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A2A adenosine receptors (A2ARs) are endogenous inhibitor of inflammation. Macrophages that are key
effectors of kidney disease progression express A2ARs. We investigated the role of A2ARs in kidney
inflammation in a macrophage-mediated antieglomerular basement membrane reactive serum-induced
immune nephritis in A2AR-deficient mice. Sub-threshold doses of glomerular basement membranee
reactive serum induced more severe and prolonged kidney damage with higher levels of proinflammatory
cytokines and greater accumulation of inflammatory cells in A2AR

�/� mice than wild-type (WT) mice. To
investigate the role of macrophage A2AR in progressive kidney injury, glomerulonephritis was induced in
CD11b-DTR transgenic mice. Macrophages were selectively depleted in the established phase of the disease
and reconstituted with macrophages from WT or A2AR-deficient mice and then treated with an A2AR
agonist. In mice receiving WT macrophages and treated with an A2AR agonist, the glomerular cellularity,
crescent formation, sclerotic glomeruli, and tubulointerstitial injury were significantly reduced compared
with the control group. In contrast, in mice reconstituted with A2AR-deficient macrophages and treated
with an A2AR agonist, the kidney injury was more severe with increased deposition of collagen I, III, and
IV. These findings suggest that disruption of the protective A2AR amplifies inflammation to accelerate
glomerular damage and endogenous macrophage A2ARs are essential to protect from progressive kidney
fibrosis. (Am J Pathol 2016, 186: 2601e2613; http://dx.doi.org/10.1016/j.ajpath.2016.06.017)
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Despite an alarming increase in the number of patients with
chronic kidney disease (CKD), current treatment options
remain limited and unchanged from the last century, with a
general failure in arresting or reversing kidney injury and its
cardiovascular complications.1

Inflammation has an important role in the development and
progression ofmost CKD. In its end stage, the diseased kidney
is characterized histologically by chronic inflammation and
fibrosis. However, understanding and preventing inflamma-
tion and the progressive fibrosis of CKD remain unsolved
challenges. Time-course studies have shown an association
between macrophage accumulation and development of kid-
ney injury. Macrophages are linked with the irreversible
scarring that leads to end-stage renal disease.2,3 The ability of
macrophages to secrete awide range of factors that cause tissue
stigative Pathology. Published by Elsevier Inc
injury has led to the proposal that they participate in mediating
kidney injury, rather than simply being a response to tissue
damage. Consistent with this hypothesis, the depletion of
macrophages reduces glomerular injury and proteinuria in
several experimental models of kidney injury.4

Regulation of inflammation is accomplished by diverse
endogenous mechanisms, including adenosine.5e9 Genetic
and pharmacological evidence support a significant, nonre-
dundant role for both endogenous adenosine and their
. All rights reserved.
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receptors (A2ARs) in protecting tissue from acute inflam-
matory damage in different models of inflammatory injury
and systemic inflammation. The mechanism involves down-
regulation of activated immune cells in vivo.7 A2AR is found
on most bone marrowederived cells and not only attenuates
inflammation and protects from tissue damage, but is also
involved in tissue repair. Moreover, wound healing is
accelerated by A2AR agonists.10e12

Expression and activation of A2AR on macrophages can
inhibit production of IL-12, tumor necrosis factor-a, and
nitric oxide, and enhance the secretion of IL-10 in response
to lipopolysaccharide.13 A2AR agonists protect kidneys from
ischemia-reperfusion and attenuate inflammation and injury
in diabetic nephropathy.14,15

Crescentic glomerulonephritis is a life-threatening disease in
which glomerular inflammation progresses rapidly into CKD.

We have previously reported that macrophages infil-
trating nephritic glomeruli express A2AR, and stimulation of
A2AR with a specific agonist attenuates kidney injury.16,17

We report herein that lack of A2AR amplifies inflamma-
tion to accelerate glomerular damage, and it is the activation
of macrophage A2AR that is responsible for protecting the
kidney from inflammation and tissue injury.

Materials and Methods

Glomerular Basement MembraneeReactive NTS and
NTS Nephritis

Male and female A2AR
�/� (8 weeks old, kindly provided by

Dr. Jiang-Fan Chen, Boston University, Boston, MA) and
age- and sex-matched littermate wild-type (WT) controls
were used. The primary animal model used was a type of
nephrotoxic serum (NTS) nephritis in which mice are pre-
immunized with rabbit IgG 5 days before i.v. injection of
sub-threshold doses of NTS (15 mL/20 g body weight).
Preparation of NTS has been described.17,18 This model
results in subclinical disease, but is ideal for models in
which endogenous anti-inflammatory mechanisms are
blocked, as the disease then becomes manifest. Mice were
euthanized at day 14 after the injection of NTS to collect
kidney tissue and blood. In other groups of mice, the full
(optimal) amount of NTS (30 mL/20 g body weight) was
administered and mice were euthanized at day 8. At this
time, pronounced glomerular injury and marked tubu-
lointerstital abnormalities are observed.19,20 Serum creati-
nine was determined by liquid chromatographyetandem
mass spectrometry.21 All experiments were performed under
protocols approved by the Institutional Animal Care and
Use Committee at Baylor College of Medicine (Houston,
TX) and the University of Colorado Denver (Aurora).

mRNA Expression of Cytokines/Chemokines

Kidney total RNA was isolated using TRIzol (Invitrogen,
Carlsbad, CA). Five micrograms of total RNA from each
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sample was used for RNase protection assay. mCK2b,
mCK3b, and mCK5c multiprobe template sets (BD Bio-
sciences, San Jose, CA) were used to investigate cytokine and
chemokine expression. Riboprobes for osteopontin-1 (OPN),
316 bp (nucleotide 331 to 647; http://www.ncbi.nlm.nih.gov/
nuccore/AF515708; accession number AF515708), and
thrombospondin-1 (TSP-1), 416 bp (nucleotide 1430 to 1846;
http://www.ncbi.nlm.nih.gov/nuccore/M87276; accession
number M87276), were generated from kidney by RT-PCR.
RNase protection assay was performed using the Torrey
Pines Biolabs kit (East Orange, NJ), as described.16,22e25

Phosphoimage quantitation of blots was performed using
the PhosphorImager SI scanning instrument and Image-
QuaNT software version 5.1 (Molecular Dynamics, Sunny-
vale, CA). L-32 was used as a housekeeping gene. Final
values were expressed as a ratio of counts per minute for the
specific mRNA/L-32 mRNA to ensure a constant quantity of
RNA in each sample.

Histopathology

Kidney samples fixed in formalin and methanol-Carnoy
fixative solution were embedded in paraffin. Sections (3 to
4 mm thick) were stained with periodic acid-Schiff reagent.
Infiltrating macrophages and T cells were immunohis-
tochemically stained with monoclonal antibody anti-CD68
(AbD Serotec, Raleigh, NC) and the pan-T-cell marker CD3
(BD Biosciences, San Jose, CA), respectively, using frozen
sections.26,27 We selected CD68 antibody to detect macro-
phages, because CD68 is expressed by all macrophages that
accumulate in nephritic glomeruli. In contrast, CD11b and F4/
80 appear to be expressed by a subset of glomerular macro-
phages.28 Bound antibodies were detected using a horseradish
peroxidaseebased detection system. Positively stained cells
per 60 glomeruli were counted and expressed per glomerular
section. Interstitial cell counts were determined in 10
high-power fields (�400). All quantitative morphological
analyses were performed in a blinded manner (L.D.T.).

Immunohistochemistry of Collagen

Paraffin sections of methanol-Carnoy fixed tissue were
stained for collagens I, III and IV, with specific antibodies
(Southern Biotech, Birmingham, AL). The secondary anti-
bodies consisted of peroxidase-coupled rabbit anti-goat IgG
(Dako North America Inc., Carpinteria, CA). Histological
morphometry for collagens was performed using a Scan-
Scope digital scanner (Aperio Technologies, Inc., Vista,
CA), and results were expressed as means � SEM % area.

Isolation of BMDMs

Bone marrowederived macrophages (BMDMs) were iso-
lated and cultured as described.29,30 In brief, bone marrow
cells were harvested from femurs and tibias of A2AR-defi-
cient mice or WT mice. Cells were incubated in Dulbecco’s
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Sub-threshold doses of nephrotoxic
serum (NTS) induce more severe and prolonged
kidney injury in A2AR

�/� mice. A: Periodic acid-
Schiff (PAS) staining of kidney sections of wild-
type (WT) and A2AR-deficient mice with and
without glomerulonephritis (GN). Nephritic kid-
neys from mice lacking A2AR have more severe
lesion compared with WT mice. B: Quantitation of
kidney injury in WT and A2AR

�/� mice with NTS
nephritis. Each data point represents sections
sampled from six (WT) or seven (A2AR

�/�) mice.
Data are expressed as means � SEM (B).
*P < 0.05, ***P < 0.001. Scale bar Z 60 mm (A).
Original magnification, �400 (A). Glom, glomer-
ular; KO, knockout; Nl, normal.

Macrophage A2ARs Protect Kidneys
modified Eagle’s medium containing 10% fetal bovine
serum, 1% penicillin/streptomycin, and 15% L929 cell-
conditioned medium as a source of macrophage colony-
stimulating factor at 37�C. After 18 hours, nonadherent
cells (containing BMDM) were transferred to a new dish
and incubated for an additional 7 days. More than 90% of
the cells were CD68 positive macrophages, as determined
by flow cytometry.
Macrophage Labeling and Adoptive Transfer to
CD11b-DTR Mice

For in vivo tracking, macrophages were labeled with PKH-
26GL (Sigma, St. Louis, MO), according to the manufac-
turer’s instructions, and harvested into serum-free medium
immediately before injection.

CD11b-DTR mice (stock 006000; The Jackson Labora-
tory, Bar Harbor, ME) are transgenic for human diphtheria
toxin (DT) receptor (DTR) under the control of the CD11b
promoter. Administration of nanogram doses of DT results in
rapid and marked macrophage ablation in different tissues,
including kidney.4,31e36 NTS nephritis was induced in
CD11b-DTR male mice and macrophages were depleted at
day 5 by 20 ng/g DT (i.p.). Twenty-four hours later, when
there is almost complete absence of macrophages, one million
labeled BMDMs (the number of monocytes in one blood
volume37,38) fromWT or A2AR

�/�mice were transferred into
CD11b-DTR mice by tail vain injection (CD11b-DTR mice
and A2AR

�/� mice are in a C57BL/6 background). Mice
The American Journal of Pathology - ajp.amjpathol.org
received a second dose of DT at day 7 after induction of
the NTS nephritis to maintain a depleted endogenous
macrophage population, as described. Mice were euthanized
at day 8.4 Mice without NTS nephritis received labeled
BMDMs and were euthanized 48 hours later.

Frozen sections from kidney, spleen, and lung were stained
with Alexa Fluor 488 phalloidin (Life Technologies, Grand
Island, NY) and visualized under fluorescence microscopy.

Conditional Ablation of Macrophages and
Reconstitution with WT or A2AR-Deficient Macrophages

NTS nephritis was induced in CD11b-DTR transgenic mice,
and macrophages were depleted and reconstituted with WT
or A2AR-deficient macrophages, as described above. Mice
received an A2AR agonist, CGS21680 (2 mg/kg twice a day
i.p.7), the same day of macrophage transfer until they were
euthanized (day 8 after injection of NTS). In addition, a group
of mice reconstituted with A2AR-deficient macrophages was
not treated with the A2AR agonist to further investigate the
role of macrophage A2AR in kidney injury in NTS nephritis.
CD11b-DTR transgenic mice depleted of macrophages and
reconstituted with WT macrophages without receiving
treatment were used as a control. Kidneys were collected for
histological examination, as described above.

Circulating Antibody and Glomerular IgG Deposition

Mouse anti-rabbit IgG titers were measured by enzyme-
linked immunosorbent assay using sera collected at the time
2603
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Figure 2 Glomerular macrophages and kidney interstitium T-cell infiltration increases in A2AR
�/� mice. A: Immunohistochemistry stained for CD68þ

monocytes/macrophages (arrows) and CD3 (arrows) of kidney sections of wild-type (WT) and A2AR-deficient mice. B: Quantitation of CD68þ and CD3 cell
infiltration from WT and A2AR

�/� mice with nephrotoxic serum nephritis. Each data point represents sections sampled from six (WT) or seven (A2AR
�/�) mice.

Data are expressed as means � SEM (B). ****P < 0.0001. Scale bars: 60 mm (A, CD68); 200 mm (A, CD3). Original magnifications: �400 (A, CD68); �200
(A, CD3). GN, glomerulonephritis; hpf, high-power field; KO, knockout; Nl, normal.
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mice were euthanized as described.16,20,39 Bound mouse
IgG was detected using peroxidase-conjugated anti-mouse
IgG (Dako, Carpinteria, CA) at 1:1000 dilution and absor-
bance reading at 450 nm. Normal sera served as a negative
control. IgG deposition was determined in kidney frozen
sections using fluorescein isothiocyanateelabeled anti-
rabbit IgG (Dako) or anti-mouse IgG (Dako), as
described.16,20,22,40,41 Immunofluorescence images were
analyzed by ImageJ software version 1.48v (NIH, Bethesda,
MD), as described.20

Statistical Analysis

Mice sample size was determined using SD values and
power analyses of our previous studies on the NTS
nephritis.20 Statistical analyses were performed using the
one-way analysis of variance with multiple pairwise com-
parisons with the Bonferroni adjustment for multiple hy-
pothesis testing. Normality and homogeneity of variance
were confirmed using the Kolmogorov-Smirnov analysis.
Analysis of variance was used to compare all treatments and
specific pairwise comparisons as stated in the experiments.
Student’s t-test (Mann-Whitney U test) was used to compare
mean values between two experimental groups. Data are
reported as means � SEM. Values of P < 0.05 were
considered statistically significant.
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Results

Absence of A2AR Increases and Prolongs Inflammation
and Kidney Damage in NTS Nephritis

A2AR
�/� mice developed normally and showed no gross

anatomical defects, as reported.42 In addition, there were no
histological differences in glomeruli and tubulointerstitium
between normal control A2AR

�/� andWTmice (Figure 1). To
investigate whether these animals were more prone to kidney
injury, the suboptimal (subclinical) model of NTS nephritis
was induced in both WT and A2AR

�/� mice. A2AR
�/� mice

showed severe glomerular cell proliferation and glomerular
hyalinosis in 35% and 51% of the glomeruli, respectively, at
day 14 after the induction of NTS nephritis. Crescent forma-
tion was observed in 40% of the glomeruli. In contrast, WT
mice receiving suboptimal NTS started recovering from the
disease at this time and only 0.2% of glomeruli demonstrated
glomerular proliferation, whereas glomerular hyalinosis and
crescent formation were not observed. In addition, the tubu-
lointerstitial injury (TIN) (index, 1.34 � 0.4) was marked in
A2AR

�/� mice, whereas no TIN injury was observed in WT
mice receiving suboptimal NTS (Figure 1). Normal kidney
function was maintained in WT mice with suboptimal NTS
(Nl versus WT, 0.70 � 0.02 versus 0.85 � 0.05 mg/mL);
however, serum creatinine levels were increased in A2AR

�/�
ajp.amjpathol.org - The American Journal of Pathology
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mice with NTS nephritis compared to normal controls
(0.70 � 0.02 versus 1.1491 � 0.054 mg/mL; P < 0.01) and
WT mice with NTS nephritis (0.85 � 0.05 versus
1.1491� 0.054 mg/mL; P < 0.05) (Supplemental Figure S1).

Severity of NTS Nephritis in A2AR
�/� Mice Is Associated

with Increased Infiltration of Inflammatory Cells

Because macrophages are implicated in causing kidney
injury, we examined infiltration of macrophages into the
kidney in A2AR

�/� mice and WT mice. There was higher
accumulation of macrophages in glomeruli of A2AR

�/�

mice compared with WT mice (P < 0.0001) (Figure 2). In
addition, although there was no difference between WT and
A2AR

�/� mice in T cells infiltrating glomeruli, increased
recruitment of T cells to kidney interstitium was observed in
A2AR

�/� mice (Figure 2).

Cytokine Expression Is Induced in Kidneys from
A2AR

�/� Mice with NTS Nephritis

Increased expression of proinflammatory cytokines is
observed in macrophages from A2AR

�/� mice.43 Conse-
quently, an absence of A2AR could increase inflammatory
damage and macrophage infiltration through increased
expression of cytokines/chemokines. In nephritic kidneys
Figure 3 Analysis of proinflammatory and profibrotic molecules in nephrotoxic
is induced in kidneys from A2AR-deficient mice compared with wild-type (WT) mic
and chemokines expressed in the kidneys of A2AR

�/� mice and WT mice with NTS n
specific mRNA/L-32 mRNA to ensure a constant quantity of RNA in each sample. Re
D: Robust expression of osteopontin-1 (OPN-1) and thrombospondin-1 (TSP-1)
protection assay of OPN-1 and TSP-1 from three separated assays. Probes contain p
L-32 gene was used as a housekeeping gene. The data are presented as a ratio of th
quantity of RNA in each sample. Data are expressed as means � SEM (A and
KO, knockout; MCP-1, monocyte chemoattractant protein-1; Nl, normal; TGF-b, tr
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from A2AR
�/� mice, higher expression of proinflammatory

cytokines IL-1b and tumor necrosis factor-a mRNA was
observed compared with WT mice. Enhanced expression of
the profibrotic cytokine transforming growth factor-b was
present in mice lacking A2AR. In addition, CXCL1/macro-
phage inflammatory protein-2, CXCL10/interferon-g-
inducible protein-10, and chemokine ligand 2/monocyte
chemoattractant protein-1 were induced in nephritic kidneys
from A2AR

�/� mice compared with WT mice (Figure 3, A
and C).
Robust Expression of Profibrotic Molecules in the
Kidney from A2AR Knockout Mice with NTS Nephritis

TSP-1 (an activator of transforming growth factor-b and
anti-angiogenic factor) and OPN-1 (a profibrotic molecule)
are increased in glomerulonephritis (GN). A2AR agonist
treatment prevented the induction of TSP-1 and significantly
reduced the expression of OPN-1 in nephritic kidneys.16

Accordingly, we determined if absence of A2AR affects
the expression of these profibrotic molecules. In WT mice
with GN, OPN-1 and TSP-1 increased at day 7 and returned
to basal levels at day 14. In contrast, in mice lacking A2AR,
nephritic kidneys had sustained increases of both OPN-1
and TSP-1 through day 14 (Figure 3, B and D).
serum (NTS) nephritis. A and C: Higher expression of cytokines/chemokines
e. Densitometric analysis of blots from RNase protection assay of cytokines
ephritis. The data are presented as a ratio of the counts per minute for the
sults were sampled from six (WT) or seven (A2AR

�/�) mice per group. B and
in nephritic kidneys from A2AR

�/� mice. Representative figure of RNase
olylinker regions and are longer than the protected bands. Mouse ribosomal
e counts per minute for the specific mRNA/L-32 mRNA to ensure a constant
C). *P < 0.05, **P < 0.01, ***P < 0.001. CCL2, chemokine ligand 2;
ansforming growth factor-b; TNF-a, tumor necrosis factor-a.
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Figure 4 Collagen (Col) deposition increases in the kidney from A2AR
�/� mice. Collagen I and collagen III expression (arrows) increase in the interstitium

(AeC), and collagen IV deposition (arrows) enhances in the glomeruli from nephritic kidneys (A and D) in A2AR
�/� mice. Collagen staining was used. Results

are expressed as means � SEM (BeD). ***P < 0.001, ****P < 0.0001. Scale bar Z 200 mm (A). Original magnification, �200 (A). GN, glomerulonephritis;
KO, knockout; Nl, normal; WT, wild type.

Truong et al
Enhanced Collagen Deposition in Kidneys from
A2AR

�/� Mice with NTS Nephritis

In A2AR
�/� mice, increased deposition of collagen I and

collagen III was observed. In contrast, collagen I and
collagen III expression in WT mice was no different
compared to normal kidneys. Collagen IV, an important
component of glomerular extracellular matrix, was
enhanced in the glomeruli of A2AR

�/� mice; however,
collagen IV expression in WT mice was not different when
compared with normal kidney (Figure 4).
Lack of A2AR Does Not Affect Humoral Immune
Response or Glomerular IgG Deposition

To analyze systemic humoral response in WT and A2AR
�/�

mice with NTS nephritis, we assessed antigen-specific total
mouse anti-rabbit IgG in serum by specific enzyme-linked
immunosorbent assay. Total mouse anti-rabbit globulin
IgG levels were similar in both groups (Supplemental
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Figure S2A). In addition, rabbit IgG and mouse IgG
glomerular deposits were not different between WT and
A2AR

�/� mice (Supplemental Figure S2,B and C).

Severe Kidney Injury in Mice Deficient in A2AR Using
Optimal Dose of NTS

We investigated if higher amount of NTS (full, optimal
dose) could induce more severe damage in A2AR

�/� mice
compared to WT mice. In WT mice, an optimal dose of
NTS led to marked glomerular hypercellularity, glomerular
hyalinosis, crescent formation, and TIN injury. However,
the glomerular and TIN damage was more prominent in
mice deficient in A2AR (Figure 5).

Kidney Macrophage Depletion and Reconstitution

Macrophages infiltrating nephritic glomeruli express
A2AR.

17 To identify if the lack of macrophage A2ARs is
responsible for the deleterious effect in NTS nephritis in
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Severe kidney injury in A2AR
�/� mice with higher (optimal/full) dose of nephrotoxic serum (NTS). A: Wild-type (WT) mice receiving optimal dose of

NTS display pronounced kidney damage; glomeruli (Glom) are hypercellular with hyalinosis and crescent formation, and kidneys have marked tubulointersitial
injury. However, in A2AR

�/� mice, the glomerular and tubuloinerstitial injury is more prominent. B: Quantitation of kidney injury in WT and A2AR
�/� mice with

NTS nephritis. Periodic acid-Schiff (PAS) staining was used. Data are expressed as means � SEM (B). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale
bar Z 60 mm (A). Original magnification, �400 (A). GN, glomerulonephritis; KO, knockout.

Macrophage A2ARs Protect Kidneys
A2AR
�/� mice, we used a conditional macrophage ablation

and adoptive transfer approach. Administration of 20 ng/g
DT to CD11b-DTR transgenic (Tg) mice with NTS
nephritis at day 5 and day 7 after induction of the disease
was highly effective at ablating kidney macrophages but not
alveolar macrophages (CD11b�/CD11cþ/high) at the time
mice were euthanized (day 8 after NTS injection), as
described (Figure 6).4,32,44,45 Injection of DT resulted in
approximately 80% reduction in glomeruli macrophages, as
reported.4,35,37 In contrast, in CD11b-DTR mice with NTS
nephritis receiving vehicle control, glomerular macrophage
infiltration was not affected (Figure 6). We next tracked
glomerular accumulation of transferred BMDMs isolated
from A2AR

�/� mice or WT mice (the fraction of CD68-
positive cells was >90%; Figure 7A) by labeling them
with PKH-26GL (94.3% viable labeled cells were obtained;
Figure 7B). One million macrophages were injected on day
6 after induction of NTS nephritis in CD11b-DTR mice
ablated of macrophages by injecting DT at days 5 and 7, as
described above. Mice were euthanized at day 8 after in-
duction of the disease, and recruited macrophages were
detected in the kidney. A similar number of macrophages
from A2AR

�/� mice and WT mice were observed into
nephritic glomeruli (4.3 � 0.5214 and 4.6 � 0.53, respec-
tively); however, there was no macrophage infiltration in
CD11b-DTR mice without GN, as described (Figure 7, C
and D).29,46 Labeled macrophages were also distributed to
spleen but not to the lung, as reported (Figure 7D).47
The American Journal of Pathology - ajp.amjpathol.org
The course of NTS nephritis was similar in CD11b-
DTR-Tg mice receiving WT macrophages compared with
WT mice. Although the kidney injury had a tendency to be
more severe in WT mice, the difference was not statisti-
cally significant, notwithstanding there was also more
variation in kidney lesions among WT mice (Supplemental
Figure S3).

To determine whether BMDMs from A2AR
�/� mice ex-

press more cytokines at basal level compared to WT,
mRNA expression of several cytokines was analyzed by
RNase protection assay. There was no difference in the
mRNA expression of proinflammatory cytokines between
unstimulated BMDMs from WT and A2AR

�/� mice
(Supplemental Figure S4).

Macrophage Depletion and Reconstitution during
Established Nephritis: Lack of Macrophage A2AR
Increases Kidney Injury

To determine the role of A2AR expressing macrophages in
kidney injury in GN, endogenous macrophages were
removed with DT in CD11b-DTR Tg mice with NTS
nephritis at day 5 after induction of the diseases, as
described above. Adoptive transfer of macrophages from
A2AR

�/� mice or WT mice was performed at day 6, and
mice received treatment with the A2AR agonist CGS21680
(2 mg/kg twice a day7) the same day until mice were
euthanized at day 8. In addition, a group of mice transferred
2607
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Figure 6 Diphtheria toxin (DT) depletes glomerular macrophages in nephritic kidneys but not in the lungs. Immunohistochemistry stained for CD68þ

monocytes/macrophages of kidney and lung sections at day 8 after the induction of GN. A: In CD11b-DTR transgenic (Tg) mice with GN receiving vehicle
control, glomeruli macrophage infiltration (arrows) is not affected. B: In contrast, macrophages (Mac) are depleted (Depl) in CD11b-DTR Tg mice with GN that
received two doses of DT starting at day 5. C: Quantitation of glomeruli CD68. Data are expressed as means � SEM (C). *P < 0.05, ****P < 0.0001. Scale
bar Z 60 mm (A and B). Original magnification, �400 (A and B). GN, glomerulonephritis; Nl, normal.

Truong et al
with A2AR
�/� macrophages were not treated with the A2AR

agonist. CD11b-DTR Tg mice with GN receiving WT
macrophages but not treated with A2AR agonist were used
as control.

At day 8 after induction of GN, glomerular hyper-
cellularity, necrotizing lesion, and sclerotic glomeruli were
increased in mice reconstituted with A2AR

�/� macrophages
and treated with A2AR agonist (AT KO Mac Tx) compared
with mice receiving WT macrophages without treatment
(AT WT Mac) (Figure 8, A and B) and mice reconstituted
with WT macrophages and treated with A2AR agonist. In
contrast, adoptive transfer of WT macrophage plus treat-
ment with A2AR agonist (AT WT Mac Tx) significantly
reduced glomerular hypercellularity and necrotizing lesion;
sclerotic glomeruli were not observed (Figure 8, A and B).
No significant difference was observed between mice
reconstituted with A2AR

�/� macrophages treated with the
agonist and mice transferred with A2AR

�/� macrophages
but not treated with the A2AR agonist CGS21680 (Figure 8,
A and B).
Increased Kidney Fibrosis in Absence of Macrophage
A2AR

Pathological deposition of collagen I, III, and IV was
significantly increased in mice with adoptive transfer of
A2AR

�/� macrophages and treated with A2AR agonist
(Figure 9). In contrast, pharmacological activation of A2AR
in mice receiving WT macrophages significantly reduced
2608
collagen I, III, and IV accumulation compared with un-
treated GN mice (Figure 9).

Kidney Function Is Deteriorated in Mice Reconstituted
with A2AR

�/� Macrophages

As a result of the severity of kidney injury in mice receiving
A2AR

�/� macrophages (AT KO mac Tx), serum creatinine
was significantly higher in AT KO Mac Tx mice compared
with control mice (AT WT mice, P < 0.05) (Figure 10).
In contrast, serum creatinine was not affected in mice
receiving WT macrophages treated with A2AR agonist
(Figure 10).

In CD11b-DTR-Tg Mice, Antigen-Specific Humoral
Immune Response or Glomerular IgG Deposition Is
Not Affected

To analyze if the systemic humoral immune response could
be affected by DT or adoptive transfer of macrophages, we
measured antigen-specific total mouse anti-rabbit IgG serum
by enzyme-linked immunosorbent assay. Total mouse anti-
rabbit globulin IgG levels were similar between WT mice
and mice with NTS nephritis without depletion of macro-
phages and mice with GN and macrophage depletion and
reconstitution with WT macrophages or A2AR

�/� macro-
phages (Supplemental Figure S5A). In addition, rabbit IgG
and mouse IgG glomerular deposition were not different
among the groups (Supplemental Figure S5,B and C).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Transferred macrophages (M4) migrate to nephritic kidney. A: Purity of isolated bone marrowederived macrophages (BMDMs). Representative
flow cytometry analysis of CD68-positive cell population. B: Fluorescence-activated cell sorter analysis of BMDMs stained with PKH-26GL. C: Representative
fluorescence micrograph showing no macrophage infiltration of normal glomeruli. D: Representative fluorescence micrographs of BMDM-PKH-26GL stained.
Similar number of wild-type (WT) and A2AR

�/� macrophages migrate to nephritic glomeruli. Macrophages also migrate to the spleen but not to the lung. Scale
bar Z 60 mm (D). Original magnification, �400 (C and D). FSC, forward scatter; KO, knockout; SSC, side scatter.

Macrophage A2ARs Protect Kidneys
Discussion

In WT mice, low doses of NTS caused minimal kidney
injury with recovery of the disease by day 14. However, in
Figure 8 Lack of macrophage A2AR increases kidney injury in nephrotoxic se
nephritic kidneys from mice that were depleted (Depl) of macrophages (M4) and r
AT WT Mac); adoptive transfer of WT M4 and treated with A2AR agonist (Depl AT W
A2AR and treated with A2AR agonist (Depl AT KO M4 þ A2AR agonist, AT KO Mac T
A2AR agonist (Depl AT KO M4, AT KO Mac). Sections were sampled on day 8 af
means � SEM (B). *P < 0.05, **P < 0.01, and ****P < 0.0001. Scale bar Z 6

The American Journal of Pathology - ajp.amjpathol.org
mice deficient in A2AR, sub-threshold doses of NTS induced
extensive and prolonged kidney injury with enhanced in-
flammatory response. Administration of higher amount of
NTS (optimal dose) also led to a more prominent glomerular
rum (NTS) nephritis. A: Periodic acid-Schiff staining of kidney sections of
eceived: adoptive transfer of wild-type (WT) macrophages (Depl AT WT M4,
T M4 þ A2AR agonist, AT WT Mac Tx); adoptive transfer of M4 deficient in
x); and adoptive transfer of A2AR

�/� macrophages without treatment with
ter NTS injection. B: Quantitation of kidney injury. Data are expressed as
0 mm (A). Original magnification, �400 (A). Glom, glomerular.
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Figure 9 Absence of macrophage A2AR enhances collagen (Col) deposition. Collagen I and collagen III expression (arrows) increases in the interstitium
(AeC), and collagen IV deposition (arrows) enhances in the glomeruli (A and D) from nephritic kidneys in mice receiving adoptive transfer of A2AR

�/�

macrophages (AT KO Mac þ Tx). Results are expressed as means � SEM (BeD). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bar Z 200
mm (A). Original magnification, �200 (A). GN, glomerulonephritis; KO, knockout; Nl, normal; WT, wild type.

Truong et al
and TIN injury in A2AR
�/� deficient mice. In addition,

macrophage depletion and reconstitution with WT or
A2AR

�/� macrophages plus treatment with an A2AR
agonist, during the established phase of the disease, showed
that mice receiving A2AR

�/� macrophages had increased
kidney injury; in contrast, kidney damage was significantly
attenuated in mice reconstituted with WT macrophages.
These data indicate that A2A adenosine receptors play a
critical role in regulating inflammatory response in NTS
nephritis, disruption of the endogenous protective A2AR
amplifies inflammation to accelerate kidney damage, and
endogenous macrophage A2ARs are essential to protect from
progressive kidney injury.

Increasing evidence shows a key role for inflammation in
the induction and progression of GN and other kidney dis-
eases.19,48,49 NTS nephritis is a rapidly progressive
2610
glomerular disease with a poor prognosis. Macrophages are
known to have a key role in the induction and development
of rapidly progressive glomerular disease; the magnitude of
proteinuria and percentage of crescentic glomeruli are
related with the number of macrophages infiltrating the
glomerulus.2

A2ARs modulate the activity of inflammatory cells and
may block acute inflammatory damage in different models
of inflammatory injury. Herein, we show that an absence of
A2AR in GN using sub-threshold doses of NTS, increased
kidney injury, inflammatory cytokines, macrophages, and
deposition of collagens. In addition, an increased expression
of profibrotic molecules, transforming growth factor-b1,
TSP-1, and OPN-1 was observed. In contrast, WT mice
given suboptimal NTS were recovering from the glomerular
injury at the time mice were euthanized (day 14 after
ajp.amjpathol.org - The American Journal of Pathology
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Figure 10 Kidney function decreases in mice lacking macrophage A2AR.
Serum creatinine was increased in mice with adoptive transfer of A2AR

�/�

macrophages (AT KO Mac þ Tx). Results are expressed as means � SEM.
*P < 0.05, **P < 0.01.

Macrophage A2ARs Protect Kidneys
induction of the disease). The amplification of inflammation
in A2AR

�/� mice could be attributed to lack of regulation of
macrophage activation. A2AR down-regulates classic
macrophage activation, reducing production of proin-
flammatory cytokines such as tumor necrosis factor-a, and
increasing expression of the anti-inflammatory cytokine
IL-10.50 In addition, we reported that A2AR inactivation
with an A2AR antagonist promotes M1 phenotype of
macrophage infiltrating nephritic glomeruli.16 Uncontrolled
or persistent inflammation leads to progressive fibrosis.51

Consequently, kidney fibrosis in nephritic kidneys from
A2AR-deficient mice could be explained, at least in part, by
the severe and persistent inflammatory reaction. Macro-
phages express and produce fibrogenic cytokines; nephritic
macrophages express transforming growth factor-b, TSP-1,
and OPN-1, molecules contributing to kidney fibrosis, and
are decreased in nephritic kidneys by treatment with an
A2AR agonist.16 Absence of macrophage A2AR could be
responsible for the increased expression of these profibrotic
molecules in nephritic kidneys. More important, an infil-
tration of T cells in kidney interstitium was also observed in
A2AR

�/� mice. Infiltrating T cells also play a key role in the
interstitial fibrosis and progression of kidney injury.52

Previously, we found that macrophages infiltrating
nephritic glomeruli express A2AR and pharmacological
activation of A2AR with a specific agonist attenuated kidney
injury.17 Interestingly, macrophage-derived chemokines
were reduced in response to A2AR agonist, and chemokines
not expressed in macrophages did not respond to A2AR
activation, suggesting activated A2AR expressed in macro-
phages inhibits immune-associated inflammation.17 To
determine the protective contribution of activated A2AR
expressed in macrophages in progressive kidney injury, we
adoptively transferred A2AR-deficient macrophages or WT
macrophages into CD11b DTR-Tg mice (previously
depleted of macrophages) once the disease was already
The American Journal of Pathology - ajp.amjpathol.org
established. In addition, mice were treated with an A2AR
agonist. In mice receiving WT macrophages and treated
with the A2AR agonist, kidney injury was significantly
attenuated. However, in mice reconstituted with A2AR

�/�

macrophages, kidney damage was worse. These data
demonstrate that endogenous macrophage A2ARs are
essential to protect from the progression of kidney injury in
GN. The main role of macrophage A2ARs to prevent pro-
gressive kidney fibrosis is supported by the finding that
there was no difference in kidney injury between mice
reconstituted with A2AR

�/� macrophages treated with the
agonist and mice transferred with A2AR

�/� macrophages
but not treated with an A2AR agonist.

More important, transfected BMDMs from WT and
A2AR

�/� mice did not show any difference in the basal
expression of cytokines. A2AR

�/� macrophages have been
previously reported to express an increase of proin-
flammatory cytokines at transcriptional level after induction
of acute inflammation by treating A2AR

�/� mice with Toll-
like receptor activating agents or oligodeoxyribonucleo-
tides.43 Consequently, after A2AR

�/� BMDMs migrate to
the nephritic kidney, they become exposed to an inflam-
matory milieu that can induce them to produce more
proinflammatory mediators (cytokines/chemokines)
compared to WT BMDMs. In addition, the lack of A2AR
will prevent BMDMs from being inactivated by the A2AR
agonist and BMDMs can continue producing more cyto-
kines/chemokines to amplify inflammation. In contrast, WT
BMDMs will be inactivated by the A2AR agonist, hence
preventing them to produce more proinflammatory media-
tors. These events can explain in part the worse kidney
injury observed in mice receiving A2AR

�/� BMDMs.
Previous studies have reported an increase of kidney

damage in A2AR-deficient mice in diabetic nephropathy,
ischemia-reperfusion, and unilateral ureteral obstruction,
supporting the role of A2ARs as natural brakes of
inflammation.7,14,15,53,54

Although protection of kidney ischemia-reperfusion by
activation of A2AR was independent of macrophage A2AR,
we demonstrated herein that in mice reconstituted with
macrophages lacking A2AR, the disease was worsened, even
though they were also treated with an A2AR agonist.55

These studies not only emphasize the main role of macro-
phages in the pathogenesis of GN but also the crucial role of
macrophage A2AR as a physiological feedback mechanism
to limit the inflammatory response and kidney injury in NTS
nephritis. The discrepancy in the protective mechanism
between the model of ischemia-reperfusion and NTS
nephritis could be explained in part because NTS nephritis
is an auto-immune model.

Podocytes also express A2AR, and these cells play a role
in the pathogenesis of NTS nephritis; our studies do not
exclude the possibility that podocyte A2AR may also
protect the mice from kidney damage. However, the
increased kidney injury observed in absence of macro-
phage A2ARs documents an important role of macrophage
2611
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A2AR activation in mediating kidney protection in this
model of GN.56

The rapid beneficial effects observed with A2AR agonist
treatment in mice receiving WT macrophages are similar to
those observed in our previous study in which pharmaco-
logical activation of A2AR in established GN decreased
proteinuria 24 hours after its administration.17

In summary, our study demonstrates that endogenous
macrophage A2ARs are essential to protect animals from
progressive kidney injury in a model of nephrotoxic
nephritis. A2AR agonists may represent a therapeutic option
to treat GN and potentially other inflammatory kidney dis-
eases. More important, targeting a natural inhibitor of
inflammation may provide an excellent therapeutic option
with fewer adverse effects than those observed with non-
specific immunosuppressive agents (eg, steroids and cyto-
toxic agents) that has been the mainstay of treatment for the
past 50 years.
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