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Interferon Regulatory Factor-5 in Resident Macrophage
Promotes Polycystic Kidney Disease
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Abstract

Background Autosomal dominant polycystic kidney disease is caused by genetic mutations in PKD1 or PKD2.
Macrophages and their associated inflammatory cytokines promote cyst progression; however, transcription
factors within macrophages that control cytokine production and cystic disease are unknown.

Methods In these studies, we used conditional Pkdl mice to test the hypothesis that macrophage-localized
interferon regulatory factor-5 (IRF5), a transcription factor associated with production of cyst-promoting
cytokines (TNFe, IL-6), is required for accelerated cyst progression in a unilateral nephrectomy (1K) model.
Analyses of quantitative real-time PCR (qRT-PCR) and flow-cytometry data 3 weeks post nephrectomy, a time
point before the onset of severe cystogenesis, indicate an accumulation of inflammatory infiltrating and resident
macrophages in 1K Pkd1 mice compared with controls. qRT-PCR data from FACS cells at this time demonstrate
that macrophages from 1K Pkd1 mice have increased expression of Irf5 compared with controls. To determine the
importance of macrophage-localized Irf5 in cyst progression, we injected scrambled or IRF5 antisense oligo-
nucleotide (ASO) in 1K Pkd1 mice and analyzed the effect on macrophage numbers, cytokine production, and
renal cystogenesis 6 weeks post nephrectomy.

Results Analyses of qRT-PCR and IRF5 ASO treatment significantly reduced macrophage numbers, Irf5
expression in resident—but not infiltrating—macrophages, and the severity of cystic disease. In addition, IRF5
ASO treatment in 1K Pkd1 mice reduced 16 expression in resident macrophages, which was correlated with
reduced STAT3 phosphorylation and downstream p-STAT3 target gene expression.

Conclusions These data suggest that Irfb promotes inflammatory cytokine production in resident macrophages

resulting in accelerated cystogenesis.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD)
is caused by mutations in polycystic kidney disease 1
(PKD1) or PKD2, which encodes for protein polycystin
1 and polycystin 2, respectively (1). Disease progres-
sion is highly variable, even among family members
that share identical PKD1 mutations (2). A possible
mechanism explaining the variability in phenotypic
progression is the presence of “modifying factors” that
can accelerate cyst growth in the presence of PKD
mutations (3-6). Renal injury is one example of a
modifier that can accelerate cystogenesis (3,6-11). We
have shown that unilateral nephrectomy (UNXx) in
adult conditional Pkd1 knockout mice leads to accel-
erated cyst growth (6,9). A hallmark of UNXx is com-
pensatory renal hypertrophy triggered by increased
GFR and protein synthesis (12,13). Thus, we propose
that the increased workload and exposure to hyper-
trophic factors (i.e., amino acids (14)) in the remaining

kidney promotes enhanced cystogenesis in mice lack-
ing Pkdl. The mechanism connecting renal hypertro-
phy and accelerated cystogenesis is unknown.
Among a number of factors that are involved in the
pathogenesis of PKD, recent evidence suggests that
innate immunity, particularly macrophages, plays a
significant role in cyst development (11,15-21). These
studies demonstrated that there are an increased
number of macrophages in cystic kidneys and that
these macrophages drive proinflammatory cytokine—
mediated tubular cell injury, proliferation, and cyst
formation (15-19). Genetic deletion of Ccl2 (Mcpl)
significantly reduced the influx of macrophages to
the kidney, lessened tubular cell injury, and reduced
cyst growth (15,22). However, the importance of infil-
trating macrophages may be model specific because
genetic deletion of CCR2, the Ccl2 ligand, did not affect
cyst severity in the cpk mouse model (23). Of interest,
our recent data also indicate that inhibition of resident
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macrophage proliferation and accumulation results in a
significant reduction in cyst severity (11). Regardless of
the source of macrophages, these cells are able to release
inflammatory cytokines that promote cyst growth. How-
ever, intrinsic factors within macrophages that control
production of inflammatory cytokines involved in cystic
disease have not been identified.

IFN regulatory factor 5 (IRF5) is a transcription factor that
has recently been identified as a mediator of proinflamma-
tory cytokine production in macrophages. IRF5 is found
in the cytoplasm of quiescent cells and upon stimulation
becomes activated via post-translational modification. This
results in nuclear translocation and binding to the promoter
region of target genes, many of which are involved in
proinflammatory responses (24). IRF5 is highly expressed
in proinflammatory macrophages; promotes polarization
of macrophages to an M1-like phenotype; and controls
the production of inflammatory cytokines such as IL-6,
TNF-a, and IL-12 (25,26). Although macrophage activation
promotes cystogenesis, the role of IRF5 in this process is
unknown.

Herein, we show that UNx in conditional Pkd1 mice
results in increased macrophage accumulation and produc-
tion of inflammatory cytokines. The enhanced inflammatory
profile observed in Pkd1-deficient mice after UNx was par-
alleled by increased whole-kidney Irf5 expression. qRT-PCR
of flow-sorted cells indicates that kidney macrophages were
the main cell type responsible for the increased whole-
kidney Irf5 expression. Treatment of conditional Pkdl mice
receiving UNx with an IRF5 antisense oligonucleotide
(ASO) decreased Irf5 expression specifically in resident
macrophages and resulted in reduced 1I6 proinflammatory
cytokine production and cystic kidney disease. Overall, our
data show that (1) kidney resident macrophage activation
and I16 cytokine production is driven by Irf5, (2) Irf5 plays an
essential role in acceleration of cyst growth after UNX, and
(3) IRF5 in macrophages is a novel therapeutic target for
slowing kidney cyst growth.

Materials and Methods
Mouse and Genotyping

All procedures were conducted under protocols approved
by the Medical University of South Carolina and University
of Alabama at Birmingham (UAB) Institutional Animal Care
and Use Committee and in accordance with the National
Institutes of Health (NIH) Eighth Guide for the Care and
Use of Laboratory Animals. Development of Pkd1 floxed
allele mice has been previously reported (27). Pkd1 condi-
tional knockout mice were generated by crossbreeding
Pkd1f/f female mice with Pkd1/f male mice that express
tamoxifen-inducible systemic cre (CAGG-creER) (28). Geno-
typing was performed by PCR using primer sequences as
previously described (27).

UNXx

Both female and male adult Pkd1 conditional floxed mice
with and without cre (4-6 weeks old) were administered
tamoxifen (9 mg/40 g body wt; Sigma-Aldrich, St. Louis,
MO) dissolved in corn oil via intraperitoneal injection every
other day for a total of three doses. At 3 weeks after cre
induction, mice underwent left UNx or sham surgery. All

surgeries were performed under isoflurane anesthesia (5%
induction, 1.5%-2% maintenance) with the mice placed on a
heated platform. All mice received carprofen (5 mg/kg) pre-
and postoperatively until the mice showed no signs of
clinical distress. Briefly, after mice were anesthetized, the
left kidney was excised via a left-of-center dorsal incision,
the renal pedicle was tied with 5-0 ethilon loops, and the
kidney excised. At 3 or 6 weeks after nephrectomy or
sham surgery, mice were euthanized and the kidney was
harvested for flow cytometry, histology, and qRT-PCR.

UNx mice were randomly assigned to IRF5 ASO or
scrambled ASO groups (N=8-11, equal sex per group, from
equally distributed littermates) for a treatment duration
of 3 or 6 weeks, respectively. ASOs dissolved in PBS were
administered weekly via subcutaneous injections at 40
mg/kg per week. At the end of each experiment, the
kidney was harvested for analysis.

Immunofluorescence Microscopy

After fixation and overnight cryopreservation in 30%
sucrose, 8-um thick optimal cutting temperature compound-—
embedded kidney tissue was fixed with 4% paraformalde-
hyde (PFA) for 10 minutes, permeabilized with 0.2% Triton
X-100 for 8 minutes, and incubated in blocking solution (PBS
with 1% BSA, 0.3% Triton X-100, 2% [vol/vol] donkey
serum, and 0.02% sodium azide) for 30 minutes at room
temperature. Sections were incubated in primary antibody
overnight at 4°C according to manufacturer’s recommen-
dation, washed with PBS, and incubated with the appro-
priate secondary antibodies in blocking solution for 1 hour
at room temperature. Primary antibodies included a rat
anti-mouse F4/80 (catalog number 14-4801; clone BMS; eBio-
science) and a FITC-conjugated lotus tetragonolobus agglu-
tinin (LTA) (catalog number FL-1321; Vector Laboratories)
antibody. Secondary antibodies included the following:
Alexa Fluor 647-conjugated donkey anti-rat (catalog num-
ber 712-606-153; Jackson ImmunoResearch). After addition
of secondary antibody, nuclei were stained by Hoechst
nuclear stain (Sigma-Aldrich) and samples mounted using
IMMU-MOUNT (Thermo). All fluorescence images were
captured on a Nikon TI2 Eclipse (Nikon Instruments) spin-
ning disc confocal microscope equipped with a Yokogawa
X1 disc (Yokogawa) on an Orca Flash 4.0 sCMOS (Hama-
matsu) using a 40X Plan Fluor 1.3NA (Nikon Instruments)
objective. Confocal images were processed and analyzed in
NIS Elements version 5.0 software.

To identify p-Stat3 signaling, we used a modified version
of recently described protocol (29). Paraffin-embedded sec-
tions were rehydrated using a xylene and decreasing etha-
nol series, washed in Tris-buffered saline (TBS), and boiled
in 10 mM sodium citrate buffer (pH 6) for 5 minutes in a
100°C water bath. The sections were cooled, washed twice
in TBS/Tween 20, and blocked (1% BSA, 0.05% sodium azide
in TBS/Tween 20) at 37°C for 30 minutes. Sections were
incubated with the following antibodies diluted in blocking
buffer overnight at 4°C: p-STAT3 (Tyr705) rabbit mAb
(9145; Cell Signaling) and FITC-conjugated LTA. Sections
were then incubated with fluorescence-labeled secondary
antibodies diluted in blocking buffer at 37°C for 1 hour
(Alexa Fluor 647 donkey anti-rabbit IgG [catalog number
A21244; Life Technologies]). After washing, nuclei were
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stained by Hoechst nuclear stain before postfixing with 4%
PFA for 10 minutes, and samples mounted using IMMU-
MOUNT. Samples were imaged as described above.

ASOs

ASOs were obtained from Ionis Pharmaceuticals (Carls-
bad, CA). Gen 2.5 IRF5 ASO were 16-mer constrained ethyl
gapmers with a chimeric 3-10-3s with constrained ethyl
design (sequence: AACATTTATTAATCCA), locking the
2" and 4’ positions together to constrain the ribose ring into
a Cz-endoconformation. The scramble ASO had the same
design but does not hybridize to any known target and
was used to control for any ASO class effects that could
influence cystogenesis and/or kidney function. The scram-
ble ASO used in this study was identical to ASOs previously
described and can successfully target the kidney (30).

Flow Cytometry

After transcardial perfusion of the mouse with PBS, the
right kidney was removed and placed into RPMI 1640 on
ice. The kidneys were minced and digested in 1 ml of RPMI
1640 containing 1 mg/ml collagenase type I (Sigma-Aldrich)
and 100 U/ml DNase I (Sigma-Aldrich) for 30 minutes at
37°C with agitation. Kidney fragments were passed through
a 70-pm mesh (Falcon; BD Biosciences) yielding single-cell
suspensions. Cells were centrifuged at 1300 rpm (220 X g)
for 5 minutes at 4°C, resuspended in red blood cell lysis
buffer, and incubated at 37°C for 5 minutes. Cells were
resuspended in 1 ml PBS with Fc-blocking solution (dilution
1:200) and incubated for 30 minutes on ice. A total of 2X10°
cells were stained for 30 minutes at room temperature with
antibodies including phycoerythrin rat anti-mouse CD45
(catalog number 12-0451, 30-F11; eBioscience), eFluor450
rat anti-mouse F4/80 (catalog number 48-4801, BMS; eBio-
science), allophycocyanin rat anti-mouse CD11b (catalog
number 17-0112, M1/70; eBioscience), allophycocyanin/
Cy7 rat anti-mouse Gr-1 (catalog number 557661, RB6-
8C5; BD Pharmingen), phycoerythrin/Cy7 rat anti-mouse
CD11c (catalog number 25-0114, N418; eBioscience), and
FITC rat anti-mouse Ly6c (catalog number 553104, AL-21;
BD Pharmingen); washed; and resuspended in FACS stain-
ing buffer. Cells were fixed in 2% PFA for 30 minutes at
room temperature, washed, and resuspended in PBS. Cells
were analyzed on a BD LSRII flow cytometer. To adjust for
day-to-day fluctuations in the flow cytometer and antibody
staining, macrophage gates were set using noninjured con-
trols run on each individual day. Data analysis was per-
formed using Flow]Jo version 10 software.

For qRT-PCR on flow-sorted populations, single cells
were stained with markers to detect infiltrating and resident
macrophages as described above (CD11b and F4/80) as well
as the proximal tubule epithelium (FITC-conjugated LTA)
and collecting duct epithelium (dolichos biflorus agglutinin
[DBA; RL-1032; Vector Laboratories]). After incubation with
primary antibody, cells were washed and resuspended in
PBS. Cells were sorted into individual Eppendorf tubes
containing RNA lysis buffer (buffer RLT; Qiagen) using a
BD FACSCaliber Ariall. RNA was isolated using a Qiagen
RNeasy Mini Kit (catalog number 74104; Qiagen) and cDNA
synthesized with a High Capacity cDNA Reverse Transcrip-
tion Kit (catalog number 4368813; Applied Biosystems).
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qRT-PCR

After perfusion of the mouse with PBS, the right kidney
was removed and placed into RNAlater (AM7020; Invitro-
gen). Total RNA was extracted using the Qiagen RNeasy
Mini Kit and cDNA was synthesized with High Capacity
c¢DNA Reverse Transcription Kit. An amount of 50 ng cDNA
per reaction was used for qRT-PCR with TagMan Gene
Expression Master Mix (catalog number 4369016; Applied Bio-
systems) and Tagman probes for Irfo (Mm00496477), II-1b
(Mm00434228), II-6 (Mm00446190), Tnf-a (Mm00443258), 1112
(Mm00434169), Cx3cl1 (Mm00436454), Csf1 (Mm00432686), Ccl2
(Mm00441242), Ccndl (Mm00432359), Socs3 (Mm00545913),
C-myc (Mm01192721), and Tgfb (Mm01188201). gRT-PCR
was conducted with CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad). Levels of the target genes were
normalized against the housekeeping genes (Gapdh) and
interpreted using the comparative AACt method. Human
kidney tissues were obtained from patients who under-
went nephrectomy either from ESKD secondary to PKD
or non-PKD-related ESKD and were evaluated for IRF5
(Hs00158114) expression (average age 45 years, both male
and female). Data were normalized to GAPDH (Hs99999905).
Kidney tissue was collected and processed according to
previous publications (31) within 4 hours of resection accord-
ing to a protocol approved by the UAB Institutional Review
Board.

Quantification of Cystic Severity

Sections (5 um) were cut from paraffin-embedded right
kidneys and stained with hematoxylin and eosin. Hema-
toxylin and eosin—stained sections were used to determine
cyst index. At least eight to ten different nonoverlapping
kidney cortical sections (10X) were randomly taken from
each of 90°, 180°, and 270° from the hilum to avoid field
selection variation from all kidneys. Using Image ], the
diameters of the tubular lumen were measured and counted
as dilated tubules/cyst for those >40 um. Mean cystic area
relative to total kidney section area are shown as a percent-
age. A technician blinded to the treatment modality per-
formed the quantification/analysis.

Statistical Analysis

Results are shown as means*SEM. Statistical difference
between group means was determined by ¢ test or one-way
ANOVA followed by the Tukey test for multiple compar-
isons. All statistical tests were conducted using Prism 6
(GraphPad, La Jolla, CA). P<<0.05 denoted statistical
significance.

Results
UNx Promotes Kidney Immune Cell Accumulation and
Inflammation in Pkd1 Mouse

To determine whether accelerated cyst growth triggered
by UNx promotes an immune cell response, we performed
flow-cytometry analysis on single-cells isolated from kid-
neys harvested from adult Pkd1 conditional mice (Cagg-
Cre®™8™2 prd1t/f) 3 weeks after UNx (1K) or sham surgery
(2K), a time point before the onset of severe cystogenesis.
The 1K kidney histology at this time point shows dilated
tubules and mild cysts compared to 2K kidney (Figure 1A).
The gating strategy used to identify infiltrating and tissue-
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Figure 1. | 1K Pkd1 mice have enhanced levels of macrophage chemoattractant cytokines and increased macrophage numbers compared
with control kidneys. (A) Representative histology image of 1K and 2K kidneys taken from PkdT mice 3 weeks after unilateral nephrectomy
(UNXx). There are dilated tubules and mild cyst formation in 1K PkdT kidneys compared with 2K kidneys (magnification 20X). Quantification of
cystic index is shown. (B) Number of kidney macrophages is shown as a percentage of total cells in 2K compared with 1K for both Pkd7 and
control mice. There was a significant increase in the number of kidney infiltrating and resident macrophages in 1K Pkd1 kidneys compared with
both 1K and 2K control kidneys. There was also an increased number of resident macrophages in 1K Pkd7 kidneys compared with 2K Pkd1
kidneys. (C) Kidney cytokine mRNA levels are shown as fold change compared with 2K control kidney. Csf1, Ccl2, 116, Il1b, and Tnfa mRNA
levels were significantly higher in 1K Pkd 7 mice compared with both 1K control and 2K control mice. Csf1, Ccl2, 11h, and 116 levels were higher
in 1K Pkd1 compared with 2K Pkdl mice. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, t test or one-way ANOVA with multiple
comparisons with Tukey test. 1K, 1 kidney; 2K, 2 kidney.
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Figure 2. | Irf5 expression is increased in kidneys isolated from Pkd7 mice and patients with autosomal dominant polycystic kidney disease
(ADPKD). (A) Quantitative real-time PCR (qRT-PCR) analysis of whole-kidney Irf5 expression in control and Pkd1 kidneys 3 weeks post-UNx or
sham surgery. Our data indicate that 1K Pkd1 kidneys had significantly increased levels of Irf5 expression compared with control (both TK and
2K, ****P<0.0001) and 2K Pkd1 kidneys (***P<0.001, ****P<<0.0001). (B) gRT-PCR analysis of whole-kidney IRF5 expression in tissue
harvested from patients with ADPKD and controls. There is increased kidney IRF5 levels in patients with ADPKD compared with control
patients (**P<<0.01). (C) qRT-PCR analysis of Irf5 expression in flow-sorted infiltrating macrophages, resident macrophages, lotus tetrago-
nolobus agglutinin (LTA™) proximal tubule epithelium, and dolichos biflorus agglutinin+ (DBA™) collecting duct epithelium from wild-type and
Pkd1 mice kidneys (3 weeks post-UNXx). Each dot represents an individual mouse kidney (N=4-5 mice per group). Irf5 was detected both in
infiltrating and resident macrophage, but was not detected in proximal tubule (LTA™) and collecting duct (DBA™) epithelium in wild-type or 1K
Pkd1 mice. Irf5 levels in infiltrating and resident macrophage from 1K PkdT mice kidneys were significantly higher compared with wild-type
kidneys (one-way ANOVA). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Inf Mac, infiltrating macrophages; PKD, polycystic kidney

disease; Res Mac, resident macrophages.

resident macrophage populations in the kidney was based
on differential expression of CD11b and F4/80, as previ-
ously published (Supplemental Figure 1) (11,32). Analysis
of flow-cytometry data shows a significant increase in the
number of infiltrating macrophages (as a percentage of total
kidney cells) in 1K Pkd1 mice compared with 1K and 2K cre-
mice (Figure 1B). Further, our data indicate that the number
of resident macrophages is significantly increased in 1K
Pkd1 mice compared with 2K Pkd1 and control mice. These
data indicate that UNx enhances the accumulation of mac-
rophage populations in the kidney at early stages of cyst
formation and suggests that these cells may promote cystic
disease.

To gain insight into the inflammatory nature of kidney
macrophages at this time, we performed qRT-PCR on
whole-kidney tissue isolated 3 weeks post nephrectomy
in control or Pkdl mice. qRT-PCR analysis revealed an
increase in both macrophage chemoattractants and proin-
flammatory cytokines in 1K Pkd1 kidneys compared with
2K Pkdl and control kidneys. This included macrophage

chemokines and activators such as Csfl and Ccl2 as well as
the proinflammatory cytokines IlI6 and Il1b (Figure 1C).
Despite the enhanced accumulation of infiltrating and res-
ident macrophages in 1K Pkd1 mice compared with 2K Pkd1
mice at this time point, levels of Tnfa were not different
between 1K and 2K Pkd1 mice (Figure 1C). Flow-cytometry
and gRT-PCR data did not reveal a difference in macro-
phage number or inflammatory gene expression between
sexes within each group.

Loss of Pkd1 Results in Increased Kidney Irf5 Levels

Our data indicate that UNx in conditional Pkd1 mice
results in increased macrophage numbers, and a robust
increase in proinflammatory cytokine production. How-
ever, factors within the macrophage that modulate the
production of inflammatory cytokines in PKD have not
been identified. IRF5 is a transcription factor that is
highly expressed in macrophages during inflammation
and promotes proinflammatory macrophage polarization
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and cytokine production such as IL-6, TNFa, and IL-12
(25,26). Because both macrophage number and proinflam-
matory cytokines were increased in 1K Pkd1 mice compared
with controls, we hypothesized that IRF5 may be involved
in the pathogenesis of accelerated cystogenesis in Pkd1 mice
receiving UNXx.

To test this hypothesis, we first measured Irf5 mRNA
levels in whole-kidney tissue isolated from Pkd1 and control
mice 3 weeks post nephrectomy or sham surgery. As shown
in Figure 2A, 1K Pkd1 mice had significantly higher kidney
Irf5 mRNA levels compared with 2K Pkd1 and control mice.
Similarly, analysis of qRT-PCR data show increased kidney
IRF5 levels in human patients with ADPKD compared with
controls (Figure 2B).

To determine the cell type responsible for the increased
Irf5 mRNA levels observed in 1K Pkd1 kidneys 3 weeks post
nephrectomy, we isolated macrophage and epithelial cell
populations from the kidney of wild-type and 1K Pkd1 mice
via flow cytometry and performed qRT-PCR for Irfs. Our
data indicate that expression of Irf5 is significantly increased
in infiltrating and resident macrophages from 1K Pkd1 mice
compared with control mice (Figure 2C). In contrast, Irfb is
not detectable in LTA™ proximal tubule cells or DBA™
collecting duct cells (Figure 2C). These data suggest that
macrophages are the major cell type responsible for the
increased Irfb levels observed in 1K Pkd1 mice.

Suppressing Irf5 Attenuates Kidney Immune Cell
Accumulation, Inflammatory Gene Expression, and Slows
Cyst Growth

Because 1K Pkd1 mice have increased macrophage accu-
mulation, proinflammatory cytokine production, and Irf5
expression compared with controls, we used an ASO that
inhibits the synthesis of IRF5 in 1K Pkd1 mice to test the
importance of this transcription factor in cystic disease.
Adult conditional Pkd1 mice underwent UNx 3 weeks after
tamoxifen injection, followed by weekly treatment with
IRF5 ASO or scramble ASO for a total of 6 weeks after
nephrectomy. The 6-week time point was used to assess the
importance of Irf5 in cystic growth. After 6 weeks, mice were
euthanized and the number of kidney macrophages, level of
proinflammatory cytokines, and severity of cystic disease
were analyzed (Figure 3A). Our data indicate that IRF5 ASO
treatment in 1K Pkd1 mice significantly reduced whole-
kidney Irf5 expression compared with 1K Pkdl mice receiv-
ing scrambled ASO treatment (Figure 3B). Flow-cytometry
analysis of macrophage populations reveals a significant
decrease in the number of kidney infiltrating and resident

Irf5 in Macrophage Stimulates Cyst Growth, Zimmerman et al. 185

macrophages in mice receiving the IRF5 ASO compared
with scramble ASO-treated mice (Figure 3C). Confocal
immunofluorescence microscopy data revealed a strong
accumulation of F4/80" macrophages in cystic regions of
scramble ASO-treated mice (Figure 3D). In contrast, analysis
of confocal images from IRF5 ASO-treated mice shows
reduced macrophage accumulation. Importantly, we did
not detect any differences in the number of macrophages
between sexes after IRF5 ASO treatment.

Next, we analyzed the effect of IRF5 ASO treatment on
whole-kidney mRNA levels of macrophage chemoattrac-
tants and proinflammatory cytokines. Our data indicate a
significant reduction in macrophage chemoattractant cyto-
kines including Ccl2, Csfl, and Cx3cl1 in 1K Pkdl mice
treated with IRF5 ASO compared with 1K Pkdl mice
treated with scrambled ASO (Figure 3E). Further, there
is a significant decrease in expression levels of 1/6 and II1b
in IRF5 ASO-treated mice compared with scramble ASO-
treated groups (Figure 3E). We did not observe a difference
inlevels of Tnfa and I/12 mRNA between treatment groups.

Our data indicate that treatment of 1K Pkd1 mice with
IRF5 ASO significantly reduces macrophage number and
whole-kidney proinflammatory gene expression. To deter-
mine the effect that IRF5 ASO treatment has on cystic
progression, we performed histologic analysis of kidney
sections 6 weeks post-UNXx. Treatment of 1K Pkd1 mice with
IRF5 ASO compared with scramble ASO significantly sup-
pressed cystic index but did not affect the number of cysts
(Figure 3F). Collectively, these results indicate that IRF5
ASO treatment decreased kidney Irf5 levels, decreased the
number of infiltrating and resident macrophages, reduced
whole-kidney inflammatory cytokines, and slowed cyst
growth in rapidly progressive Pkd1 conditional mice.

Suppression of Irf5 Reduces Macrophage Proinflammatory
Cytokine Production

Our data indicate that IRF5 is predominantly expressed in
macrophages and that treatment of 1K Pkd1 mice with IRF5
ASO significantly reduces whole-kidney proinflammatory
gene expression and cystic index compared with the 1K
Pkd1 scramble ASO-treated group. Based on these data, we
hypothesize that IRF5 ASO treatment reduces cystic index
by reducing the ability of macrophages to produce cyst-
promoting cytokines such as TNFa and IL-6 (26). Both of
these cytokines, and their associated downstream signaling
pathways including p-STATS3, are expressed in renal macro-
phages (33,34) and have been implicated in progression of
cystic disease (35-38). To test this hypothesis, we flow sorted

Figure 3. | Continued. scrambled ASO-treated mice. There was a significant reduction in number of infiltrating macrophages and resident
macrophages after 6 weeks of treatment with IRF5 ASO compared with scramble ASO treatment (*P<<0.05). (D) Representative confocal images of
1K Pkd1 IRF5 or scrambled ASO-treated mice stained with F4/80 (white), LTA (green), and Hoescht (dark blue). Our data indicate that F4/80™
macrophages accumulate in cystic regions of 1K Pkd1 ASO-treated mice. The number of these cells was reduced upon IRF5 ASO treatment. N=3
mice per group. (E) Kidney cytokine mRNA levels shown as fold change compared to with ASO-treated group. There were significant reductions in
Ccl2, Csf1, Cx3cl1, 116, and 11Tb mRNA levels after 6 weeks of IRF5 ASO treatment. There were no differences in mRNA levels for Tnfa (P=0.07) and
1112 (P=0.53) between IRF5 and scramble ASO treatment groups (ttest). *P<<0.05, **P<0.01. (F) Kidney histology from 1K Pkd1 mice treated with
IRF5 ASO or scramble ASO. Quantification of the cystic index (percentage cystic area/total kidney area) and cystic number is shown as mean=SEM
in the associated graphs. **P<<0.05; t test or one-way ANOVA with multiple comparisons with Tukey test; N=8-11 mice per group. Sac,

euthanized.
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macrophage (infiltrating and resident) and epithelial pop-
ulations (LTA" proximal tubule, DBA" collecting duct)
from the kidney of 1K Pkdl mice treated with IRF5 or
scrambled ASO 6 weeks post nephrectomy and performed
qRT-PCR for Irfs, 116, and Tnfa. Our data indicate that
mRNA levels of Irf5 are significantly reduced in resident,
but not in infiltrating, macrophages (Figure 4A). Further, 116
expression is significantly reduced in resident macrophages
isolated from IRF5 ASO-treated mice compared with mice
receiving scrambled ASO (Figure 4B). There was no differ-
ence in expression levels of Tnfa in macrophages upon IRF5
ASO treatment (Figure 4C). Irf5, 116, and Tnfa mRNA were
not detected in the LTA* proximal tubular epithelium or in
the DBA* collecting duct epithelium. Collectively, these
data indicate that IRF5 ASO treatment specifically targets
resident macrophages and results in decreased Irf5 and 1l6
production in these cells.

To test whether IRF5 ASO treatment specifically reduced
proinflammatory cytokine production in macrophages, we
analyzed gene expression of the anti-inflammatory cyto-
kines 1110 and Tgfbl in whole-kidney tissue from 1K Pkd1
scramble- or IRF5-treated mice 6 weeks post nephrectomy.
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The mRNA level for Tgfb1 was reduced in 1K Pkd1 IRF5 ASO-
treated mice compared with controls, whereas mRNA levels
of II10 were not different between groups (Supplemental
Figure 2A). To determine whether reduced Tgfb1 was due to
a direct reduction in macrophage gene expression or a
secondary consequence of reduced cystic disease, we per-
formed gRT-PCR for Tgfbl in sorted macrophage and epi-
thelial cell populations. We found that IRF5 ASO treatment
did not reduce mRNA expression of Tgfb1 in macrophages
compared with scramble ASO (Supplemental Figure 2B),
indicating that the reduced Tgfbl levels observed in the
IRF5 ASO-treated kidney was secondary to reduced cystic
disease. Further, these data suggest that IRF5 ASO treat-
ment specifically reduces proinflammatory 16 expression
with no effect on expression of the anti-inflammatory cyto-
kines Tgfb1 and 1I10.

Irf5 Suppression Reduces STAT3 Phosphorylation and
Expression of p-STAT3 Target Genes in 1K Pkd1 Mice
Because IRF5 ASO treatment reduced Irf5 and 116 expres-
sion in kidney resident macrophages, we hypothesized that
IL-6 accelerates cyst growth. IL-6 is a proinflammatory
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Figure 4. | Treatment of 1K Pkd1 mice with IRF5 ASO reduces Irf5 and 116 expression in resident, but not infiltrating, macrophages. (A) qRT-
PCR analysis of Irf5 expression in flow-sorted cells from 1K Pkd7 mice treated with IRF5 or scrambled ASO for 6 weeks. mRNA levels for Irf5
were significantly lower in IRF5 ASO-treated kidney resident macrophages compared with scramble ASO-treated resident macrophages
(**P<0.01, two way ANOVA). There were no differences in level of Irf5 in infiltrating macrophages upon IRF5 ASO treatment. Irf5 was not
detected in either epithelial population. (B) I/6 mRNA levels are significantly lower in resident macrophages isolated from 1K Pkd7 IRF5 ASO
mice compared with 1K Pkd1 scramble ASO-treated mice (*P<0.05, two way ANOVA). There were no differences in 1/6 expression in
infiltrating macrophages, LTA™ epithelium, or DBA" epithelium between IRF5 ASO- and scramble ASO-treated mice. Data are shown as the
mean=*SEM. (C) Tnfa mRNA expression was not different between treatment groups. Data are shown as the mean=SEM.
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cytokine that signals through the JAK/STAT pathway
resulting in STAT3 phosphorylation; nuclear translocation;
and induction of p-STAT3 target genes including Socs3,
Cendl, and C-myc (39,40). To determine the effect that
IRF5 ASO treatment had on IL-6-dependent signaling in
the epithelium, we analyzed confocal microscopy images
that were obtained from kidney tissue that had been stained
with a p-STAT3 antibody. Our data indicate that IRF5 ASO
treatment of 1K Pkdl mice resulted in reduced nuclear
p-STATS3 protein in the epithelia compared with 1K Pkd1
mice receiving scrambled ASO (Figure 5A). These data are
in agreement with previous reports indicating that reduc-
tion of p-STAT3 signaling is associated with improved renal
cystic disease (38,39,41).

To confirm that IRF5 ASO treatment in 1K Pkdl mice
resulted in a reduction of p-STAT3-dependent signaling, we
analyzed expression of p-STAT3 target genes in whole-
kidney tissue. We found that expression of Socs3 and
C-myc were both significantly reduced in 1K Pkdl mice
receiving IRF5 ASO compared with 1K Pkd1 mice receiving
scrambled ASO (Figure 5B). There was no difference for
Ccndl between IRF5 ASO- and scramble ASO-treated kid-
ney. Collectively, these data indicate that expression of
p-STAT3 target genes is dampened after treatment with
IRF5 ASO.
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Discussion

This study revealed that (1) the number of kidney macro-
phages are increased in an accelerated PKD mouse model
triggered by renal hypertrophic signaling; (2) there is
increased kidney Irf5 expression in patients with ADPKD
and in our orthologous mouse model; (3) suppressing Irf5
with an ASO reduces the number of kidney macrophages,
inflammatory gene expression, and slows cyst growth; and
(4) treatment of 1K Pkdl mice with IRF5 ASO resulted in
reduced Irf5 and 16 expression in resident macrophages and
a correlative reduction in downstream p-STAT3 target gene
activation compared with controls. The importance of mac-
rophages during cyst progression in mouse models of cystic
kidney disease has been reported (15-19). In these studies,
we identify a transcription factor expressed by kidney res-
ident macrophages, Irf5, that is responsible for II6 produc-
tion and rapid cystic growth in adult Pkd1 mice receiving
UNx. These data suggest that targeting resident macro-
phages may be an effective treatment in PKD.

It is known that loss of renal mass (i.e., removal of one
kidney) decreases GFR. The decrease in GFR is followed by
a period of hyperfiltration in the contralateral kidney result-
ing in recovered renal function (42). The initial decrease in
GEFR leads to an increased load of humoral factors to the
contralateral kidney, which triggers compensatory renal
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Figure 5. | 1K Pkd1 IRF5 ASO-treated mice have reduced STAT3 phosphorylation and expression of p-STAT3 target genes compared with
scrambled ASO-treated mice. (A) Representative confocal images depicting p-STAT3 (white) expression in kidney tissue harvested from 1K
Pkd1 mice treated with IRF5 or scrambled ASO. There is increased p-STAT3 staining in cystic tubules in scramble ASO- compared with
IRF5 ASO-treated mouse kidneys (40X objective). (B) qRT-PCR of whole-kidney tissue isolated from 1K Pkd7 mice that were treated with IRF5 or
scramble ASO shown as fold difference. Expression of Socs3 and C-myc were significantly reduced in the IRF5-treated group (**P<0.01,
*#%P<(.001, ttest). There was no difference in kidney Cyclin D1 levels in IRF5 ASO treatment compared with scramble treatment. Expression of

Socs3, C-myc, and Cyclin D1 (Ccnd1) are shown as the mean*+SEM.
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hypertrophy characterized by tubular hypertrophy and
modest tubular dilation (12,14,43). Therefore, the increased
humoral load and tubular hypertrophy observed in the
contralateral kidney may serve as a form of injury that
triggers accumulation of macrophages leading to acceler-
ated cystogenesis. Because UNXx in wild-type mice does not
increase the number of macrophages (44), the accumulation
of kidney macrophages upon UNXx specifically occurs in the
absence of Pkd1.

An interesting observation of these studies is data show-
ing that treatment of 1K Pkd1 mice with IRF5 ASO signifi-
cantly reduced cystic index (i.e., cyst size), but did not affect
cyst number. These data suggest that the observed inflam-
matory macrophage phenotype does not affect cyst initia-
tion, but is required for cyst progression. This also suggests
that other resident-macrophage factors are likely important
for cystic disease. These data have important implications
for patients with cystic disease because slowing the rate of
cyst growth may have significant clinical benefits. Further,
our data indicate that IRF5 ASO treatment specifically
reduced Irf5 expression in resident, but not infiltrating,

Pkd1 kidney

|

Tubular injury

Chemokine release
CCL2, CSF-1

macrophages. This effect may be due to the reported ability
of kidney resident macrophages to uptake factors in the
blood (45), the continual replenishment of infiltrating mac-
rophages from the bone marrow (causing the infiltrating
macrophages to have normal Irf5 expression), or some com-
bination of both possibilities. This suggests that ASO treat-
ment may be an effective means to decrease gene expression
specifically in kidney resident macrophages. Future studies
focused on these questions are warranted.

Although macrophages are known to promote cystogen-
esis, factors that control the activation and cytokine-
producing ability of these cells in cystic kidney disease have
not been identified. Here we report that expression of Irfb, a
transcription factor that modulates proinflammatory cyto-
kine production, is increased in macrophages isolated from
1K Pkd1 mice compared with controls. Treatment of mice
with IRF5 ASO significantly reduced macrophage number,
Irf5 expression in resident but not infiltrating macrophages,
proinflammatory cytokine production, and cystic severity.
Treatment of 1K Pkd1 mice with IRF5 ASO also resulted in
decreased resident macrophage-localized 116 expression

Unilateral
Nephrectomy

|RF5 ASO

g

i Epithelium
* Macrophage

Figure 6. | Proposed mechanism of IRF5-dependent cyst growth. Unilateral nephrectomy causes renal hypertrophy—induced injury in Pkd1
mice resulting in production of macrophage chemoattractant cytokines in kidney epithelium (i.e., Cc/2 and Csf1) and an accumulation of /rf5-
expressing inflammatory macrophages. These Irf5-expressing macrophages release proinflammatory cytokines (IL-6) stimulating STAT3
phosphorylation and cyst growth in mice lacking Pkd1. Suppressing Irf5 expression with ASO results in decreased cytokine production, reduced

p-STAT3 in the epithelium, and slowed cyst growth.
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and reduced STAT3 phosphorylation in the epithelium. Sup-
pressing IRF5 synthesis decreased 116 but did not reduce Tnfa
or the anti-inflammatory cytokine Tgfb1 in macrophages,
indicating that IRF5 ASO does not inhibit production of all
cytokines. Although studies have shown that IRF5 promotes
the release of IL-6, TNF«, and IL-12 (25,26), IRF5 ASO treat-
ment did not affect the levels of TNFa and IL-12 in 1K Pkd1
mice. These data suggest that the Irf5>-expressing inflamma-
tory macrophages stimulate PkdI-deficient tubular epithe-
lium by secreting IL-6 to drive p-STAT3-dependent cyst
progression (Figure 6). With the recent discovery of a candi-
date resident macrophage population in humans (46), our
data indicate that using ASOs may be an effective means to
reduce cytokine production in these cells, reduce kidney
inflammation, and slow cystic growth in human patients.
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