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Experimental modulation

of Interleukin 1 shows its key
role in chronic kidney disease
progression and anemia

Inbar Bandach?, Yael Segev'* & Daniel Landau?3*+*

Inflammation in chronic kidney disease (CKD) is mostly due to activation of the innate immune
system, in which Interleukin-1 (IL-1) is a key player. Anemia of CKD may also be due to erythropoietin
(EPO) resistance, clinically associated with inflammation. IL-1 receptor antagonist knockout (RaKO)
mice show arthritis and excessive inflammation. Inhibition of IL-1 was shown to be beneficial in many
inflammatory conditions, but its role in CKD and anemia is unknown. Here, we report that enhanced
inflammation in RaKO mice with CKD provoked both higher degrees of renal insufficiency and anemia
in comparison to wild-type CKD, in association with a downregulation of renal hypoxia inducible
factor-2 (HIF2) as well as decreased bone marrow EPO-receptor (EPOR) and transferrin receptor
(TFR). In contrast, administration of P2D7KK, an anti-IL1b monoclonal antibody, to CKD mice results
in a lower grade of systemic inflammation, better renal function and blunted anemia. The latter was
associated with upregulation of renal HIF-2a, bone marrow EPO-R and TFR. Altogether, this supports
the key role of inflammation, and IL-1 particularly, in CKD progression and anemia. Novel treatments
to reduce inflammation through this and other pathways, may improve renal function, attenuate the
anemic state or increase the response to exogenous EPO.

Anemia is a common feature of progressive chronic kidney disease (CKD), associated with its other
complications'. It was originally thought to be due to absolute or impaired renal erythropoietin (EPO) synthesis
and disordered iron homeostasis caused by blood losses and inflammation-related disrupted iron metabolism,
mediated by hepcidin®’. Current treatment of anemia in CKD includes erythropoiesis-stimulating agents (ESA)
and/or oral or intravenous (IV) iron supplementation. However, clinical trials demonstrated increased morbidity
and mortality related to aggressive ESA treatment*. In addition, 10%-20% of CKD patients are resistant to ESA®,
which has been clinically associated with the inflammatory state®8, where elevated levels of cytokines related to
the innate immune system prevail®. IL-1 is a key upstream pro-inflammatory cytokine that plays essential roles in
acute and chronic inflammation, host defense and acute phase responses, enhancing inflammatory cell infiltra-
tion, and augmenting adhesion molecule expression'®~'2 IL-1 induces cytokines secretion such as IL-6, leading to
enhanced STAT3 transcriptional activity'>'*. IL-1a, IL-1p and IL-1 receptor antagonist (Ra) are members of the
IL-1 family'"'*. Binding of IL-1 Ra to IL-1R has no IL-1-like activity'®!”. IL-1Ra knockout (RaKO) mice sponta-
neously develop a rheumatoid arthritis-like chronic inflammatory state'®. Blocking IL-1{ with canakinumab has
been approved for use in relapsing and chronic inflammatory diseases'. P2D7KK, a novel monoclonal antibody,
has a strong affinity for both human and murine IL-1p, resulting in its robust neutralization?*. P2D7KK treatment
abolished collagen antibody-induced arthritic symptoms, reduced monosodium urate-induced peritonitis and
prevented lymphocyte infiltration in a collagen antibody induced arthritis mouse model?’. Human studies have
shown efficacy for canakinumab treatment in the reduction of adverse cardiovascular outcomes in adults with
atherosclerosis, especially those with elevated C-reactive protein®, including in patients with underlying mild
CKD?. However, no data exist on the effects of IL-1 inhibition on renal damage extent or anemia control in CKD.

The purpose of this study was to characterize the renal phenotype and anemic state in CKD, modulating
inflammation using an inflammation-prone animal model (RaKO mice) in comparison to anti- IL-1p antibody
treatment.
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Results
See supplementary Fig. S1 for a summary of the experiments and their main results.

Worsening anemia in IL-1 receptor antagonist knock-out mice with CKD. IL-1 RaKO mice spon-
taneously develop chronic inflammatory arthritis'®, which was also seen in our experiment. This arthritis was
aggravated in the RaKO-CKD group: swelling and redness were observed in the ankle joints, which were also
filled with pus-like material (Supplementary Fig. S2).

CKD was induced by the adenine diet, which causes crystal deposition (Supplementary Fig. $3) and inflam-
mation around them in tubulointerstitial areas. The crystals are washed out by the tissue fixation, leaving irregular
cavities in the tubulointerstitium. Higher levels of tubulointerstitial fibrosis were seen in RaKO-CKD Vs. WT-
CKD (Fig. 1A,C). The Inflammatory infiltration was composed mainly of macrophages (immunostained with
F4/80) and not of polymorphonuclear cells (immunostained with Myeloperoxidase, MPO) (Fig. 1A). Serum
creatinine and kidney TGF-p mRNA levels were more elevated in RaKO-CKD Vs. WT-CKD (Fig. 1B,D). Kidney
macrophage markers (F4/80, CD-163 and CD11c) mRNA levels were increased in RaKO-CKD Vs. WT-CKD
(Fig. 1E-G).

Peripheral blood leukocyte (WBC) count was increased in WT-CKD Vs. WT and in both RaKO groups,
especially in RaKO-CKD (Fig. 2A). Liver CRP mRNA levels were increased in both RaKO groups Vs. WT groups,
especially in RaKO-CKD (Fig. 2B).

Kidney TNF-a, IL-10 and IL-6 mRNA levels were markedly increased in both CKD groups, especially in
RaKO-CKD (Fig. 2D-F). Also, kidney IRAK-4 and Myd-88 mRNA levels and kidney phospho-STAT3 protein
levels were increased significantly in CKD groups compared to controls (Fig. 2G-I).

Hemoglobin (Hgb) levels were decreased in CKD groups, especially in RaKO-CKD (Fig. 3A). Serum iron
and mean corpuscular volume (MCV) levels were also significantly reduced in both CKD groups and were
even lower in RaKO-CKD Vs. WT-CKD (Fig. 3B-C). Liver hepcidin mRNA levels were increased in both CKD
groups, especially in RaKO-CKD (Fig. 3D). Contrary to an appropriate response to anemia and tissue hypoxia®!,
renal HIF-2a mRNA and protein levels were significantly decreased in RaKO-CKD group (Fig. 4A,B). Serum
EPO levels were unchanged in the CKD groups (Fig. 4C). Bone marrow EPO-R mRNA levels were significantly
decreased in WT-CKD, especially in RaKO-CKD (Fig. 4D). Bone marrow transferrin receptor (TFR) mRNA
levels were also significantly reduced in RaKO and RaKO-CKD in comparison to the WT group (Fig. 4E).

Effects of anti-IL-1pB antibody on CKD. C57BL/6 mice were divided into 3 groups: C, CKD and CKD-
AD, the latter injected with anti IL-1 monoclonal antibody (P2D7KK). Weight loss was seen in both CKD groups
Vs. C, but it was significantly blunted in CKD-Ab Vs. CKD (3.2£0.2 Vs -4.4+0.4 Vs -3.1+0.1 g, p<0.0001;
Supplementary Figure S4). Peripheral WBC count levels were increased in CKD in comparison to C but were
normalized in the CKD-Ab group (Fig. 5A). Furthermore, serum IL-6, liver IL-1B, c-MYC, IL-6 and CRP mRNA
levels were increased in CKD group but were decreased in CKD-Ab Vs. CKD (Fig. 5B-F).

The elevation of serum creatinine was significantly suppressed in CKD-Ab Vs. CKD (Fig. 6B). In addition,
similar to the previous experiment (Fig. 1), immunostainable kidney F4/80, as well as kidney macrophage mark-
ers: F4/80, CD-163 and CD-11c mRNA levels, showed increased macrophage recruitment in the CKD group in
comparison to C, which was significantly lower in CKD-Ab group (Fig. 6A,E-G). In contrast, neutrophils (MPO
positive) infiltration was minimally observed in CKD and CKD-ADb groups (Fig. 6A). Moreover, a decrease in
interstitial fibrosis was seen in CKD-Ab in comparison to CKD (Fig. 6A,C-D).

Kidney inflammation (TNF-a, IL-10, IL-6 and its downstream molecule p-STAT3, IL-1p and its downstream
molecules IRAK-4, MYD-88 and C-MYC), which were significantly elevated in CKD Vs. C, were significantly
decreased in CKD-Ab in comparison to CKD (Fig. 7).

Hemoglobin levels, red blood cell (RBC) count and MCV levels were decreased in CKD animals but improved
in CKD-AD Vs. CKD (Fig. 8A-C). Serum iron levels remained decreased in both CKD groups (Fig. 8D). Liver
hepcidin mRNA, which was increased in CKD Vs. C, decreased in CKD-Ab Vs. CKD (Fig. 8E). In addition,
duodenal ferroportin (FPN-1) mRNA levels, which play a role as iron transporter and is inversely correlated with
hepcidin, increased in CKD-Ab Vs. CKD (Fig. 8F). Liver ferritin mRNA levels decreased in CKD-Ab Vs. CKD
(Fig. 8G). Renal HIF-2a mRNA and protein levels and bone marrow EPO-R mRNA levels were significantly
reduced in both CKD groups but increased in CKD-Ab Vs. CKD (Fig. 9A,B,D). Bone marrow TFR mRNA levels
were significantly increased in CKD-Ab Vs CKD (Fig. 9E).

Discussion
We describe here that anemia and renal damage extent can be modulated (both worsened as well as improved)
by the degree of IL-1 expression in a mouse model of CKD. In the first part of this study, we show pleiotropic
effects on the general inflammatory state, kidney function and fibrosis, anemia, iron metabolism and HIF-EPO-
EPO-R axis in uremic IL-1Ra knockout (RaKO) mice, which spontaneously develop a chronic inflammatory
polyarthropathy due to an uncontrolled IL-1 action'®. Biomarkers of inflammation (IL-1f, IL-1Ra, IL-6, and
CRP) have been clinically reported to be inversely associated with measures of kidney function®. IL-6 and IL-1
stimulate fibrosis in kidney tissue?***. In our experiments, CKD-RaKO mice show elevated circulating leukocytes,
liver CRP, liver IL-1p and kidney TNF-a, IL-10 and IL-6 in comparison to WT-CKD (Fig. 2), as well as worse
renal function and fibrosis, tubular atrophy and dilatation, tissue damage and macrophage infiltration (Fig. 1).
Monocyte/macrophage cells have been reported to play an active and essential role in tubulointerstitial fibrosis®.
Tubulointerstitial damage severity is known to best correlate with renal function’s decline®.

We have previously reported that anemia in juvenile CKD rats is associated with inappropriate responses in
the HIF-EPO-EPO-R axis”’: the typical response to anemia induced hypoxia (increased HIF2 leading to increased
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Figure 1. Renal phenotype and fibrosis of CKD mice with uncontrolled IL1 expression. Experimental groups
include: wild type mice on a regular (WT) or adenine diet (WT-CKD), IL1-R antagonist knockout mice

on regular diet (RaKO) or adenine (RaKO-CKD). Representative kidney section (A). Upper row: Masson
Trichrome staining; Middle row: immunohistochemical (IHC) staining for neutrophils (Myeloperoxidase—
MPO); Lower row: IHC staining for macrophages (F4/80). Bar =100 um. Serum creatinine (mg/dL) (B). Kidney
fibrotic area percentage as determined by the extent of Masson Trichome staining, analyzed with the Image]
software (C). Kidney TGF-p mRNA levels (D). Kidney F4/80 (E), CD-163 (F) and CD-11c (G) mRNA levels.
n=6-10 per group. Different letters above bars indicate a significant difference between groups, similar letters
indicate no significant difference.
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Figure 2. Systemic inflammation of CKD mice with uncontrolled IL1 expression. Experimental groups include:
wild type mice on a regular (WT) or adenine diet (WT-CKD), IL1-R antagonist knockout mice on regular diet
(RaKO) or adenine (RaKO-CKD). White blood cell count (K/uL) (A). Liver C-reactive protein (CRP) (B) and
Interleukin-1 f (IL-1pB) (C) mRNA levels. Kidney TNF-a (D), Interleukin-10 (IL10) (E), Interleukin-6 (IL6) (F),
IRAK-4 (G) and MYD-88 (H) mRNA levels. Kidney p-STAT3/STAT3 protein ratio (corrected for -actin). The
lower panel shows a representative gel (I). n=7-10 per group. Different letters above bars indicate a significant
difference between groups, similar letters indicate no significant difference.
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Figure 3. Anemia parameters of CKD mice with uncontrolled IL1 expression. Experimental groups include:
wild type mice on a regular (WT) or adenine diet (WT-CKD), IL1-R antagonist knockout mice on regular diet
(RaKO) or adenine (RaKO-CKD). Hemoglobin (g/dL) (A). Serum Iron levels (ug/dL) (B). Mean corpuscular
volume (fl) (C). Liver hepcidin mRNA levels (D). n=6-10 per group. Different letters above bars indicate a
significant difference between groups, similar letters indicate no significant difference.

renal EPO, which controls EPO-R and TFR expression) was shown to be deranged in CKD. The current study
now shows an accentuated anemia when inflammation is further increased in the RaKO-CKD group in com-
parison to WT-CKD (Fig. 3A). The effects of CKD on iron absorption and mobilization are well known, mainly
through the upregulation of liver hepcidin, an essential player in the development of anemia of CKD? as well as
other chronic inflammatory conditions®. It regulates iron homeostasis by both inhibiting intestinal iron absorp-
tion and iron release from macrophages®. IL-6 and IL-1 have been shown to induce hepcidin transcription®”!.
Anemic phenotype is ameliorated in hepcidin knockout juvenile CKD mice*. In our experiments, liver hepcidin
levels were elevated in the inflamed and uremic RaKO-CKD mice (Fig. 3D), which may have led to the lower
levels of serum iron and MCV in comparison to WT-CKD (Fig. 3B,C). Interestingly, RaKO animals showed
unchanged hemoglobin, hepcidin and iron levels (Fig. 3) in spite of increased systemic inflammation (Fig. 2A,B)
in comparison to WT animals. No distinct renal phenotype was seen either. These mice usually exhibit some
growth retardation and arthritis'®**. Here, the addition of a uremic state seems to have worsened arthritis (see
Supplementary Figure S2) as well as systemic and local renal inflammation. Similar organ-specific damage driven
by the IL-1 pathway has been previously shown in a mouse model of cystic fibrosis*.

Despite the decreased levels of hemoglobin in both CKD groups (but further accentuated in RaKO-CKD,
Fig. 3A), serum EPO levels were unchanged (Fig. 4C), suggesting an inappropriate HIF2-EPO pathway signal.
Indeed, renal HIF-2a protein and mRNA levels were decreased in the RaKO-CKD group (Fig. 4A).

Although EPO deficiency is likely the main determinant of anemia in patients with advanced CKD, Mercadal
et al. have shown that anemia in CKD patients with eGFR >30 ml/min should be explained by other factors®. In
addition Krause et al. have shown that the higher prevalence of anemia in post- kidney transplantation patients
could not be explained by an iron deficiency or reduced EPO production®. Therefore, anemia of CKD seems to
be multifactorial rather than just EPO deficiency, and this could be the reason for the variability in serum EPO
levels in our uremic groups.

Chiang et al. provided evidence that links uremic toxins to the suppression of EPO gene transcription in
hypoxic HepG2 cells in a HIF-dependent manner?’. Suoma et al. have reported that renal EPO producing cells
possess cellular plasticity, which is modulated by inflammatory molecules®®*. In our experiments, the decrease
in bone marrow EPO-R and TFR in RaKO-CKD could lead to a reduction in the activity of EPO as well as iron
bone marrow availability (Fig. 4D-E). IL-1, IL-6 and interferon-gamma affect EPO/EPOR axis via downregulation
of EPOR expression on erythroid precursor cells in-vitro***!. IL-1f suppresses EPO gene expression in isolated
perfused rat kidneys and human hepatoma cell cultures*?. Also, IL-1 inhibited human erythroid colony-forming
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Figure 4. HIF2-EPO-EPO-R response of CKD mice with uncontrolled IL1 expression. Experimental

groups include: wild type mice on a regular (WT) or adenine diet (WT-CKD), IL1-R antagonist knockout

mice on regular diet (RaKO) or adenine (RaKO-CKD). Kidney hypoxia-inducible factor 2a (HIF2a) mRNA
levels (A) and protein levels (normalized for f-actin). The lower panel shows a representative gel (B). Serum
erythropoietin (EPO) levels (pg/mL) (C). Bone marrow EPO receptor (EPOR) (D) and transferrin receptor
(TFR) (E) mRNA levels. n=6-10 per group. Different letters above bars indicate a significant difference between
groups, similar letters indicate no significant difference.

units by the mediation of gamma interferon®’. Thus, accelerating inflammation through IL-1 in CKD mice could
lead to disrupted iron metabolism and downregulation of renal HIF-2a and EPO as well as iron availability, with
a secondary decrease in bone marrow EPO-R and TFR, which altogether further exacerbate anemic tendency.
To further show the role of IL-1 in CKD related renal damage extent and anemic state, we show the beneficial
effects of anti-IL-1p antibody treatment on these parameters, using again the adenine model of CKD (although
with slight variations: earlier age, different background strain and 0.3% adenine diet for the first 10 days). Other
studies have also demonstrated the salutary impact of suppressed inflammation on the anemic state in CKD, such
as IL-6 deficient mice with CKD*. Also, pentoxifylline improves anemia and iron mobilization via suppression
of IL-6 in CKD patients*. In this work, we show that administration of P2D7KK to CKD mice results in reduced
systemic inflammatory response, as seen by decreased levels of peripheral blood WBC count, serum IL-6 and
liver IL-1f, C-MYC, IL-6 and CRP (Fig. 5). The anti-inflammatory effect of P2D7KK was also observed in the
kidney tissue: decreased levels of kidney TNF-a, IL-10, IL-1p and IL-6, and their downstream signaling mol-
ecules IRAK-4, MYD-88, c-MYC and p-STAT-3, were seen in the CKD-Ab in comparison to CKD group (Fig. 7).
Consequently, kidney histology, as well as kidney TGF-p and macrophage markers levels showed decreased
tubulointerstitial macrophage recruitment and attenuated interstitial fibrosis in the CKD-Ab group (Fig. 6). The
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Figure 5. Response of CKD mice to IL1 inhibition. Experimental groups included mice on regular (C) or
adenine diet, injected with saline (CKD) or an anti-IL1 monoclonal antibody (CKD-Ab). White blood cell count
(K/WL) (A). Serum interleukin-6 levels (pg/mL) (B). Liver Interleukin-1p (IL-1p) (C), c-MYC (D), interleukin-6
(E) and C reactive protein (CRP) (F) mRNA levels. n=7-10 per group. Different letters above bars indicate a
significant difference between groups, similar letters indicate no significant difference.

improved kidney histology and inflammation were associated with a better kidney function, expressed as lower
serum creatinine levels in CKD-Ab compared with CKD mice (Fig. 6B). Clinical data support the possible role
of increased persistent low-grade inflammation through activation of the innate immune system (for example,
in patients with rheumatoid arthritis) to the progression of CKD*. IL-1p activates a metabolic switch in stromal
cells by upregulation of the MYC target gene, which promotes organoid hypertrophy, proximal tubule injury
and fibrosis?>. Moreover, selective depletion of the macrophage infiltrate in rats during the chronic phase of the
disease, significantly decreased glomerular and interstitial fibrosis and improved renal function in association
with a reduction in TGF-B1.

The worsening anemia in RaKO mice with CKD and the mirror image of improved anemia with reduced
inflammation when using an anti-IL-1B antibody indicate the possible protective effect of IL-1f inhibition on the
anemic state in CKD (Fig. 8). However, no improvement in serum iron was observed in the CKD-Ab group, in
spite of the reduction in liver hepcidin and ferritin and increased duodenal iron transporter (FPN-1) expression
(Fig. 8D-G). This lack of increase in iron levels could be related to the limited iron content in the chow in our
experiment (~ 75 ppm), in comparison to regular rodent chow used in laboratories (~ 200 ppm).

In the past years, new treatments (mostly prolyl hydroxylase inhibitors) have been developed to stabilize
HIF-2a, which increases endogenous EPO production in patients with CKD induced anemia®’. Here, anti-IL-1f
administration to CKD mice also resulted in increased levels of kidney HIF-2a, leading to elevated serum EPO
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Figure 6. Renal changes in CKD mice following IL1 inhibition. Experimental groups included mice on regular
(C) or adenine diet, injected with saline (CKD) or an anti-IL1 monoclonal antibody (CKD-ADb). Representative
kidney sections (A), Upper 2 rows: kidney sections stained with hematoxylin & eosin and Masson Trichrome.
Lower 2 rows: immunohistochemical staining for neutrophils (Myeloperoxidase—MPO) and macrophages
(F4/80). Bar =100 um. Serum creatinine (mg/dL) (B). Kidney fibrotic area percentage as determined by the
extent of Masson Trichome staining, analyzed with the Image]J software (C). Kidney TGE-p (D), F4/80 (E),
CD-163 (F) and CD-11c (G) mRNA levels. n=6-10 animals per group. Different letters above bars indicate a
significant difference between groups, similar letters indicate no significant difference.
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Figure 7. Renal inflammatory response of CKD mice to IL1 inhibition. Kidney inflammation in mice on
regular (C) or adenine diet, injected with saline (CKD) or anti-IL1 monoclonal antibody (CKD-Ab). Kidney
Interleukin-1P (A), IRAK-4 (B), MYD-88 (C), c-MYC (D), Kidney TNF-a (E), Interleukin-10 (IL10) (F), and
interleukin-6 (IL6) (G) mRNA levels. Kidney p-STAT3/STAT3 protein ratio (normalized for B-actin). The
lower panel shows a representative gel (H). n=7-10 animals per group. Different letters above bars indicate a
significant difference between groups, similar letters indicate no significant difference.
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Figure 8. Anemia response of CKD mice to IL1 inhibition. Anemia and iron parameters in mice on regular (C)
or adenine diet, injected with saline (CKD) or an anti-IL1 monoclonal antibody (CKD-Ab). Hemoglobin (g/dL)
(A). Red blood cell count (M/uL) (B). Mean corpuscular volume (fl) (C). Serum Iron levels (ug/dL) (D). Liver
hepcidin mRNA levels (E). Duodenal ferroportin-1 mRNA levels (F). Liver ferritin mRNA levels (G). n=7-10
animals per group. Different letters above bars indicate a significant difference between groups, similar letters
indicate no significant difference.
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Figure 9. HIF2-EPO-EPO-R response of CKD mice to IL1 inhibition. Experimental groups included mice

on regular (C) or adenine diet, injected with saline (CKD) or an anti-IL1 monoclonal antibody (CKD-AD).
Kidney hypoxia-inducible factor 2a (HIF-2a) mRNA levels (A) and protein levels (normalized for B-actin).

The lower panel shows a representative gel (B). Serum erythropoietin (EPO) levels (pg/mL) (C). Bone marrow
EPO receptor (EPOR) (D) and transferrin receptor (TFR) (E) mRNA levels. n=7-10 animals per group.
Different letters above bars indicate a significant difference between groups, similar letters indicate no significant
difference.

(Fig. 9A-C). Contrary to the decreased bone marrow EPOR and TFR levels in the CKD group, CKD-Ab group
showed upregulated levels of these receptors (Fig. 9D,E). Hence, anti-IL-1p treatment not only increased EPO
levels but may have ameliorated bone marrow resistance by increasing EPOR expression. Moreover, the upregula-
tion of bone marrow TFR may facilitate iron uptake and utilization for red blood cells production.

Clinical studies using anti-IL1 therapy to prevent adverse cardiovascular outcomes have been published over
the past years?!. A secondary analysis of the CANTOS trial, which concentrated on the subgroup of patients
with mild CKD, showed again a positive effect on the prevention of adverse cardiovascular outcomes in this
subpopulation, but did not identify beneficial (or adverse) effect on renal outcomes*®. However, the study was
not powered or designed to examine this question.

In summary, this study describes the distinct role of IL-1 in CKD-associated progressive renal damage and
anemia. Exaggerated inflammation was associated with a higher degree of renal insufficiency and anemia. In
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addition to the well-known hepcidin mediated decreased iron mobilization, the normal response to anemia
induced hypoxia is deranged in CKD and even more accentuated when inflammation is increased in RaKO-CKD:
renal HIF-2a and EPO, BM EPO-R and TFR are not upregulated, which further exacerbate anemic tendency.
Complementary to these findings, administration of P2D7KK, a novel anti-IL18 monoclonal antibody to CKD
mice results in enhanced serum EPO synthesis and availability, via increased renal HIF-2a synthesis and attenu-
ated inflammatory suppression, thus restoring EPOR and TFR bone marrow signaling, as well as suppressed
hepcidin levels, thereby improving CKD related anemia. By doing so, P2D7KK treatment may lead to a better
response to exogenous EPO and iron supplementation. Therefore, novel treatments to reduce inflammation,
such as P2D7KK or other compounds may potentially be an alternative and/or adjunctive therapy for patients
with CKD suffering from anemia.

Methods

Animals. This study was approved by the Ben-Gurion University of the Negev Animal Use and Care Com-
mittee protocol number IL-39-07-2018. All protocols comply with the NTH Guidelines. Animals were housed in
standard laboratory cages. Food and water were given ad libitum. The study was carried out in compliance with
the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (https://arriveguidelines.org/
arrive-guidelines).

In the first set of experiments, 12 weeks old male BALB/c WT mice (Harlan Laboratories Inc. Rehovot, Israel)
and IL-1 receptor-antagonist knockout (IL-1Ra-KO) mice (BALB/c background) were divided into 4 groups
(n=6-10 in each group): WT (WT mice, control diet), WT-CKD (WT mice, adenine diet), RaKO (IL-1Ra-KO
mice, control diet), RaKO-CKD (IL-1Ra-KO mice, adenine diet). CKD was induced by adenine diet* (0.2%
adenine, 0.9% phosphorus, 75 ppm iron) while control groups were fed with a control diet (0.3% phosphorus,
75 ppm iron). Mice were sacrificed using anesthesia with ketamine and xylazine after 10 weeks, collecting: blood,
liver, kidney and bone marrow aspirate.

In the second series of experiments, 7-8 weeks old male C57BL/6 mice (Harlan Laboratories Inc. Rehovot,
Israel) were divided into 3 groups (n=6-10 in each group): C, CKD and CKD-Ab. CKD was induced by a 0.3%
adenine diet, which also contained 0.9% phosphorus and 75 ppm iron given for 10 days and then a 0.2% adenine
diet and unchanged phosphorus and iron, given for additional 6 days. Control groups were fed with a control diet
(0.3% phosphorus, ~ 75 ppm iron). All diets were purchased from Envigo Teklad, (Huntingdon, UK). A dose of
5 mg/kg of anti-IL-1p antibody P2D7KK was given i.p. to CKD-Ab mice twice a week, while C and CKD groups
were injected i.p with saline. P2D7KK dose was determined according to the previous study and advice of Goh
et al. 2. Mice were sacrificed after 16 days, collecting: blood, liver, duodenum, kidney and bone marrow aspirate.
The experiments are summarized in Supplemental Table 1.

Blood analyses. Complete blood count was assessed from tail bleed collected into EDTA-coated capil-
lary tubes (Pro-Vet laboratory, Yodfat, Israel, GENESIS analysis system, Oxford Science, Oxford, USA). Kidney
functions and serum iron levels from were analyzed using the AU2700 analyzer (Beckman-Coulter, CA, USA).
Serum erythropoietin (EPO) levels were determined by enzyme-linked immunosorbent assays (Quantikine
Mouse Epo kit, R&D Systems, Minneapolis, MN. Sensitivity: 47.0 pg/mL; intra- and inter-assay coefficients of
variation: < 4.4% and 9.7%, respectively). Serum IL-6 concentrations were performed by mouse IL-6 ELISA Max
Set Deluxe Kits (Biolegend, San Diego, CA, USA. Sensitivity: 2 pg/mL).

RNA extraction and real-time PCR. Assays were performed with power SYBR green PCR master mix
(Applied Biosystems, Foster City, CA, USA) as previously described® using the ABI Prism 7300 Sequence Detec-
tion System (Applied Biosystems, Foster City, CA, USA). Primers for quantification of HIF-2a, CRP, Hepcidin,
IL-6, EPOR, TFR, ¢-MYC, IL-1B, FPN-1, IRAK-4, MYD-88, TGF-f, CD-163, CD-11c, F4/80, Ferritin, TNF-q,
IL-10 and B-actin (Sigma-Aldrich, Rehovot, Israel) are summarized in Supplemental Table 2.

Western immunoblot analysis. The following antibodies were used for evaluation of the kidney extracts:
STAT3, p-STATS3 (polyclonal, Cell Signaling Technology Inc. Danvers, MA), HIF-2a (polyclonal, Novus Biologi-
cals, Littleton, CO) and p-actin (Clone C4, MP Biomedical Solon, OH, USA), as previously described®’.

Kidney histology. Kidney segments were fixed in 4% formalin for 48 h, then embedded in paraffin and cut.
Kidney sections were deparaffinized, rehydrated and stained with hematoxylin & eosin (Sigma-Aldrich, Saint
Louis, MO, USA) or Masson’s trichrome (Bio-Optica, Milano, Italy). Fibrotic area quantification of Masson’s
trichrome staining was performed as described by Chen et al. using an Image] software®>.

Immunohistochemistry staining was performed as previously described *, primary antibodies against F4/80
(BM-8) (diluted 1:30; Santa Cruz biotechnology Inc., Dallas Texas, USA) and Myeloperoxidase (MPO) (diluted
1:50; Abcam, Cambridge, UK) were used for the immunohistochemistry staining. For image processing, Cellsense
Entry software (MATIMOP, Tel Aviv, Israel) was used.

Data analysis. One-way ANOVA with post hoc Tukey’s test was used to determine significant differences
based on multiple comparisons. The null hypotheses were rejected at the 5% level. Values along the manuscript
are presented as means * standard errors. Different letters above bars indicate a significant difference between
groups and same letters indicate no significant difference.

Scientific Reports |

(2021) 11:6288 | https://doi.org/10.1038/s41598-021-85778-2 nature portfolio


https://arriveguidelines.org/arrive-guidelines
https://arriveguidelines.org/arrive-guidelines

www.nature.com/scientificreports/

Received: 29 June 2020; Accepted: 22 February 2021
Published online: 18 March 2021

References

1. Webster, A. C., Nagler, E. V., Morton, R. L. & Masson, P. Chronic Kidney Disease. Lancet 389, 1238-1252 (2017).

2. Hanudel, M. R. et al. Increased serum hepcidin contributes to the anemia of chronic kidney disease in a murine model. Haema-
tologica 102, e85-¢88 (2017).

3. Zaritsky, J. et al. Hepcidin - A potential novel biomarker for iron status in chronic kidney disease. Clin. J. Am. Soc. Nephrol. 4,
1051-1056 (2009).

4. Singh, A. K. et al. Correction of Anemia with Epoetin Alfa in Chronic Kidney Disease. N. Engl. ]. Med. 355, 2085-2098 (2006).

5. Kalantar-Zadeh, K. et al. Predictors of hyporesponsiveness to erythropoiesis-stimulating agents in hemodialysis patients. Am. J.
Kidney Dis. 53, 823-834 (2009).

6. Cooper, A. C., Mikhail, A., Lethbridge, M. W, Kemeny, D. M. & Macdougall, I. C. Increased expression of erythropoiesis inhibit-
ing cytokines (IFN-y, TNF-a, IL-10, and IL-13) by T cells in patients exhibiting a poor response to erythropoietin therapy. J. Am.
Soc. Nephrol. 14, 1776-1784 (2003).

7. Gillespie, I. A. et al. Factors precipitating erythropoiesis-stimulating agent responsiveness in a European haemodialysis cohort:
Case-crossover study. Pharmacoepidemiol. Drug Saf. 24, 414-426 (2015).

8. Kalantar-Zadeh, K. et al. Effect of malnutrition-inflammation complex syndrome on EPO hyporesponsiveness in maintenance
hemodialysis patients. Am. J. Kidney Dis. 42, 761-773 (2003).

9. Gupta, J. et al. Association between albuminuria, kidney function, and inflammatory biomarker profile in CKD in CRIC. Clin. J.
Am. Soc. Nephrol. 7,1938-1946 (2012).

10. Dinarello, C. A. Biologic basis for interleukin-1 in disease. Blood 87, 2095-2147 (1996).

11. Sims, J. E. & Smith, D. E. The IL-1 family: regulators of immunity. Nat. Rev. Immunol. 10, 89-102 (2010).

12. Voronov, E., Carmi, Y. & Apte, R. N. The role IL-1 in tumor-mediated angiogenesis. Front. Physiol. 5, 114 (2014).

13. Schuringa, J. J., Jonk, L. J., Dokter, W. H., Vellenga, E. & Kruijer, W. Interleukin-6-induced STAT3 transactivation and Ser727
phosphorylation involves Vav, Rac-1 and the kinase SEK-1/MKK-4 as signal transduction components. Biochem. J. 347(Pt 1),
89-96 (2000).

14. Tosato, G. & Jones, K. D. Interleukin-1 induces interleukin-6 production in peripheral blood monocytes. Blood 75, 1305-1310
(1990).

15. Voronov, E. et al. Unique versus redundant functions of IL-1a and IL-1p in the tumor microenvironment. Front. Immunol. 4,177
(2013).

16. Hannum, C. H. et al. Interleukin-1 receptor antagonist activity of a human interleukin-1 inhibitor. Nature 343, 336-340 (1990).

17. Opal, S. M. & DePalo, V. A. Anti-inflammatory cytokines. Chest 117, 1162-1172 (2000).

18. Horai, R. et al. Development of chronic inflammatory arthropathy resembling rheumatoid arthritis in interleukin 1 receptor
antagonist-deficient mice. J. Exp. Med. 191, 313-320 (2000).

19. Dinarello, C. A. Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. Blood 117, 3720-3732 (2011).

20. Goh, A.X. et al. A novel human anti-interleukin-1 neutralizing monoclonal antibody showing in vivo efficacy. MAbs 6, 764-772
(2014).

21. Ridker, P. M. et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 377, 1119-1131
(2017).

22. Ridker, P. M. et al. Relationship of C-reactive protein reduction to cardiovascular event reduction following treatment with canaki-
numab: a secondary analysis from the CANTOS randomised controlled trial. Lancet 391, 319-328 (2018).

23. Lemos, D. R. et al. Interleukin-1 B activates a MYC-dependent metabolic switch in kidney stromal cells necessary for progressive
tubulointerstitial fibrosis. . Am. Soc. Nephrol. 29, 1690-1705 (2018).

24. Akchurin, O. et al. Interleukin-6 contributes to the development of Anemia in Juvenile CKD. Kidney Int. Rep. 4, 470-483 (2019).

25. Eddy, A. A. Experimental insights into the tubulointerstitial disease accompanying primary glomerular lesions. J. Am. Soc. Nephrol.
5,1273-1287 (1994).

26. Nath, K. A. Tubulointerstitial changes as a major determinant in the progression of renal damage. Am. J. Kidney Dis. 20, 1-17
(1992).

27. Landau, D., London, L., Bandach, I. & Segev, Y. (2018) The hypoxia inducible factor/erythropoietin (EPO)/EPO receptor pathway
is disturbed in a rat model of chronic kidney disease related anemia. PLoS ONE 13, 0196684 (2018).

28. Kim, A. et al. A mouse model of anemia of inflammation: Complex pathogenesis with partial dependence on hepcidin. Blood 123,
1129-1136 (2014).

29. Park, C. H,, Valore, E. V., Waring, A. ]. & Ganz, T. Hepcidin, a Urinary Antimicrobial Peptide Synthesized in the Liver. J. Biol.
Chem. 276, 7806-7810 (2001).

30. Nemeth, E. et al. IL-6 mediates hypoferremia of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin.
J. Clin. Invest. 113, 1271-1276 (2004).

31. Lee, P, Peng, H., Gelbart, T., Wang, L. & Beutler, E. Regulation of hepcidin transcription by interleukin-1 and interleukin-6. Proc.
Natl. Acad. Sci. 102, 1906-1910 (2005).

32. Akchurin, O. et al. Lack of hepcidin ameliorates anemia and improves growth in an adenine-induced mouse model of chronic
kidney disease. Am. J. Physiol. Physiol. 311, F877-F889 (2016).

33. Horai, R. et al. Production of mice deficient in genes for interleukin (IL)-1, IL-1, IL-1 /, and IL-1 receptor antagonist shows that
IL-1 is crucial in turpentine-induced fever development and glucocorticoid secretion. J. Exp. Med 187, 14631475 (1998).

34. Iannitti, R. G. et al. IL-1 receptor antagonist ameliorates inflammasome-dependent inflammation in murine and human cystic
fibrosis. Nat. Commun. 7, 10791 (2016).

35. Mercadal, L. ef al. Timing and determinants of erythropoietin deficiency in chronic kidney disease. Clin. J. Am. Soc. Nephrol. 7,
35-42 (2012).

36. Krause, I, Davidovits, M., Tamary, H., Yutcis, M. & Dagan, A. Anemia and markers of erythropoiesis in pediatric kidney transplant
recipients compared to children with chronic renal failure. Pediatr. Transplant. 20, 958-962 (2016).

37. Chiang, C.-K.K,, Tanaka, T., Inagi, R., Fujita, T. & Nangaku, M. Indoxyl sulfate, a representative uremic toxin, suppresses eryth-
ropoietin production in a HIF-dependent manner. Lab. Investig. 91, 1564-1571 (2011).

38. Souma, T. et al. Plasticity of renal erythropoietin-producing cells governs fibrosis. J. Am. Soc. Nephrol. 24, 1599-1616 (2013).

39. Souma, T. et al. Erythropoietin Synthesis in Renal Myofibroblasts Is Restored by Activation of Hypoxia Signaling. J. Am. Soc.
Nephrol. 27, 428-438 (2016).

40. Macdougall, I. C. & Cooper, A. C. Erythropoietin resistance: the role of inflammation and pro-inflammatory cytokines. Nephrol.
Dial. Transplant. 12, 39-43 (2002).

41. Inrig, J. K., Bryskin, S. K., Patel, U. D., Arcasoy, M. & Szczech, L. A. Association between high-dose erythropoiesis-stimulating
agents, inflammatory biomarkers, and soluble erythropoietin receptors. BMC Nephrol. 12, 67 (2011).

42. Jelkmann, W. Proinflammatory cytokines lowering erythropoietin production. J. Interferon Cytokine Res. 18, 555-559 (1998).

Scientific Reports|  (2021) 11:6288 | https://doi.org/10.1038/541598-021-85778-2 nature portfolio



www.nature.com/scientificreports/

43. Means, R. T, Dessypris, E. N. & Krantz, S. B. Inhibition of human erythroid colony-forming units by interleukin-1 is mediated by
gamma interferon. J. Cell. Physiol. 150, 59-64 (1992).

44. Ferrari, P,, Mallon, D., Trinder, D. & Olynyk, J. K. Pentoxifylline improves haemoglobin and interleukin-6 levels in chronic kidney
disease. Nephrology 15, 344-349 (2010).

45. Sumida, K. et al. Treatment of rheumatoid arthritis with biologic agents lowers the risk of incident chronic kidney disease. Kid.
Int. 93,1207-1216 (2018).

46. Han, Y., Ma, E. Y, Tesch, G. H., Manthey, C. L. & Nikolic-Paterson, D. J. Role of macrophages in the fibrotic phase of rat crescentic
glomerulonephritis. Am. J. Physiol. Physiol. 304, F1043-F1053 (2013).

47. Provenzano, R. et al. Oral hypoxia—inducible factor prolyl hydroxylase inhibitor roxadustat (FG-4592) for the treatment of anemia
in patients with CKD. Clin. ]. Am. Soc. Nephrol. 11, 982-991 (2016).

48. Everett, B. M. et al. Anti-Inflammatory Therapy With Canakinumab for the Prevention and Management of Diabetes. J. Am. Coll.
Cardiol. 71, 2392-2401 (2018).

49. Jia, T. et al. A novel model of adenine-induced tubulointerstitial nephropathy in mice. BMC Nephrol. 14, 116 (2013).

50. Troib, A., Landau, D., Kachko, L., Rabkin, R. & Segev, Y. Epiphyseal growth plate growth hormone receptor signaling is decreased
in chronic kidney disease-related growth retardation. Kidney Int. 84, 940-949 (2013).

51. Landau, D. et al. Increased renal Akt/mTOR and MAPK signaling in type I diabetes in the absence of IGF type 1 receptor activa-
tion. Endocrine 36, 126-134 (2009).

52. Yu, Q, Chen, Y. & Xu, C.-B. A convenient method for quantifying collagen fibers in atherosclerotic lesions by Image] software
Original Article A convenient method for quantifying collagen fibers in atherosclerotic lesions by Image] software. Int. J. Clin.
Exp. Med. 10, 1 (2017).

Acknowledgements

We thank Dr. Cheng-I Wang from Singapore Immunology Network; Agency for Science, Technology and
Research (A*STAR), Singapore, for the free provision of the P2D7KK anti-IL-1 monoclonal antibody. We thank
Prof. Ron Apte and Prof. Elena Voronov from the Faculty of Health Sciences, Ben Gurion University, for provid-
ing the IL-1 receptor antagonist knockout colony.

Author contributions
D.L, Y.S. and L.B. designed the studies. L.B. carried out experiments. D.L., Y.S. and L.B. analyzed the data. I.B.
wrote the manuscript’s first draft. All authors wrote and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-85778-2.

Correspondence and requests for materials should be addressed to D.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:6288 | https://doi.org/10.1038/s41598-021-85778-2 nature portfolio


https://doi.org/10.1038/s41598-021-85778-2
https://doi.org/10.1038/s41598-021-85778-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental modulation of Interleukin 1 shows its key role in chronic kidney disease progression and anemia
	Results
	Worsening anemia in IL-1 receptor antagonist knock-out mice with CKD. 
	Effects of anti-IL-1β antibody on CKD. 

	Discussion
	Methods
	Animals. 
	Blood analyses. 
	RNA extraction and real-time PCR. 
	Western immunoblot analysis. 
	Kidney histology. 
	Data analysis. 

	References
	Acknowledgements


