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Abstract

Clinical and experimental studies have established that immune cells such as alternatively
activated (M2) macrophages and Th17 cells play a role in the progression of chronic kidney
disease (CKD), but the endogenous pathways that limit these processes are not well understood.
The cytokine I1L-27 has been shown to limit immune-mediated pathology in other systems by
effects on these cell types, but this has not been thoroughly investigated in the kidney. Unilateral
ureteral obstruction (UUO) was performed on WT and IL-27Ra ™/~ mice. After two weeks,
kidneys were extracted, and the degree of injury was measured by hydroxyproline assay and
quantification of NGAL mRNA. Immune cell infiltrate was evaluated by immunohistochemistry
and flow cytometry. An anti-IL-17A monoclonal antibody was subsequently administered to
IL-27Ra ™~ mice every two days from day of surgery with evaluation as described after two
weeks. After UUO, IL-27 deficiency resulted in increased tissue injury and collagen deposition,
associated with higher levels of chemokine mMRNA and increased numbers of M2 macrophages.
Loss of the IL-27Ra led to increased infiltration of activated CD4* T cells that co-produced
IL-17A and TNFa, and blockade of IL-17A partially ameliorated kidney injury. Patients with
CKD had elevated serum levels of IL-27 and IL-17A, while expression of transcripts for the
IL-27RA and the IL-17RA mRNA in the tubular epithelial cells of patients with renal fibrosis
correlated with disease severity. These data suggest that endogenous IL-27 acts at several points in
the inflammatory cascade to limit the magnitude of immune-mediated damage to the kidney.
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INTRODUCTION

Chronic kidney disease (CKD), characterized by renal damage and reduced kidney function,
affects approximately 14 percent of the general American population and is associated with
increased morbidity and mortality as well as high healthcare costs (1). Preventative therapies
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are limited, and novel strategies to identify and ameliorate profibrotic processes have
important diagnostic and therapeutic implications. The immune system has established
relevance in fibrotic disease progression in multiple organs such as lungs, liver, and kidneys
(2, 3). In the kidney, damage to the renal tubular epithelial cells leads to the release of
damage-associated molecular patterns (DAMPS) that promote innate activation and
recruitment of immune cells (2) (3). This process amplifies the inflammatory response in the
injured organ, and these events can progress to chronicity and result in immune-mediated
fibrosis (3). In multiple models of kidney injury, the increased infiltration of macrophages is
associated with renal damage (4-6) and in chronically inflamed kidneys these cells can
express the mannose receptor, CD206, and have an alternatively activated (M2) phenotype
(4,7, 8). CD4* T cells also contribute to the proinflammatory fibrotic processes in the
kidney (9, 10), and the ability of Th2 cells to produce IL-4 and IL-13 (which can enhance
M2 polarization) is a major factor that promotes fibrosis (11). More recent studies in mouse
models have shown that CD4* T cells that produce interleukin-17 (Th17 cells) contribute to
kidney fibrosis and that in patients Th17 cells are associated with fibrotic kidney tissue (12—
14). However, many questions remain about the function of IL-17 in the kidney and its
contribution to fibrosis.

It has been proposed that the ability to harness natural negative regulators is one method to
target immune-mediated fibrotic processes and limit disease progression (15, 16). The
cytokine interleukin-27 (IL-27), which is comprised of the subunits IL-27p28 and EBI3,
signals through a receptor composed of gp130 and the IL-27Ra and has been shown in
various infectious and inflammatory models to limit the magnitude of the immune response
(17-20). I1L-27 can limit CD4* Th1, Th2, and Th17 responses and thereby can attenuate
immune-mediated pathology in murine models of autoimmune disease and infection (17, 21,
22). Moreover, M2 macrophages have been reported to express the IL-27Ra (23), and 1L-27
deficiency is associated with increased M2 macrophage polarization after respiratory viral
infection (24). Relevant to kidney disease, the loss of the IL-27Ra results in increased tissue
damage in mouse models of glomerulonephritis (25, 26), and lower levels of serum 1L-27
have been associated with nephritis in patients with systemic lupus erythematosus (SLE)
(27). However, other work has shown that IL-27 can have opposing effects in the acute and
chronic stages of nephrotoxic serum nephritis (20) and that systemic 1L-27 levels are
increased in some patients with lupus nephritis (28). While this literature provides evidence
that IL-27 influences the immune response in the Kidney, it also highlights that a knowledge
gap remains about the function of IL-27 in different stages and type of kidney disease.
Therefore, the unilateral ureteral obstruction (UUQ) model was used to better understand the
role of IL-27 in either promoting or limiting the development of kidney pathology.

The studies presented here show that after UUO, IL-27Ra deficiency leads to more severe
renal injury and fibrosis associated with an increase in chemokines, M2 macrophages and a
population of CD4" cells that co-produces IL-17 and TNFa. These cytokines can act on
primary renal epithelial cells to induce chemokines including CCL2, an effect that is
antagonized by IL-27. In IL-27Ra~/~ mice, IL-17A blockade abrogates renal injury and
decreases CCL2 production. Evidence that these pathways are relevant to clinical disease is
suggested by increased levels of 1L-27 and IL-17 in the serum of patients and by increased
IL-27Ra and IL-17RA mRNA in the tubular epithelial cells of patients with CKD. Together,
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these studies identify a role for IL-27 as an endogenous negative regulator of inflammatory
pathways that contribute to fibrosis in the kidney during UUO and provide evidence that
these pathways are operational in patients with CKD.

MATERIALS AND METHODS

Mice and Experimental Design

IL-27Ra.~/~ mice were originally provided by Amgen and bred in our facility(29). C57BL/6
mice were ordered from Taconic (Germantown, NY). All mice strains were housed,
maintained, and bred under specific pathogen-free conditions at the University of
Pennsylvania. For UUO, mice were anesthetized using isoflurane in an induction box, and
anesthesia was maintained with a face mask with a 1-2% isoflurane. The surgical site was
prepared by shaving the appropriate site, cleaning gross hair and debris, and performing a
surgical scrub using chlorhexidine. A suprapubic midline laparotomy was performed to
visualize the left ureter. Two ligatures (5-0 prolene) were placed around the mid-section of
the left ureter and the ureter was divided between the two ligatures. For sham surgeries, an
abdominal incision was made but ligation and division were not performed. The body wall
was closed using 5-0 synthetic absorbable sutures and the overlying skin apposed with
surgical glue. The mice were observed and allowed to recover in a clean cage with a heating
pad beneath for heat support until resuming normal activity. Buprenorphine was given to all
mice post-operatively for a duration and frequency consistent with pain anticipated to be
associated with specific procedures. Mice were monitored once or twice daily for the first
three days following the procedure and then a minimum of three times per week after that
time. Animals were monitored to assess for signs of pain or discomfort, including inactivity,
poor grooming, or decreased oral intake of food and water. Wounds were assessed for signs
of infection including drainage, swelling, or erythema. Animals that exhibited signs of pain
received additional analgesics as needed (buprenorphine, 0.1 mg/kg, subcutaneously,
g12hrs). IL-17 blockade was performed as follows: 500 ng of anti-mouse IL-17A
(BioXCell) were injected intraperitoneally (i.p.) in five IL-27Ra ™~ mice on 0, 2, 4, 6, 8, 10,
and 12 d.p.o. As a control, a rat 1gG2a specific for trinitrophenol was injected i.p. using the
same treatment regimen.

Ethics Statement

All experimental procedures with mice were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania in accordance with guidelines of the
Association for Assessment and Accreditation of Laboratory Animal Care. Mice were
euthanized by administration of CO5 for at least five minutes in accordance with these
guidelines.

Real-Time Quantitative PCR

Total RNA was purified from lungs using TRIzol (Life Technologies). RNA was reverse
transcribed and amplified with specific primers in the presence of Power SYBR Green PCR
Master Mixture (Applied Biosystems; Life Technologies). The primers for NGAL, CCL2,
CCL4, CCL5, CXCL9, CXCL10, and p-actin were obtained from Quantitect (QIAGEN).
Normalization was conducted based on levels of beta-actin.
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Cell Preparation and Analysis

Single cell suspensions were generated from mouse kidneys. Mice were perfused with 20mL
PBS prior to organ procurement. Kidneys were diced and digested in a solution of 1 mg/ml
collagenase A (Roche) and 100 pg/ml DNase (Roche) in complete DMEM for 60 min at
37°C to obtain a single-cell suspension. Red blood cells were lysed using 0.86% ammonium
chloride (Sigma). Cells from all tissues were counted, washed in flow cytometry buffer (1%
BSA (Sigma), 2mM EDTA (Invitrogen) in PBS) and stained for surface markers. For
assessment of cytokine production, T cells were restimulated with PMA and ionomycin plus
brefeldin A (BGA) and monensin (Sigma) and stained for surface markers, then fixed with
4% paraformaldehyde for ten minutes prior to intracellular staining for relevant cytokines
(30). Cells were blocked with 2.4G2 (BioXCell) and Rat IgG (Invitrogen) before staining
with monoclonal antibodies. Samples were acquired using an LSRFortessa flow cytometer
(BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.). Viable cells were
identified using the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit for 405nm excitation
(Invitrogen). The following mAb against mouse antigens were used for staining: FITC-anti-
CD3 (clone 145-2c11), FITC-anti-CD19 (clone 6D5), FITC-anti-NK1.1 (clone PK136),
ef780-anti-CD11b (clone M1/70), PerCP-anti-Ly6c (clone HK1.4), Pacific Blue-anti-Ly6G
(clone 1A8), ef780-anti-CD3 (clone 145-2c11), PE CF594-anti-CD4 (clone GK1.5), Pacific
Blue-anti-CD8a. (clone 53-6.7), FITC-anti-Foxp3 (clone 150D/E4), PerCP-anti-1L-17A
(clone eBio17B7), AF700-anti-CD45 (clone 30-F11), ef780-anti-CD11c (clone N418), PE-
anti-F4/80 (clone BM8), PerCP-anti-CD11b (clone M1/70), APC-anti-CD206 (clone
C068C2), PE-anti-CD11a (clone H155-78), PE-Cy7-anti-KLRGL1 (clone 2F1), Pacific Blue-
anti-MHC class Il (clone M5/114.15.2).

Hydroxyproline Assay

Histology

Fibrotic kidney tissue was shap frozen and stored at —80°C until ready for use. Tissue was
weighed and hydrolyzed by incubating for 20 hours at 95°C in a thermoblock and then
centrifuged for 10 min at 13,000 x g. Collagen was then quantified using the Quickzyme
hydroxyproline assay kit and plotted by tissue weight.

After perfusion, kidney tissue was fixed for at least 24 hours in 0.5 ml of 10% neutral-
buffered formalin solution. Fixed kidney tissues were embedded in paraffin, and sections
were cut using a standard procedure. Deparaffinized sections from fixed kidneys were
stained with anti-CD3 (Abcam ab16669, Rb mAb) and anti-F4/80 (CST 70076, Rb mAb),
and T cells and macrophages were counted per high-powered field at 20x magnification.

RNA sequencing

For human samples, tubules from 256 patient samples (approximately 50 per group) were
microdissected to separate the tubule and glomerulus. Poly(A) purified mRNA was isolated
from total RNA, and RNA counts were sequenced. Trimmed reads were aligned to the
Gencode human genome and then tested with DESeq?2 for differential gene expression.
Groups are: Con (no renal disease), CKD (GFR<60), DKD (CKD<60 in diabetics), DM
(diabetes with GFR>60), HTN (hypertension with GFR>60) (31-33).
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For single cell RNA sequencing in mouse kidney tissue, single cell suspensions were
prepared from 6 control and 2 UUO kidneys with detailed methods as previously described
(34). Briefly, cDNA was barcoded and synthesized using Gel Bead-In-EMulsions (GEMs).
The GEMs were incubated with enzymes to produce full length cDNA, which was then
amplified by PCR to general libraries. Qualitative analysis was performed using Agilent
Bioanalyzer High Sensitivity assay. The cDNA libraries were constructed using the 10x
Chromium™ Single cell 3’ Library Kit according to the manufacturer’s original protocol.
Briefly, after the cDNA amplification, enzymatic fragmentation and size selection were
performed using SPRI select reagent (Beckman Coulter, Cat# B23317) to optimize the
cDNA size. Once the gene-cell data matrix was generated, poor quality cells were excluded,
such as cells with <200 or >3,000 unique genes expressed genes (as they are potentially cell
duplets). Only genes expressed in 10 or more cells were used for further analysis. Cells were
also discarded if their mitochondrial gene percentages were over 50%, resulting in 16,383
genes across 44,343 cells. The data were natural log transformed and normalized for scaling
the sequencing depth to a total of 1e4 molecules per cell, followed by regressing-out the
number of UMI using Seurat package. Batch effect was corrected by using
removeBatchEffect function of edgeR.

Serum ELISAs

Statistics

Serum samples were obtained from the Penn Medicine BioBank (PMBB). IRB approval was
obtained through the University of Pennsylvania, and de-identified samples were obtained
using the following inclusion criteria (ICD-10 codes noted): Hypertensive CKD 112.0, 112.9,
113; CKD N18.2 (stage 2), N18.3 (stage 3), N18.4 (stage 4), N18.5, N18.6 (ESRD);
Proteinuria R80.9; Requiring chronic dialysis 299.2; Hypertension 110; Diabetic
nephropathy E08.21, E09.21, E10.21, E11.21, E13.21, E11.29, E10.29, E13.29, E08.22,
E08.29, E09.22, E09.29, E10.22, E11.22, E13.22; Kidney transplant candidate 276.82;
Kidney transplant failure T86.12; Eligible for kidney transplant, but patient declines 253.20;
Elevated serum creatinine R79.89; Kidney disease N28.9; Kidney fibrosis N26.9; Kidney
function test abnormal R94.4; Kidney scarring N28.89; Anemia due to CKD Z86.2;
Secondary hyperparathyroidism N25.81, Z86.39; Status post biopsy of kidney Z298.890;
Interstitial fibrosis present on biopsy of kidney N26.9. Exclusion criteria included: Kidney
malignancy C64.9; Kidney mass N28.89; Kidney neoplasm D49.519; Acute kidney injury
N17.9; Polycystic kidney disease Q61.3; Glomerulonephritis, acute N00.9, N01.9, N0O.8.
Control samples were those in which the following diagnoses were excluded: Hypertensive
CKD 112.0, 112.9, 113; CKD N18.2 (stage 2), N18.3 (stage 3), N18.4 (stage 4), N18.5,
N18.6 (ESRD); Proteinuria R80.9; Requiring chronic dialysis 299.2; Hypertension 110;
Diabetic nephropathy E08.21, E09.21, E10.21, E11.21, E13.21, E11.29, E10.29, E13.29,
E08.22, E08.29, E09.22, E09.29, E10.22, E11.22, E13.22. Serum ELISA was performed
using BioLegend Legend Max ELISA Kit of the Human IL-27 Heterodimer.

Bar graphs and scatter plots were plotted as means with the SEM in Prism 5 software
(GraphPad). All statistical analysis was performed using an unpaired Student #test with the
exception of histologic evaluations, which were analyzed using the Mann-Whitney U test.
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RESULTS

IL-27Ra. expression increases on immune cells after UUO injury, and IL-27Ra deficiency
leads to increased renal damage after ureteral obstruction

To study the effects of IL-27 on fibrogenic immune pathways in the kidney, renal fibrosis
was induced by ureteral obstruction, and disease progression was compared. Surgical groups
were sham (abdominal incision only) versus UUO. Control (contralateral, unobstructed)
kidneys were compared to sham to assess for effects of circulating immune cells in the post-
surgical mouse. Across multiple experiments, no significant differences between sham and
control groups were observed in levels of pathology and increases in cytokines (data not
shown). UUO injury leads to a chronic tubulointerstitial nephritis, characterized by tubular
atrophy, interstitial fibrosis, and inflammatory infiltrate (35). To assess the expression levels
of IL-27 and IL-27ra mRNA in the injured kidney, WT control and fibrotic kidneys at 7 days
post obstruction (dpo) were used for single cell RNA. Consistent with previously published
data, innate cells were the primary sources of 1L-27p28 and EBi3(36), and there were basal
levels of transcripts in these populations isolated from normal or UUO kidneys (Fig 1A).
However, while a number of immune cells had some baseline expression of IL-27ra mRNA,
plasmacytoid dendritic cells (pDCs) and CD4* T cell subsets had the largest increase in
expression after UUO (Fig 1A).

To investigate the role of 1L-27 signaling in obstructive renal injury, WT and IL-27Ra ™/~
mice underwent UUO, and kidneys were evaluated by histology for damage. At 7 dpo these
mice exhibited modest renal damage without evidence of necrotic changes, neutrophilic
inflammation, and extensive tubular loss. Parenchymal atrophy was mild, generally
involving less than 50% of the examined section, and accompanied by features of tubular
regeneration. Slight interstitial fibrosis was invariably associated with the atrophic
parenchymal changes. In addition, few scattered infiltrates of mononuclear cells were
frequently observed in the interstitium of the affected regions. Based on previously
published results immune cell infiltration is best evaluated at 14 dpo; therefore, this time
point was chosen for analyses for immune cell analysis (35). In WT kidneys, UUQ led to an
expected increase in fibrosis as measured by collagen levels (Fig 1B) in association with an
increase in neutrophil gelatinase-associated lipocalin (NGAL), a marker of renal injury (37)
(Fig 1C). In the obstructed kidneys of IL-27Ra~/~ mice, collagen deposition and NGAL
mRNA were elevated over WT controls (Fig 1B-C).

IL-27Ra. deficiency is associated with increased macrophage infiltration and M2
macrophage polarization in fibrotic kidneys

Given the increased expression of IL-27ra mRNA on pDCs after UUO (characterized by
transcripts for Ly6d, Cox6a2, CD209d, Bcllla, Klkb27, Spib, CD300c, Fcrla, and Atp2al
mRNA), CD11b*/MHC class 2* dendritic cells were identified in fibrotic kidneys using flow
cytometry and further subset into classical DCs (¢cDCs) and pDCs using the markers CD103
and CX3CR1 as previously described (38). At 14 dpo there was no difference in frequency
of either DC subset in the damaged kidneys of WT versus IL-27Ra ™'~ mice (Fig 2A). The
presence of macrophages is associated with kidney fibrosis (39), and consistent with this
there were higher numbers of F4/80" macrophages in the kidneys of IL-27Ra '~ mice when
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compared to WT after UUO (Fig 2B). Further analysis of these cells in the kidneys of both
WT and IL-27Ra ™~ mice revealed a subset of CD64* F4/80* macrophages that expressed
CD206 (the mannose receptor and a marker of M2 polarization) (7, 8, 40), which was
increased in the absence of the IL-27Ra (Fig 2C). The use of immunohistochemistry (IHC)
to visualize these macrophages, based on expression of CD68 and the M2 marker YmL,
showed that in IL-27Ra ™/~ mice with UUO there were prominent infiltrates of these cells in
the tubulointerstitium (Fig 2C). These data sets establish that while the phenotype of DCs in
fibrotic kidneys is not affected by IL-27 signaling, the enhanced renal fibrosis observed in
IL-27Ra~/~ deficient mice is associated with increased recruitment of macrophages and
polarization to the M2 phenotype.

CD4* T cell responses are enhanced in the fibrotic kidneys of IL-27Ra ™~ mice

Previous studies have established that T cells contribute to the development of fibrosis in the
kidney after UUO injury, but little is known about the characteristics of CD4* T cells
associated with these events(10). Both WT and IL-27Ra ™'~ mice had an increase in CD3* T
cell clustering around the tubules in the fibrotic kidneys (Fig 3A). However, IL-27Ra
deficiency resulted in higher numbers of T cells in fibrotic kidneys (Fig 3A). CD4* T cells
promote fibrosis in the kidney after UUO(10); therefore, the CD4" T cells were assessed for
expression of activation markers at 14 dpo. T cells typically express basal levels of CD11a, a
component of the adhesion molecule leukocyte function associated antigen-1 molecule
(LFA-1), and the expression of high levels of CD11a (CD11a") serves as a marker of
antigen experience (41, 42). Analysis of CD4* T cells in both WT and IL-27Ra ™'~ mouse
kidneys revealed a bimodal distribution of CD11a* and CD11a" cells (Fig 3B), but in the
IL-27Ra ™~ mice, the MFI of CD11a was higher in CD4™* T cells (Fig 3B). A comparison of
the phenotypes of the CD11aM cells based on the expression of the activation markers CD44,
KLRG1, and CD69 revealed that expression of all three of these surface markers was
elevated in IL-27 deficiency (Fig 3C-E). As these differences were not observed in the non-
fibrotic control kidneys, these data indicate that the protective effects of IL-27 operate at the
level of the damaged tissue.

To determine if the loss of 1L-27 signaling affects the function of CD4* T cells in the injured
kidneys, cytokine production by these cells was assessed in WT and IL-27Ra. ™~ mice. No
IL-2, IFN-y, GMCSF, 1L-13, or IL-9 was detected in these samples at 14 dpo (supplemental
figure 2). While low levels of TNFa and IL-17A were produced by WT CD4* T cells, both
cytokines were produced at higher levels by the IL-27Ra ™~ CD4* T cells, and a population
that co-expressed them was also observed (Fig 3F-G). On average, over three experiments,
there were around 300-400 Th17 cells in WT UUO kidney sections and 1000-3000 Th17
cells in IL-27Ra ™/~ kidney sections. These T cell responses were specific to the affected
kidney and were not observed in the spleen or draining lymph nodes (data not shown). Of
note, y& T cells were not found to express IL-27ra, and IL-17 production was not different
between these cells in WT and IL-27Ra '~ mice (supplemental fig 1).

IL-27Ra deficiency is associated with increased chemokine expression after UUO

IL-17A and TNFa can induced the production of chemokines such as CCL2, CXCL10, and
CCLS5 (43-45), and these cytokines act in synergy on nonhematopoietic cells to enhance
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chemokine production (46, 47). Given the increased immune cell infiltration detected in the
fibrotic kidneys of IL-27Ra ™~ mice, RT-PCR was used to compare levels of CXCL10,
CCLS5, CCL4, and CCL2 mRNA in the fibrotic kidneys of WT versus IL-27Ra ™'~ mice. In
damaged WT kidneys, fibrosis was associated with a modest increase in the levels of these
chemokines; however, after UUO IL-27Ra ™~ mice had a marked increase in the levels of all
chemokines examined (Fig 4A-D). Because the ability of IL-17A to promote CCL2
contributes to immune cell recruitment in other systems (48, 49), primary renal epithelial
cells were cultured with IL-17 and TNFa, and levels of chemokine mRNA were measured
(Fig 4E). In these studies, CXCL10, CCL4, and CCL5 did not respond synergistically to
IL-17A and TNFa (data not shown). These two cytokines did act synergistically to induce
CCL2 mRNA, and the addition of IL-27 limited its production (Fig 4E). Together, these data
highlight that increased chemokine production and most notably elevated CCL2 correlated
with enhanced Th17 responses and the increased immune cell infiltration and damage seen
in IL-27Ra™"~ mice.

IL-17 blockade ameliorates renal fibrosis after UUO in IL-27Ra '~ mice

Given the emerging evidence that Th17 cells are important mediators of renal disease and
the elevated Th17 responses detected in the IL-27Ra.~/~ mice after UUO, experiments were
performed to determine whether IL-17A contributes to the enhanced renal injury in IL-27Ra
=/~ mice. Therefore, a monoclonal antibody against IL-17A or isotype control was
administered to IL-27Ra™" at 0, 2, 4, 6, 8, 10, and 12 dpo, and tissues were analyzed at 13
dpo. IL-17A blockade did not alter levels of collagen deposition (Fig 5A) but did result in a
marked decrease in NGAL mRNA (Fig 5B). In addition, while IL-17A blockade did not
alter the levels of CCL4, CCL5, or CXCL9 (data not shown), this treatment did lead to a
decrease in CCL2 mRNA (Fig 5C). Furthermore, while anti-1L-17A did not decrease
macrophage recruitment or M2 macrophage frequency in the kidney (Fig 5D) there was a
significant decrease in CD3* T cells in the injured kidneys of IL-27Ra ™~ mice (Fig 5E).
These findings indicate that in the absence of the IL-27Ra., IL-17A contributes to the
increased renal pathology by promoting CCL2 and T cell recruitment. In addition, that 1L-17
blockade did not affect the infiltration and polarization of M2 macrophages suggests that the
protective effects of IL-27 in UUO are not solely through the ability to block IL-17A
production.

IL-27 and IL-17A are associated with progressive renal damage in patients with CKD

The cytokines IL-6 and IL-10 have been detected at higher levels in the blood of patients
with kidney injury any may be used to predict disease trajectory in AKI and CKD (50).
Therefore, in an effort to determine if CKD was associated with changes in 1L-27 or IL-17A,
serum from patients with normal renal function and those with CKD stage 3 or greater were
assayed for levels of these cytokines by ELISA. Most patients with CKD had isolated
increases in either cytokine with about 25% showing increases in both IL-17A and 1L-27
(Fig 6A). These data show that IL-27 and IL-17A are produced during CKD, but the
presence of elevated IL-17A, IL-27, or both cytokines did not correlate with diagnoses of
diabetes, hypertension, or degree of CKD. Next, renal tubular epithelial cells were
microdissected from patients with normal renal function (Con), CKD (glomerular filtration
rate less than 60 ml/min), diabetic kidney disease (DKD), diabetes without kidney disease

J Immunol. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coppock et al.

Page 9

(DM), and hypertension without kidney disease (HTN). IL-27RA and IL-17RA mRNA
levels were compared across groups by estimated glomerular filtration rate (eGFR), and
degree of fibrosis. Analysis of these samples revealed that when compared to controls with
normal renal function there was increased expression of the IL-27Ra and IL-17RA on the
tubular epithelium of patients with enhanced renal fibrosis (Fig 6B). These data indicate that
IL-27 and IL-17 and their receptors are detectable in patient samples and that the regulatory
pathways associated with these cytokines are relevant to a subset of human kidney disease.

DISCUSSION

Several studies have previously established a role for IL-27 in inflammatory injury in the
kidney (25, 51); however, it has been associated with protective and pathologic functions
(20, 51), which illustrates the context-dependent effects of endogenous IL-27. The data
presented here highlight a novel role for IL-27 in limiting inflammatory renal fibrosis. Thus,
following UUQ injury IL-27Ra ™'~ mice had increased renal fibrosis and that this was
associated with the presence of polyfunctional Th17 cells that co-expressed TNFa.
Heterogeneous CD4* T cell responses, defined here as CD4* T cells that produce cytokines
from distinct lineages (for example, IL-17/IFNvy, IL-13/IFNy), have been identified as
pathologic mediators of disease (52-55). These dysregulated immune pathways were
associated with an increase in the chemokine CCL2 and a higher frequency of M2
macrophages. CCL2, also known as monocyte chemoattractant protein-1 (MCP-1), can be
induced by IL-17A and plays an important role in multiple forms of kidney injury, that
include diabetic nephropathy, glomerulonephritis, and glomerulosclerosis (56). Thus, in this
model of kidney damage, endogenous IL-27 is associated with the suppression of
conventional and heterogeneous Th17 responses in the kidney as well as their downstream
sequelae such as renal fibrosis.

The ability of IL-27 to antagonize Th17 cells and decrease immune-mediated pathology has
been described in multiple models of inflammation (21, 22, 57). Th17 cells have broad
relevance in the kidney as they can precipitate renal inflammation in autoimmune disease,
salt-mediated renal injury, and sepsis (12, 47, 58). Therefore, they represent an important
potential target for preventative therapy, and the impact of IL-17A blockade shown here
supports this idea. Relevant to other models of kidney disease, IL-27 deficiency corresponds
to heightened Th17 responses and increased immune pathology in acute glomerulonephritis
(25), whereas the studies presented here associated IL-27 with the ability to limit fibrosis.
Interestingly, other studies have shown that IL-17A~/~ mice are protected against UUO
injury(14) while IL-17RA~~ mice had exacerbated fibrosis after UUO(59). This suggests
that some of the other members in the IL-17 cytokine family (IL-17B-E) may have
protective effects in kidney fibrosis and merits further study. In a model of atherosclerosis,
mice genetically predisposed to develop fibrosis of the arterial wall (LdIr”") developed
worse disease after receiving IL-27Ra.~/~ bone marrow (60). In this experimental system,
IL-27Ra ™/~ CD4* T cells at the site of inflammation produced higher levels of IL-17 and
TNFa, which corresponded with increased CCL2 production at the aorta (60). One link that
has emerged in these data is that IL-17 and TNFa act directly on epithelial cells to
upregulate CCL2. These observations highlight the potential for chronic damage in long-
term Th17-mediated kidney disease and fit with clinical data that IL-17 contributes to the
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pathogenesis of other chronic diseases such as psoriasis, atherosclerosis, and asthma (61—
63).

One of the prominent features of the pathology that developed in the absence of IL-27 was
the presence of a major population of M2 macrophages. It has been reported that M2
macrophages express the IL-27Ra,, and IL-27 can limit M2 macrophage polarization (23,
24). M2 macrophages have been associated with increased renal immunopathology (4, 64),
but it is unclear how they affect various stages of injury. For example, some subsets of M2
macrophages may be protective against acute renal injury, while others are considered to be
profibrotic (65). Further characterization and functional analysis of the macrophage subsets
that emerge during acute renal damage or in the setting of 1L-27 deficiency is warranted to
better understand how these cells contribute to renal pathology and whether their activities
are beneficial or detrimental.

From a translational perspective, little is known about whether changes in IL-27, IL-17
and/or their relative receptors are associated with kidney disease. Circulating IL-27 is
present at very low levels in normal serum, and changes in serum IL-27 concentration have
been reported in patients with lupus nephritis (28, 66). However, in some cases lower levels
have been associated with increased disease pathology (27, 66). Th17 cells infiltrate fibrotic
kidney tissue in transplant recipients (67), and gene polymorphisms in IL-17 and the IL-27R
are associated with end stage renal disease (ESRD) (68). The elevated serum levels of IL-27
and IL-17 in a subset of patients with CKD indicate that these cytokines are relevant in the
progression of renal fibrosis, while the data with the renal tubular epithelial cells highlight
that these specialized epithelial cells should be considered as major targets for both 1L-27
and IL-17 during CKD. Thus, the studies presented here using a murine model highlight a
role for IL-27 in limiting profibrotic inflammatory pathways in the kidney but also raise the
potential for IL-27 to be used as a biomarker and/or a therapeutic agent in CKD patients.
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Th17 cells are associated with renal dysfunction and IL-27 suppresses these

cells.

IL-27R limits renal fibrosis after unilateral ureteral obstruction (UUO).

Key points:
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Figure 3:

WT and IL27Ra ™~ mice underwent UUO injury. At 14 dpo (A) control and fibrotic kidneys
were preserved in formalin and stained with anti-CD3. Kidneys were also digested and
lymphocytes were stained with anti-CD4 and the activation markers (B) CD11a (WT versus
IL-27Ra~/~ UUQ), (C) CD44, (D) KLRGL1, and (E) CD69. Kidneys were evaluated for (F)
IL-17 production by CD4* T cells after PMA/ionomycin stimulation x4 hours. (G) Th17
cells were evaluated for production of TNFa.. * p<0.05, ** p<0.005, **** p<0.0005
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Figure 4:

WT and IL27Ra™~ mice underwent UUQ injury. Whole kidney tissue was evaluated for (A-
D) CXCL10, CCL5, CCL4, and CCL2 mRNA by RT-PCR.* p<0.05, ** p<0.005 (E)
Primary renal epithelial cells were grown from WT kidneys, and 1L-17 (50ng/mL), TNFa
(50ng/mL), and IL-27 (50ng/nL) were added separately and in combination for 24 hours
after which CCL2 mRNA was measured by RT-PCR. Similar results were observed in three
experiments (p = 0.05).

J Immunol. Author manuscript; available in PMC 2021 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Coppock et al.

>

control

uuo

control

uuo

Page 20
B . C .
o _ 87 *% o 201 _S 61 ——
SE A 2 A £
% 861 2 _ 15] v <8
<2 RN Z & 44
< c < 1 x g
Z 9o 4 ® 2 10 € <
X o o ~ 2
€ > X =2 o)
28 21 8 5] 32 A
OF: g o
0° 0° 0 —A— —————
control UUO  controlUUO control UUO  control UUO control UUO  control UU
IL-27Ra”  |L-27Ra™- IL-27Ra”  |L-27Ra™ IL-27Ra”  IL-27Ra*-
isotype  alL-17A isotype  alL-17A isotype  alL-17A
isotype alL-17A
A10' ns g 301 ns
N gl o~
5 8 A g8
X 6 §a
8 x s Q
& 4 23
W= o
€ S3
il
o
0 r v r r
control UUO controlUUO
IL-27Ra  IL-27Ra™* IL-27Ra’  IL-27Ra*
isotype  alL-17A isotype  alL-17A
isotype alL-17A 5.
o, *
(s}
&4 v
x
R T
83
O g 21
=
8 "
oldin | | S

control UUO control UUO

IL-27Ra”  IL-27Ra*
isotype  alL-17A

Figure 5:
IL27Ra ™"~ mice underwent UUO injury. 500ug anti-1L-17a versus 1gG control were

administered at 2, 4, 6, 8, 10, and 12 dpo. Kidneys were evaluated at 14 dpo for (A) injury
by RT-PCR for NGAL mRNA, (B) collagen content by hydroxyproline assay, and (C) CCL2
mRNA. Control and fibrotic kidneys were preserved in formalin 14 dpo and stained with (D)
anti-CD3 and (E) anti-F4/80. Kidneys were evaluated at 13 dpo for M2 macrophage
infiltration by flow cytometry. * p<0.05
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(A) Serum levels of IL-27 and IL-17 in patients with CKD stage 3 or greater (CKD) plotted
against each other. (B) Tubules from patients CKD were microdissected and evaluated for
levels of IL-27RA and IL-17RA mRNA by disease score, glomerular filtration rate (GFR),
and fibrosis as scored by a pathologist.
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