IRI (Figures 3 and 4).16

Interestingly, RMNCs from HBAC mice overexpress IL-10 rel-
ative to HO-1+/+ and HO-12/2 RMNCs (P,0.01) (Figure 5D).

HO-1 Deficiency Increases Trafficking of Resident
RMNCs from the Kidney after IRI
To mitigate the confounding variable of a systemic proin-
flammatory milieu and deranged immune system inHO-12/2

mice,26,27 we employed syngeneic kidney transplant experi-
ments, utilizing GFP2 HO-1+/+ recipients and donor kidneys
from their GFP+ HO-12/2 or GFP+ HO-1+/+ littermates (Fig-
ure 6A, Table 1). This model provides a clear means to de-
lineate kidney-resident immune cells (GFP+ CD45+) from
recipient-derived immune cells (GFP2 CD45+) that infiltrate
the graft after injury, which was induced by 25 minutes
of warm ischemia (Figure 6B). Flow cytometry analysis of
GFP+ HO-12/2 grafts demonstrated a significant decrease
in the proportion of resident GFP+ CD45+ cells compared
with GFP+ HO-1+/+ grafts (P#0.001) (Figure 6C) 3 days after
transplantation, supporting our previous finding (Figure 3)
and suggesting increased trafficking of RMNCs from HO-12/2

kidneys after ischemic injury. However, there was no signif-
icant difference in the proportion of graft-infiltrating cells
(GFP2CD45+) in the HO-12/2 graft compared with the HO-1+/+

control (Figure 6D). The vast majority of GFP+ CD45+ cells in

Figure 2. HO-1 expression prevents tubulointerstitial damage and renal fibrosis after IRI. (A) Representative micrographs demonstrating
tubulointerstitial damage in the outer medulla of kidneys from HO-1+/+, HO-12/2 or HBACmice subjected to sham surgery or 1 or 7 days of
reperfusion after 10 minutes of ischemia. Transverse sections are stained with periodic acid–Schiff. n=4 per group. (B) Picrosirius red staining
of kidney sections from HO-1+/+, HO-12/2, and HBAC kidneys 7 days after IRI. n=4 per group. (C and D) Western blot analysis and
densitometric quantification of the fibrosis markers a-smooth muscle actin (a-SMA) (C) and fibronectin (D) at day 7 after IRI. GAPDH is used
as a loading control and for normalization of densitometry values. n=3 per group. *P#0.05. Scale bar, 200 mm in A; 100 mm in B.
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HO-1+/+ grafts were RMNCs (Figure 6E). The proportion of
RMNCs decreased significantly in HO-12/2 grafts (P#0.05),
likely owing to a decrease in the resident DC population (GFP+

F4/80hi CD11blo) (P,0.05) compared with HO-1+/+ grafts
(Figure 6F). The proportion of resident macrophages (GFP+

F4/80lo CD11bhi) was significantly higher in HO-12/2 grafts
(Figure 6G).

HO-1 Deficiency Increases RMNC Trafficking to the
Peripheral Lymphoid Organs
We next examined whether the decreased proportion of
intrarenal resident DCs in HO-12/2 kidneys after IRI (Figure
4) or syngeneic transplantation (Figure 6) resulted from in-
creased trafficking of these cells to the peripheral lymphoid
organs. Kidneys from GFP+ HO-1+/+ or GFP+ HO-12/2mice
were transplanted into GFP2 HO-1+/+ littermates and the
recipient’s lymphoid organs were harvested 1 or 3 days after
transplantation and subjected to flow cytometry analysis (Figure
7A). There was a significant increase in GFP+ cells in the spleen,
renal lymph nodes (LNs), and mesenteric LNs in recipients of
HO-12/2 grafts at day 1 after transplantation (Figure 7, B andD,
Supplemental Figure 2). GFP+ cells were not detectable in the

blood, thymus, or contralateral kidney of recipients transplanted
with HO-1+/+ or HO-12/2 grafts (data not shown), suggesting
targeted migration of donor-derived immune cells to the sec-
ondary lymphoid organs of the recipients. The trend of in-
creased migration of GFP+ HO-12/2 RMNCs continued at
day 3 after transplantation, but was only significant in the mes-
enteric LNs (Figure 7, C and D, Supplemental Figure 2A). Im-
munofluorescence microscopy of frozen sections from recipient
spleen, renal LNs, and mesenteric LNs confirmed increased mi-
gration of HO-12/2 RMNCs to these tissues and revealed a spe-
cific pattern of homing of GFP+ graft-derived cells to the T cell
centers of the spleen and the periphery of the LN (Figure 7D).
We also confirmed that the GFP+ cells in these tissues are nu-
cleated (Supplemental Figure 2B, inset) and express MHCII
(Supplemental Figure 2C).

Myeloid HO-1 Deficiency Impairs Resolution of Kidney
Injury Induced by IRI
To delineate the effects of HO-1 deficiency within the renal
parenchyma versus the RMNC (Table 1), we utilizedmicewith
myeloid-restricted expression of Cre-recombinase (LysM-
Cre) that were bred to mice containing biallelic floxed HO-1

Figure 3. HO-1 deficiency alters the trafficking of myeloid-derived immune cells after IRI. One day after sham surgery or 10 minutes of
bilateral IRI, kidneys are explanted and homogenized for analysis by flow cytometry. (A) Scheme depicting the sequential gating used to
identify neutrophils (CD45+ CD11bhi MHCII2 Gr-1hi) and RMNCs (CD45+ CD11b+ MHCII+) in the kidney of HO-1+/+, HO-12/2, and
HBAC mice. (B and C) Representative flow cytometry histograms depicting the proportion of bone marrow–derived cells (CD45+) (B) or
neutrophils and RMNCs (C) in the kidney after IRI. (D) Quantification of CD45+ cells in the kidney, presented as a proportion of total
cells. (E and F) Quantification of neutrophils (E) and RMNCs (F) in the kidney, presented as a proportion of CD45+ cells. *P#0.05;
**P#0.01; ***P#0.001 versus the indicated group. Results are expressed as the mean6SEM. n=4 per group.
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constructs to generate mice with myeloid-specific HO-1 de-
ficiency, hereafter called HO-1LysM2/2. These mice lack HO-1
expression in cells of themyeloid lineage, which includesmac-
rophages, monocytes, neutrophils, and tissue-resident
DCs.11,28–30 HO-1 flox mice lacking LysM-Cre (HO-1LysM+/+)
were used as controls. Twenty-five minutes of bilateral renal
ischemia was sublethal (0% mortality; data not shown) but
caused a significant increase in serum creatinine at days 1
and 3 in both HO-1LysM2/2 and HO-1LysM+/+ mice compared
with baseline (Figure 8A). Compared with baseline values, se-
rum creatinine at days 5 and 7 remained significantly elevated
in HO-1LysM2/2 mice but not HO-1LysM+/+ control mice.
Three days after IRI, cast formation, proximal tubular brush

border loss, and tubule necrosiswere evident
but not significantly different between kid-
neys from HO-1LysM2/2 and HO-1LysM+/+

mice (Figure 8, B and C). Seven days after
IRI, compared with HO-1LysM+/+ kid-
neys, there were significantly more casts
in HO-1LysM2/2 kidneys (21.362.6 versus
5.9861.14 in HO-1LysM+/+, P,0.01; Figure
8D) and delayed regeneration of the prox-
imal tubule brush border (Figure 8D, in-
set). The apparent delay in recovery from
IRI in HO-1LysM2/2 kidneys was accompa-
nied by a striking increase in renal fibrosis,
as evidenced by increased picrosirius red
staining for collagen (Figure 8E) and fibro-
nectin expression (Figure 8F).

Myeloid HO-1 Regulates Trafficking
of DCs after IRI
Examination of myeloid trafficking by flow
cytometry (Figure 9A) revealed a striking de-
crease in the RMNC subset in HO-1LysM2/2

mice after IRI compared with controls (Fig-
ure 9B). Consistent with our previous find-
ings, the proportionof intrarenalDCs (Figure
9, A and C) significantly decreased, whereas
the proportion of macrophages signifi-
cantly increased (Figure 9, A and D) after
IRI in the kidney of HO-1LysM2/2 mice
compared with HO-1LysM+/+ controls.
These findings were corroborated with ab-
solute cell counts (Supplemental Figure 3,
A– C). In addition, the absolute number
(Supplemental Figure 3D) but not propor-
tion (Figure 9E) of Ly6Chi proinflammatory
macrophages was significantly higher in
HO-1LysM2/2 kidneys compared with con-
trols, whereas no significant difference in
neutrophil infiltrationwas observed (Figure
9F, Supplemental Figure 3E).

DISCUSSION

HO-1modulates trafficking of three types of myeloid immune
cells: neutrophils,macrophages, and tissue-residentDCs. First,
HO-1 deficiency results in early (day 1) infiltration of
neutrophils after IRI consistent with previous studies
showing a role for HO-1 expression in trafficking of neutro-
phils.31,32 We have shown that HO-1 overexpression in the
heart prevents injury-induced neutrophil infiltration
occurring secondary to myocyte dysfunction and death.18

In this study, we demonstrate significantly increased neutro-
phil infiltration after AKI in HO-12/2 kidneys, but not in
HO-1LysM2/2 mice, which supports a protective role for

Figure 4. The intrarenal resident F4/80hi CD11blo subpopulation of RMNCs specifi-
cally decreases after IRI. (A) RMNCs (intrarenal CD11b+ MHCII+) from HO-1+/+, HO-12/2,
and HBAC mice subjected to IRI are further characterized based on their expression of
F4/80. (B–D) F4/80lo CD11bhi macrophages (MF) (B) and F4/80hi CD11blo DCs (C) are
presented as a proportion of total RMNCs and as absolute cell number per gram of
kidney weight for macrophages (D) and DCs (E). *P#0.05; **P#0.01; ***P#0.001 versus
the indicated group. Results are expressed as the mean6SEM. n=4 per group.
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HO-1 against neutrophil infiltration at the level of the tissue
parenchyma.

Although many studies have described the protection con-
ferreduponparenchymal cells byHO-1expression, relatively few
have used targeted approaches such as cell tracking and cell-
specific transgenic mice to specifically delineate the effects of
myeloidHO-1 expression.One such study showed thatmyeloid-
specific ablation of HO-1 results in activation of antigen-
presentingcells and the adaptive immune systeminexperimental
autoimmune encephalomyelitis.28 Another study showed that
myeloid HO-1 expression is necessary for proinflammatory
macrophage skewing in the adipose tissue of mice on a high-
fat diet.30 In this study,HO-1 expression appears to be important
within intrarenal resident DCs and infiltrating macrophages.

At day 3, transplant experiments withHO-12/2 renal grafts
(HO-12/2 renal parenchyma and RMNCs, but HO-1+/+ sys-
temic immune system; Table 1) demonstrate a significant de-
crease in resident (GFP+) DCs, yet no significant increase in
the infiltration of monocyte-derived macrophages from the
circulation (GFP2). However, HO-1LysM2/2 mice (HO-12/2

myeloid cells, including RMNCs, but HO-1+/+ renal paren-
chyma; Table 1) subjected to IRI exhibit a significant decrease
of DCs and a significant increase in Ly6C+ proinflammatory
macrophages 3 days after IRI. These results argue that myeloid
HO-1 regulates DC emigration and directly modulates the
macrophage response to AKI, independent of HO-1 expres-
sion in the renal parenchyma. In addition, we observed no

significant differences in serum creatinine
or tubulointerstitial damage between
HO-1LysM2 /2 and HO-1LysM+/+ mice
3 days after IRI, which suggests that these
effects on myeloid trafficking are indepen-
dent of the extent of tissue injury and sub-
sequent functional changes. However, at
later time points (e.g., day 7), myeloid
HO-1 deficiency impairs the resolution of
renal injury, resulting in increased renal fi-
brosis, persistence of tubular casts, and de-
layed regeneration of the proximal tubule
brush border. Collectively, these data sug-
gest that myeloid HO-1 expression is im-
portant in regulating the early (e.g., day 3)
trafficking of DCs from and macrophages
to the kidney after AKI, and that these
events have an important effect at later
time points in the resolution of kidney in-
jury.

Injury-induced emigration of DCs from
HO-12/2 kidneys could be explained by at
least three possibilities. First, increased re-
nal parenchymal injury in HO-12/2 mice
could lead to hyperactivation of intrarenal
resident DCs, thus increasing their traffick-
ing to the peripheral lymphoid organs. Sec-
ond, as previously described,27 the systemic

proinflammatory milieu in HO-12/2 mice could effectively
prime DCs in the quiescent kidney to be more likely to emi-
grate after injury. Finally, HO-1 deficiency in DCs could have
an effect on migratory capacity, resulting in increased traffick-
ing secondary to IRI. To address each of these possibilities, we
used myeloid-specific HO-12/2 mice and syngeneic trans-
plant experiments with HO-1+/+ recipient mice. Regarding
the first possibility, we confirmed previous findings demon-
strating that the mild ischemia time (10 minutes) causes sig-
nificant injury in HO-12/2 mice without causing significant
changes in HO-1+/+ mice.33 This raises the possibility that our
finding of DC emigration after 10 minutes of IRI, which only
occurred in HO-12/2 kidneys, may simply result from signif-
icantly less AKI in HO-1+/+ mice. In subsequent studies uti-
lizing HO-1LysM2/2 mice, 25 minutes of bilateral ischemia
induced significant changes in serum creatinine at day 1 and
3 compared to baseline levels. In these studies, although the
extent of injury was no different between HO-1LysM2/2 mice
and HO-1LysM+/+ controls, significant DC emigration and
macrophage infiltration was still evident in HO-1LysM2/2 kid-
neys. This observation suggests that our earlier findings are
specific to HO-1 expression in RMNCs and circulating mye-
loid cells, as opposed to the extent of AKI.

We have also provided evidence suggesting that the second
possibility is unlikely. After syngeneic kidney transplantation,
increased DC emigration from the graft is observed inHO-12/2

kidneys compared to HO-1+/+ grafts. Because the recipients in

Figure 5. HO-1–deficient RMNCs exhibit dysregulated cytokine gene expression.
Gene expression in electronically sorted RMNCs is analyzed by real-time PCR. (A) HO-1
expression is assessed in HO-1+/+ and HO-12/2 mice subjected to sham or 10 minutes
of ischemia and 1 day of reperfusion. (B–D) Expression of the cytokines IL-6 (B), TNFa
(C), and IL-10 (D) is quantified in HO-1+/+, HO-12/2, and HBAC RMNC 1 day after
10 minutes of renal ischemia. Analysis is performed in triplicate and results are
normalized to GAPDH and expressed as the mean6SEM. *P#0.05; **P#0.01;
***P#0.001. n=3 per group.
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the transplant experiments are HO-1+/+, the effect of the sys-
temic proinflammatory milieu in HO-12/2 mice is nullified,
thus allowing for the isolation of events that are caused by IRI in
the HO-1–deficient renal parenchyma or resident RMNC net-
work. Our findings support previous studies that utilized phar-
macologic modulation of HO-1 expression to demonstrate a
role for HO-1 in immune cell trafficking.34,35 Collectively,
these findings support a role for myeloid HO-1 in regulating

the trafficking of intrarenal resident DCs (the third possibility).
Although the decrease in intrarenal DCs could also be the result
of a phenotypic switch, whereby DCs acquire the phenotypic
characteristics of renal macrophages by reciprocally regulating
their expression of CD11b and F4/80, this possibility is less
likely, because syngeneic transplant experiments confirm in-
creased DC emigration from the kidney to the peripheral lym-
phoid organs.

Figure 6. The resident RMNC population declines in HO-12/2 kidneys after IRI induced by syngeneic transplantation. (A) HO-12/2 or
HO-1+/+ kidneys are harvested from GFP+ donors and transplanted into GFP2 HO-1+/+ littermates. IRI is modeled by 25 minutes
of intraoperative ischemia. (B) Grafts are harvested 3 days after transplantation and analyzed by flow cytometry for the emigration of
GFP+ CD45+ donor-derived resident cells or infiltration of GFP2 CD45+ recipient-derived inflammatory cells. (C and D) Emigration of
GFP+ CD45+ donor-derived cells (C) and infiltration of GFP2 CD45+ recipient-derived cells (D), expressed as a proportion of the total renal
cell population. (E–G) Donor-derived intrarenal resident cells are further characterized as CD11b+ MHCII+ RMNCs (E), F4/80hi CD11blo

DCs (F), or F4/80lo CD11bhi macrophages (G) and expressed as a proportion of GFP+ CD45+ cells. *P,0.05; ***P#0.001. n=3 per
group. Results are expressed as the mean6SEM.
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It is important to note technical differences between our
experiments utilizing 25minutes of bilateral IRI and those using
syngeneic transplantation. In both instances, the warm ischemia
timewas carefully controlled and limited to precisely 25minutes.
In addition, the ensuing inflammatory response in both models
was sterile in nature. Using inbredmouse strains and littermates
asdonor/recipientpairs in the transplant experiments eliminated
the potential of a confounding alloresponse. However, several
inherent differences exist, and deservemention. First, transplant
surgery is technicallymore complex than IRI surgery. Bloodflow
through the aorta and inferior vena cava just proximal to the
bifurcation is stopped brieflyduring the vascular anastomosis. In
addition, although the right kidney is removed during the
transplant procedure,modelingbilateral IRI isnot possible in the
transplant model. Although these considerations may cause
slight variations in the systemic immune response, their effect on
our experimental observations is expected to be minimal.

Even mild 10-minute ischemic insult had a clear effect on
HO-1+/+ mice at the level of the RMNC, as evidenced by robust
induction ofHO-1 expression (Figure 6). Further gene expression
studies in RMNCs after IRI demonstrated several interesting find-
ings. As expected, and consistent with previous studies, expression
of the proinflammatory cytokine IL-6 was significantly elevated in
HO-12/2 mice.33 The finding of decreased TNFa expression in
the RMNCs of HO12/2 mice after IRI is consistent with our
finding of DC emigration from the kidney, because resident
DCs are the primary source of this proinflammatory cytokine in
AKI.16 Overexpression of IL-10 in RMNCs sorted from HBAC
mice is likely associated with HO-1 overexpression in these mice,
because the production of anti-inflammatory IL-10 appears to be
tightly coupled and proportional toHO-1 expression levels.14,22,36

DCs are the most abundant RMNCs in the quiescent kidney
and are distributed throughout the parenchyma as an intercon-
nectednetworkofcells that likelycontribute to tissuehomeostasis
and serve as sentinels to tissue insult.24,25,37 Macrophage deple-
tion at the time of IRI ameliorates injury, whereas its depletion
later between days 3 and 5 impairs the healing process, thus
highlighting the phenotypic and functional shift that occurs tem-
porally after the induction of the inflammatory process by in-
jury.38,39 Thus, targeting HO-1, which we have demonstrated to
be a key modulator of myeloid cell trafficking, to regulate the

temporal dynamics of the myeloid inflammatory response after
renal IRI and after renal transplantation is a novel and promising
therapeutic target. Inhibiting the early migration of RMNCs
could be a potential therapeutic approach to blunt AKI caused
by IRI or graft immunogenicity in the post-transplant setting.
Future studies are needed to investigate the effect ofHO-1 onDC
emigration after renal ischemic injury in the context of allogeneic
kidney transplantation.

CONCISE METHODS

Animals
Male mice aged between 8 and 12 weeks were utilized in all experiments

(Table 1). Three transgenic lines were used for experiments with

10 minutes of bilateral IRI: (1) global HO-1–deficient mice (HO-12/2)

on a C57BL/63FVB background,40 (2) their HO-1+/+ (wild-type) litter-

mates, and (3) humanized HO-1 transgenic mice (HBAC) on a C57BL/

63FVB background.22 Three transgenic lines in the same background

strain were used for syngeneic kidney transplantation experiments.

C57BL/6 mice expressing GFP under control of the human ubiquitin

C promoter were purchased from The Jackson Laboratory (strain

C57BL/6-Tg[UBC-GFP]30Scha/J; Bar Harbor, ME; ). GFP+ mice were

bredwithHO-1+/2mice to generateGFP+HO-1+/+ andGFP+HO-12/2

littermates that were used as kidney donors. Recipients were

GPF2 HO-1+/+ littermates of the donor animals.20 Littermates from this

inbred strain were used to ensure histocompatibility in syngeneic kid-

ney transplant experiments. Two transgenic lines were used for experi-

ments with 25 minutes of bilateral IRI: (1) myeloid-specific HO-12/2

mice (referred to as HO-1LysM2/2) express myeloid-restricted Cre-

recombinase (LysM-Cre) and biallelic floxed HO-1 constructs, and

(2) HO-1 flox mice that lack the LysM-Cre construct (HO-1LysM+/+)

were used as controls.30 Animal care and manipulations for experi-

mentation were conducted in accordance with the Guide for the Care

and Use of Laboratory Animals and with approval of the University of

Alabama at Birmingham (UAB) Institutional Animal Care and Use

Committee.

Ischemia-Reperfusion Surgery
Mice were anesthetized with isoflurane (2.5% for induction, 1.5% for

maintenance). After bilateral flank incision, both renal pedicles were

Table 1. Mouse models of HO-1 expression

Mouse/Modela HO-1 Expression Use

HO-12/2 Global HO-1 deficiency Role of HO-1 in regulating the global response to IRI

HBAC Global overexpression of HO-1 Protection against IRI in humanized HO-1 overexpressing mice

Syngeneic transplant of HO-1+/+

recipient with HO-1+/+

or HO-12/2 graft

HO-1–deficient renal parenchyma
and RMNCs, HO-1+/+ systemic
immune response

Role of HO-1 in renal parenchyma and RMNCs, in the context of a
normal systemic inflammatory milieu; cell trafficking

HO-1LysM2/2 HO-1–deficient RMNCs and myeloid
systemic immune response, HO-1+/+

renal parenchyma

Role of HO-1 in RMNCs and myeloid systemic
inflammatory response

aFor control strains, see the text.
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Figure 7. HO-12/2 RMNCs exhibit increased trafficking to the peripheral lymphoid organs. (A) RMNC trafficking is tracked using flow
cytometry after syngeneic transplantation of GFP+ HO-12/2 or GFP+ HO-1+/+ donor kidneys. (B and C) One day (B) or 3 days (C) after
transplantation, the spleen, renal LNs, and mesenteric (Mes.) LNs are harvested from kidney transplant recipients and donor-derived RMNCs
that had emigrated from the graft are identified as GFP+ CD45+. (D) Increased trafficking from HO-12/2 grafts is confirmed in frozen tissue
sections from the spleen, renal LNs, and mesenteric LNs from transplant recipients, utilizing the GFP+ signal from donor-derived RMNCs.
*P#0.05; **P#0.01. n=3 per group. Results are expressed as the mean6SEM.
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cross-clamped for 10 or 25 minutes using an atraumatic vascular

clamp (catalog number 18055-05; Fine Science Tools, Foster City,

CA). Immediate blanching of the kidney confirmed ischemic in-

duction. Body temperature was maintained at 37°C during surgery

and ischemia time. Kidneys were inspected for color change within 1

minute of clamp removal to ensure uniform reperfusion. Control

mice were subjected to sham operation, wherein both kidney pedicles

were exposed but not clamped. Renal function was assessed by serum

creatinine levels that were measured as previously described using

liquid chromatography coupled to tandem mass spectrometry.29

Syngeneic Kidney Transplantation Model
All mice used in transplant experiments were littermates from the

same inbred colony to ensure syngeneic transplantation. Donors were

GFP+ HO-1+/+ or GFP+ HO-12/2 and, in all experiments, recipients

were GFP2 HO-1+/+. Orthotopic kidney transplantation was per-

formed as previously described using the University of Alabama at

Birmingham-University of California San Diego (UCSD) O’Brien

Center Resource for preclinical studies (details in the Supplemental

Methods).41 The donor mouse was perfused with saline to removed

intravascular immune cells. Intraoperative warm ischemia time was

held constant at 25 minutes for each transplant.

Western Blot Analyses
Western blotting was performed as previously described.18 Briefly,

kidneys were homogenized in RIPA buffer (50 mmol/L Tris/HCl,

1% NP-40, 0.25% deoxycholic acid, 150 mmol/L NaCl, 1 mmol/L

EGTA, 1 mmol/L sodium orthovanadate, and 1 mmol/L sodium

Figure 8. Myeloid HO-1 deficiency impairs resolution of kidney injury caused by IRI. Myeloid-restricted HO-1–deficient mice
(HO-1LysM2/2) and controls (HO-1LysM+/+) are subjected to 25 minutes of bilateral IRI. (A) Serum creatinine (in milligrams per decaliter) is
measured before (baseline) and at days 1, 3, 5, and 7 after IRI. (B) Representative micrographs of PAS-stained sections in the renal
cortex (top) and outer medulla (bottom) of HO-1LysM2/2 mice and HO-1LysM+/+ controls 3 days after IRI. (C) Cast formation, loss of the
brush border, and necrotic tubules are quantified in the proximal tubules of the outer medulla. Results are expressed as an average of
the total number counted per high-power field at 3200 total magnification and are presented as the mean6SEM. Five images are
analyzed per mouse. n=4 per group. (D) Representative micrographs of PAS-stained kidney cross-sections (top) and outer medulla
(bottom) of HO-1LysM2/2 mice and HO-1LysM+/+ controls 7 days after IRI. Inset shows a single tubule at high magnification. (E) Picrosirius
red staining and quantitation of collagen in representative kidney sections from HO-1LysM2/2 and controls (HO-1LysM+/+) 7 days after
IRI. n=3–4 per group. (F) Western blot analysis and densitometry for fibronectin 7 days after IRI. GAPDH is used as a loading control and
for normalization of densitometry values. Ponceau S staining of the membrane is also shown. n=3 per group. *P#0.05; **P#0.01. PAS,
periodic acid–Schiff; BB, brush border. Bar, 200 mm in B and D; 100 mm in E.
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fluoride) with protease inhibitor (Sigma-Aldrich) and were quantified

using bicinchoninic acid protein assay (Thermo Fisher Scientific).

Seventy-five micrograms of protein was resolved on a 12% Tris-glycine

SDS-polyacrylamide electrophoresis gel and transferred to a polyvi-

nylidene fluoride membrane (EMD Millipore). Membranes were

blocked with 5% nonfat dry milk in PBS with Tween for 1 hour and

then incubated with rabbit anti-HO-1 (1:2000; Enzo Life Sciences),

anti-fibronectin (1:10,000; Sigma-Aldrich), ormouse anti-smoothmus-

cle actin (1:5000; Sigma-Aldrich) antibodies, followed by a peroxidase-

conjugated goat anti-rabbit (ormouse) IgG antibody (1:10,000; Jackson

ImmunoResearch Laboratories). Horseradish peroxidase activity

was detected using the enhanced chemiluminescence detection system

(GE Healthcare). The membrane was stripped and probed with anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody

(1:5000; Sigma-Aldrich) to confirm loading and transfer. Densitom-

etry analysis was performed and results were normalized to GAPDH

expression.

Light Microscopy
Forhistologic analysis, kidneyswerecut transversely,fixedin10%neutral

buffered formalin overnight (Fisher Fisher Scientific, Pittsburgh, PA),

and stored in 70% ethanol. After paraffin embedding, 5-mm sections

were stained with picrosirius red or periodic acid–Schiff, as previously

described.41,42 For the measurement of collagen deposition using

picrosirius red, kidney sections were deparaffinized with xylene and

then rehydrated in water through graded ethanol. The sections were

incubated in picrosirius red for 1 hour followed by two washes in acid-

ified water. The sections were then dehydrated, cleared, and mounted

in a resinous medium. The area of collagen deposition, stained red by

picrosirius red, was measured by color image analysis software (Image-

ProPlus;MediaCybernetics). To assess tubule injury and cast formation,

kidney sections were stained with periodic acid–Schiff. Casts, loss of the

brush border, and necrotic tubules were counted by a reviewer blinded

to the different groups in proximal tubules of the outer medulla and

are expressed as a total number per field. All proximal tubules (.80)

per high-powerfield (3200 totalmagnification)were counted. At least

five images were analyzed per mouse (n=4 per group).

Isolation and Enrichment of Renal Leukocytes for Flow
Cytometry
Leukocytes were isolated as previously described with minor

modifications, and details are included in the Supplemental Meth-

ods.18 Kidney preparations that were electronically sorted for quan-

tification of gene expression by real-time PCR were enriched by

density gradient centrifugation using NycoPrep 1.077 density gradi-

ent solution (Axis-Shield PoC, Oslo, Norway). Cells were then

stained with fluorochrome-conjugated antibodies for 30 minutes

on ice for analysis by flow cytometry. Isotype-matched, fluorescently

conjugated antibodies of irrelevant specificity were used as controls.

Results were analyzed using FlowJo Software (Tree Star Inc., Ashland,

OR). The absolute cell numbers were determined using AccuCheck

Counting Beads.43

Figure 9. Myeloid HO-1 deficiency recapitulates the RMNC trafficking phenotype of global HO-1–deficient mice. Representative flow
cytometry histograms (A) depicting the gating scheme for the proportional quantification of RMNCs (CD11b+ MHCII+) (B), DCs (F4/80hi

CD11blo) (C), macrophages (MF; F4/80lo CD11bhi) (D), Ly6Chi (inflammatory) macrophages (E), and neutrophils (Gr-1hi CD11bhi

MHCII2) (F) 3 days after 25 minutes of bilateral ischemia. Data are presented as the proportion of the parent subset (n=7–8 per group).
**P#0.01; ***P#0.001. Results expressed as the mean6SEM.
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Immunofluorescence Microscopy
Tissues harvested from mice transplanted with GFP+ kidneys that were

used for immunofluorescence studies were cut in transverse section,

fixed in 2% paraformaldehyde for 2 hours at 4°C, and then cryopre-

served in 20% sucrose solution at 4°C for 2 days. The tissues were then

embedded inOptimalCuttingTemperature freezingmedia and stored at

280°C. Five-micrometer sections were cut, mounted on slides, washed

in PBS at room temperature, mounted with media that contained 49,6-

diamidino-2-phenylindole, and imaged. The stained sections were im-

aged on an epifluorescence microscope (Leica DMIRB) with Image-Pro

5.1 software (Media Cybernetics). Confocal images were captured

using a Leica TCS-SP5 confocal microscope.

Real-Time PCR Analysis
RMNCs (CD45+CD11b+MHCII+Gr-1+) from mice subjected to IRI

or sham surgery were isolated and collected on a FACSAria cell sorter

(BD Biosciences) as described above. Total RNAwas isolated from the

sorted cells using TRIzol reagent (Invitrogen) according to the man-

ufacturer’s protocol. One microgram of total RNA was converted to

cDNA using the QuantiTect Reverse Transcription Kit (Qiagen).

Quantitative real-time PCR was performed with SYBR Green Master

Mix (Invitrogen) and 10 pmol of primers. Primer sequences (59–39)

are provided in Table 2 as previously described.18 Relative gene ex-

pressionwas normalized tomouse GAPDH as an internal control and

quantified using the DD threshold cycle method. Samples were per-

formed in triplicate.

Statistical Analyses
Data are presented as the mean6SEM. The t test was used for com-

parison between two groups. Changes in serum creatinine values at

days 1, 3, 5, and 7 after 25minutes of bilateral IRIwere compared with

baseline levels using a paired t test of log-transformed values. ANOVA

and the Newman–Keuls post test were used for analyses comparing

more than two groups. Differences were considered statistically sig-

nificant at P,0.05.
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