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Abstract

Background—Chronic kidney disease (CKD) is characterized by increased myocardial mass
despite near-normal blood pressure suggesting the presence of a separate trigger. A potential
driver is signal regulatory protein alpha (SIRPa), a mediator impairing insulin signaling. The
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objective of this study is to assess the role of circulating SIRPa in CKD-induced adverse cardiac
remodeling.

Methods—SIRPa expression was evaluated in mouse models and patients with CKD.
Specifically, global (Mt), muscle (m) or cardiac muscle-specific (cs) SIRPa knockout (KO) mice
were examined after subtotal nephrectomy. Cardiac function was assessed by echocardiography.
Metabolic responses were confirmed in cultured muscle cells or cardiomyocytes.

Results—We demonstrate that SIRPa regulates myocardial insulin/IGF1 receptor signaling in
CKD. First, in the serum of both mice and patients, SIRPa was robustly secreted in response to
CKD. Secondly, cardiac muscle upregulation of SIRPa was associated with impaired insulin/IGF1
receptor signaling, myocardial dysfunction and fibrosis. However, both global and csSIRPa KO
mice displayed improved cardiac function when compared to control mice with CKD. Thirdly,
both m- or csSIRPa KO mice did not significantly activate fetal genes and maintained insulin/
IGF1 receptor signaling with suppressed fibrosis despite the presence of CKD. Importantly,
SIRPa directly interacted with the IGF1R. Next, recombinant SIRPa protein was introduced
into mSIRPa KO mice re-establishing the insulin/IGF1 receptor signaling activity. Additionally,
overexpression of SIRPa in myablasts and cardiomyocytes impaired pAKT and insulin/IGF1
receptor signaling. Furthermore, myotubes and cardiomyocytes, but not adipocytes treated with
high glucose, or cardiomyocytes treated with uremic toxins stimulated secretion of SIRPa

in culture media, suggesting these cells are the origin of circulating SIRPa in CKD. Both
intracellular and extracellular SIRPa exert biologically synergistic effects impairing intracellular
myocardial insulin/IGF1 receptor signaling.

Conclusions—Myokine SIRPa. expression impairs insulin/IGF1 receptor functions in cardiac
muscle, affecting cardiometabolic signaling pathways. Circulating SIRPa constitutes an important
readout of insulin resistance in CKD-induced cardiomyopathy.

Subject Terms:

Nephrology and Kidney; Remodeling; Cell Signaling/Signal Transduction; Mechanisms;
Metabolism; Cardiomyopathy; Cardiorenal Syndrome; Heart Failure; Hypertrophy

Keywords
Insulin resistance; chronic kidney disease; uremic cardiomyopathy; SIRPa

INTRODUCTION

Mortality associated with chronic kidney disease (CKD) is higher than that of the general
population and worsens with advancing stages of the disease 1. Based on the Second
National Health and Nutrition Examination Survey (NHANES I1) cardiovascular causes
attributed to a 51 percent increase risk of death when glomerular filtration rates fell below
70 mL/min/1.73m2 1, In fact, cardiovascular clinical trials often exclude patients with

CKD 2. The pathologic mechanisms responsible for CKD-induced cardiomyopathy include
hypertension, volume overload, anemia, abnormalities in mineral metabolism, and fibroblast
growth factor 23 (FGF23) 3. In early kidney disease with near-normal blood pressure,

there is evidence of increased myocardial mass even without significant changes in blood
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pressure 4 5. We postulate that cardiac remodeling occurring in CKD may be the result of
impairments in insulin/insulin growth factor-1 (IGF1R) receptor signaling pathways.

Insulin resistance is a critical feature of pathologic cardiac remodeling in patients

with hypertrophic and dilated cardiomyopathy 6-°. The triggers of CKD-induced insulin
resistance in the myocardium are not known. A potentially relevant protein implicated

in this process is signal regulatory protein-alpha (SIRPa). We previously uncovered that
upregulation of SIRPa is a mechanism responsible for CKD-induced insulin resistance in
skeletal muscle 10. CKD stimulates inflammatory cytokines including NF-xB activation

to induce SIRPa expression in skeletal muscles of mice with CKD 10, SIRPa is a
transmembrane glycoprotein containing three extracellular immunoglobulin-like domains
and a cytoplasmic region with src homology-2 (SH-2) binding motifs 1. SIRPa has been
identified as a docking protein for tyrosine phosphatases (i.e. SHP1-2) 1, promoting insulin
resistance in skeletal muscles and adipose tissues, while inducing cachexia in CKD 12,
SIRPa regulation as a myokine with systemic responses to distant organs remains unclear.
Myokines are either autocrine or paracrine in function regulating whole-body metabolic
processes 13- 14, This suggests a central role of the muscle in the interorgan regulation of
insulin responsiveness and energy homeostasis. In fact, uremic toxins directly influence
insulin resistance in subtotal nephrectomy models of CKD or patients with advanced CKD
15,16 In advanced CKD with evidence of insulin resistance, myokine SIRPa release occurs
in response to CKD-induced cachexia 12.

Here we have examined /n vivoand /n vitro evidence to determine that impaired insulin/
IGF1 receptor signaling contributes to CKD-induced cardiomyopathy. We hypothesized that
SIRPa behaves as a myokine, specifically an anti-insulin/IGF1 receptor factor, contributing
to adverse cardiac remodeling in CKD. The hypothesis is derived from the fact that the
growth hormone/IGF1 axis is thought to be one of the causes of sarcopenia in CKD 17,
Therefore, we evaluated circumstances responsible for release of SIRPa in CKD and its
impact on myocardial intracellular insulin/IGF1 receptor signaling. To test this hypothesis,
we utilized an insulin sensitive model (acute exercise) and a model of insulin resistance and
cachexia (CKD). Additionally, muscle-specific SIRPa knockout (KO) mice were exposed to
recombinant (r) SIRPa to assess for recapitulation of CKD-specific intracellular signaling
changes in cardiac muscle. These findings suggest that SIRPa behaves as a myokine

to antagonize myocardial insulin/IGF1 receptor signaling while stimulating CKD-induced
cardiomyopathy.

METHODS

Data Availability.

The authors declare that all supporting data are available within the Online Data
Supplement. The supporting data are also available from the corresponding author upon
reasonable request.

Detailed Materials and Methods are available in the Online Data Supplement.
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Transgenic mice

SIRPa Mt mice (exons 7 and 8 were replaced with a neomycin selection cassette) were
obtained from Riken (Saitama, Japan) and backcrossed over five generations on C57BL/6
background. SIRPa.™/f mice were obtained in conjunction with the BaSH/EUCOMM.
Skeletal muscle-specific SIRPa. KO (mSIRPa.™7), cardiac-myocyte specific SIRPa KO
mice (csSIRPa "), and adipose-specific SIRPa KO mice (AD-SIRPa ") with deletion of
exons 3 and 4 were generated using a Cre (muscle creatine kinase-Cre or Myh6 also known
as aMyHC-Cre or adipog-Cre respectively) mice from Jackson Laboratory (Bar Harbor,
ME, USA) recombinase:loxP system as previously described 18; all of these mice were

on C57BL/6 background and appeared to have a grossly normal phenotype. Mice were
maintained in 12 h light/dark cycles (6 a.m. to 6 p.m.) at 24°C and fed diets of standard
rodent chow.

CKD model

To generate CKD model 12, male mice at eight to ten weeks of age were subjected to a
subtotal nephrectomy for 12-16 weeks.

Doppler ultrasound

Transthoracic echocardiography with pulse wave and tissue Doppler imaging was performed
on male mice 10-12 weeks after subtotal nephrectomy under isoflurane anesthesia using
a VisualSonics Vevo 3100 platform with a MX550D probe 20. Subsequent analyses were
performed by an experienced sonographer who was blinded to the type of mouse model.

Voluntary wheel exercise model

To generate exercise model, mice were randomly assigned to individual cages containing
either 4-inch exercise wheels (exercise group) or infrared (sedentary group) sensors, to
measure voluntary exercise and basal activity respectively.

Hyperglycemia model

For hyperglycemia, mice received high-glucose treatment (2 g/kg, 3 repeats at 40-min
intervals) 21,

Octet RED384 assay development

The binding affinity between IGF1R immunoprecipitated lysates and purified recombinant
SIRPa protein (rSIRPa) was determined based on the association rate (ka) and the
dissociation rate (kdis) constants using an Octet RED384 System (Fremont, CA, USA).

Study Approval

All procedures of experimental animals in protocols were approved by the Institutional
Animal Care and Use Committee of Baylor College of Medicine and conformed to the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
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Human studies

The procedures for human samples were approved by the Ethics Committee of the
Department of Internal Medicine of the University of Genoa, in accordance with the
Declaration of Helsinki regarding ethics of human research. Serum samples from healthy
controls were obtained from anonymous blood donors or from CKD patients prior to
peritoneal dialysis catheter placement. Before the patients' participation, the nature, purpose,
and risks of the study were reviewed with all of the participants and their voluntary consent
was obtained. The detail characteristics of patients with CKD are available (Table S1).

Statistical analysis

Values are expressed as means + SEM, unless otherwise specified. Statistical analyses were
performed using two-tailed unpaired Student’s £test for data from 2 groups. Differences

in >2 groups were analyzed using one-way ANOVA followed by Bonferroni multiple
comparisons test, unless otherwise specified in figure legends. A p < 0.05 was considered
statistically significant. GraphPad Prism software was used for statistical analysis.

RESULTS

CKD-Induces SIRPa Expression in Both Cardiac Muscle and Serum

Suppressing SIRPa not only improves insulin signaling but also prevents skeletal muscle
loss10.12. Therefore, to determine the physiologic impact of SIRPa in the myocardium,

mice were subjected to acute exercise, an insulin sensitive model. After 6 days of voluntary
exercise, the hearts of these mice were harvested. Transcription of SIRPa was suppressed

in these exercised mice (Figure S1A). While immunoblots of exercised mice revealed
improved insulin sensitivity (i.e. upregulation of pAKT, PI3K, and GLUT4) with myocardial
suppression of SIRPa (Figure S1B). These results promoted further evaluations for the role
of SIRPa in pathologic conditions.

SIRPa impacts survival in CKD, specifically global SIRPa knockout (KO) or mutant

(Mt) mice exhibited a significant improvement in survival despite the presence of CKD

12 Therefore, we characterized cardiovascular responses of wild type (WT) mice with
CKD and compared them to SIRPa. Mt mice with CKD. After subtotal nephrectomy, WT
and SIRPa Mt mice had similar serum creatinine and blood urea nitrogen (BUN) levels
(2-3-fold higher; Figure 1A). Additionally, mice subjected to subtotal nephrectomy exhibit
evidence of metabolic acidosis, increased parathyroid hormone levels, and muscle wasting
10. 12 which classically occurs in patients with advanced CKD 22 . Notably, in WT mice
with CKD, SIRPa expression was markedly increased in ventricular cardiac muscle rising to
3.6-fold higher than values measured in hearts of WT, sham-operated, control mice (Figure
1B). Additionally, increased myocardial SIRPa. expression was noted in WT mice with
CKD via immunohistochemistry (Figure 1C). Likewise, serum SIRPa was identified in
WT mice with CKD (Figure 1D). Importantly, a robust SIRPa. release was detected in the
serum of patients with advanced CKD (Figure 1E, Table S1). Thus, both circulating and
endogenous myocardial SIRPa expression were noted in response to CKD.
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Absence of SIRPa Prevents Cardiac Dysfunction in CKD

Next, we examined cardiac function of SIRPa Mt mice which were compared to WT

mice with CKD using evaluations of /n vivo M-mode and Doppler echocardiography
(Figure 2A, Table S2). WT mice with CKD displayed impaired left ventricular systolic
function, with reduced ejection fraction (EF%; Figure 2B), reduced fractional shortening
(FS%; Figure 2C), and impaired calculated cardiac output (CO mL/min/mm; Figure 2D).
Conversely, hearts from SIRPa. Mt mice with CKD displayed preserved left ventricular
systolic function, FS%, and CO (Figure 2B-D). In addition, Doppler analysis revealed
significantly suppressed E/A ratios in WT mice with CKD when compared to sham control
mice (Table S2). However, no significant differences were noted in E/A ratios in SIRPa
Mt mice despite the presence of CKD when compared to their respective sham control
mice (Table S2). Additionally, no significant differences were noted in myocardial perfusion
indices (MPI) or E/e’. Therefore, global SIRPa Mt mice with CKD were protected from
myocardial systolic dysfunction despite the presence of CKD.

To determine myocardial-specific effects of suppressing SIRPa in CKD, cardiac-myocyte
specific KO (csSIRPa ™) mice were created and subjected to subtotal nephrectomy

and compared to flox mice with CKD. /n vivo M-mode echocardiography imaging

was utilized to determine myocardial function (Figure 2E). csSIRPa ™~ mice with CKD
displayed improved EF% (Figure 2F), FS % (Figure 2G), and CO when compared to flox
littermate control mice with CKD (Figure 2H, Table S3). These results suggest that the
cardioprotection from CKD observed in the whole body SIRPa KO is, at least in part, due to
myocardial suppression of SIRPa..

Suppressing SIRPa Prevents Pathologic Cardiac Hypertrophy

Next, we harvested hearts from WT and SIRPa. Mt mice to evaluate cardiac remodeling

in response to CKD. Hearts from WT mice with CKD displayed evidence of hypertrophy
with increased myocardial weights when normalized to tibia length (Figure 3A) when
compared to sham control mice. In fact, cardiomyocyte size was increased in WT mice

with CKD (Figure 3B). However, in SIRPa Mt mice with CKD, neither heart weights nor
cardiomyocyte size were significantly increased when compared to their respective sham
control mice (Figure 3A-B). Additionally, SIRPa Mt sham mice displayed evidence of
hypertrophy with a significant increase in cardiomyocyte size and cardiac output, when
compared to WT sham mice (Figure 3A-B and Figure 2D). We also evaluated changes

in systolic blood pressure (SBP) and heart rate (HR). WT mice with CKD displayed a
significant difference in SBP (Figure 3C) and HR (Figure S2A), when compared to WT
sham control mice and increased SBP when compared to SIRPa Mt mice with CKD (Figure
3C). Furthermore, in order to determine muscle-specific effects, both Mck-Cre or aMyHC
(Myh6)-Cre SIRPa™~, (mSIRPa ™~ or csSIRPa.™/~ respectively) mice were subjected to
CKD with similar BUN and creatinine levels in csSIRPa. ™/~ mice when compared to
SIRPaf with CKD (Figure S2B). Flox mice with CKD presented with higher SBP (Figure
3C) and increased heart weight normalized to tibia length (Figure 3D) but no differences

in heart rate when compared to sham control mice or csSIRPa ™~ mice with CKD (Figure
S2A). Littermate flox sham mice and csSIRPa. ™/~ sham mice displayed similar harvest heart
weights (Figure 3D). Also, csSIRPa ™~ mice with CKD did not display significant evidence
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of hypertrophy or changes in myocardial weight despite elevations in SBP and heart rate
(which was similar in mSIRPa ~/~ mice with CKD) when compared to sham control mice
(Figure 3D and Figure S2A). However, flox mice with CKD displayed significant evidence
of cardiac hypertrophy with increased myocardial weight when compared to flox sham
mice, csSIRPa ™~ mice with CKD, or mSIRPa ™~ mice with CKD (Figure 3D). These data
indicate an important impact of SIRPa on myocardial mass.

Return to the fetal gene program is a hallmark heralding a decline in cardiac function 23,
Little is known about the fetal gene program responses in CKD-induced cardiomyopathy.
We found evidence for activation of fetal genes in WT mice with CKD which was
suppressed in SIRPa. Mt mice with CKD when compared to their respective sham control
mice. Specifically, natriuretic peptides, ANP and BNP, were stimulated in response to CKD
in WT mice. However, in SIRPa Mt mice with CKD displayed no significant upregulation
of ANP and BNP when compared to their respective controls (Figure 3E). Next, we
analyzed if there was a muscle-specific effect on the fetal gene program in response

to CKD. Muscle-specific mSIRPa ™~ mice with CKD presented with similar fetal gene
expression when compared to its respective sham control with the exception of BNP and
UCP3 (Figure 3F). Similarly, csSIRPa. ™/~ mice with CKD revealed no significant increases
in ANP, BNP or most other fetal genes when compared to their respective controls (Figure
3G). These results suggest that SIRPa. knockdown plays a critical role in suppressing fetal
gene activation in response to CKD.

SIRPa Suppression Attenuates CKD-induced Myocardial Fibrosis

Myocardial biopsies and necropsies of patients with CKD reveal perivascular and interstitial
fibrosis 24. To evaluate the effects of SIRPa. on myocardial collagen deposition, picrosirius
red staining of ventricular cardiac muscle was performed. In WT mice with CKD, the
collagen deposition area was nearly 3-fold higher when compared to their sham control.
However, in SIRPa. Mt mice there was no significant increase in myocardial fibrosis despite
the presence of CKD (Figure 4A). Furthermore, immunoblotting analysis of extracellular
matrix proteins (ECM) in cardiac muscle revealed an increased expression of a-SMA and
fibronectin in WT mice with CKD. Additionally, P13 kinase (PI3K) was downregulated
while pAKT was activated in WT CKD mice (Figure 4B). SIRPa. Mt mice with CKD
displayed similar protein levels of fibronectin, aSMA, PI3K and pAKT when compared

to their respective sham control mice (Figure 4B). However, since SIRPa Mt sham mice
fibronectin levels were elevated when compared to WT sham mice, therefore, we evaluated
littermate flox mice and compared them to mSIRPa ™~ mice. Additionally, csSIRPa ™~ mice
with or without CKD were evaluated.

Skeletal and Cardiac Muscle-Specific Suppression of SIRPa Improves Insulin
Signaling and Myocardial Fibrosis Despite the Presence of CKD—In littermate
flox vs. mSIRPa ™~ sham mice there were no differences detected in insulin signaling,
fibronectin and aSMA (Figure 4C). In SIRPa/fl mice with CKD, PI3K was significantly
downregulated. Meanwhile extracellular matrix proteins, a SMA and fibronectin, were
upregulated in these mice (Figure 4C). In both mSIRPa ™~ and csSIRPa ™~ mice with
CKD, PI3K and pAKT were similar to their sham control. Additionally, both aSMA
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and fibronectin, were not stimulated in mSIRPa. ™/~ or csSIRPa ™/~ mice in response to
CKD (Figure 4C-D). These results indicate suppression of SIRPa. improves myocardial
intracellular insulin signaling while preventing myocardial fibrosis in CKD.

SIRPa Interacts with the IGF1R Impairing its Signaling in Cardiac Muscle

Since SIRPa interacts with mediators of insulin receptor signaling in skeletal muscles 10,
we evaluated SIRPa interactions with the myocardial IGF1R. Specifically, we determined
that flox mice with CKD displayed reduced myocardial levels of tyrosine phosphorylation
of IGF1R. However, mSIRPa ™~ mice with CKD displayed no significant change in IGF1R
tyrosine phosphorylation despite the presence of CKD (Figure 5A). Next, we examined
the interactions of these proteins by immunoprecipitation analysis. Coimmunoprecipitation
assays revealed an interaction between SIRPa with total IGF1R (Figure 5B). To further
validate this interaction between IGF1R and SIRPa, Octet RED384 systems (bio-layer
interferometry) was utilized to assess protein quantities and characterization of kinetics.
Specifically, IGF1R was immunoprecipitated (Figure S3A) from cardiac muscle of flox
CKD mice and the binding kinetics of Fc-tagged-rSIRPa to the IGF1R was identified

via bio-layer interferometry. We concluded that rSIRPa was bound to immunoprecipitated
IGF1R with a kD of 147 uM (Figure 5C, Table S4). Thus, these results indicate that
extracellular SIRPa binding to myocardial IGF1R occurs with a relevant affinity.

Exogenous and Intracellular SIRPa Exacerbates Insulin/IGF1 Receptor Responses

Since SIRPa. communicates distally with peripheral organs (i.e. adipose tissuel2) and
circulating SIRPa. was found in serum of mice and patients with CKD (Figure 1D-E) we
evaluated the effects of extracellular SIRPa on muscle cells. Thus, recombinant SIRPa
(rSIRPa) was introduced to mice and myotubes in order to determine the exogenous
effects of SIRPa on cardiac muscle or myotubes. Specifically, we examined if rSIRPa
influenced insulin resistance and extracellular matrix protein deposition. Flox mice treated
with rSIRPa displayed reduced levels of pAKT and tyrosine phosphorylation of IGF1R in
the cardiac muscle (Figure 6A), as well as impaired intracellular insulin signaling (reduced
pAKT) in gastrocnemius skeletal muscle (GAS), epididymal, and inguinal white adipose
tissues (eWAT and iWAT; Figure S4A). Similarly, in mSIRPa. ™~ mice treated with rSIRPa,,
there was recapitulation of phenotype with reduced levels of pAKT relative to AKT and
pY-IGF1R relative to total IGF1R when compared to control mice treated with diluent
(Figure 6A). Next, myotubes were treated with exogenous rSIRPa for various time points
up to 24 h which led to a reduction in pAKT and pY-IGF1R that persisted at 24 h, along
with an upregulation in fibronectin (Figure 6B). Lastly, SIRPa plasmid overexpression in
C2C12 myoblasts or HL-1 cardiomyocytes led to a reduction in pY-IGF1R and pAKT
compared to GFP control (Figure 6C-D). These results suggest that both exogenous and
endogenous SIRPa. stimulates impaired insulin/IGF-1 receptor signaling activities in both
skeletal muscle cells and cardiomyocytes.

Hyperglycemia or Uremic Toxin Stimulates Myocyte Release of SIRPa

Since mice with CKD display insulin resistance 12 and trigger release of SIRPa into the
circulation (Figure 1D) to counteract activities of the insulin/IGF1R (Figure 5A-B), we
examined whether acute exposure to high levels of glucose or uremic toxin stimulates
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SIRPa expression in myocytes, unrelated to changes in impaired renal clearance of

SIRPa.. Mice with cardiac myocyte-specific SIRPa KO mice (Myh6-Cre, cs-SIRPa ™),
muscle-specific SIRPa KO mice (Mck-Cre, mSIRPa ™~ mice), adipose-specific SIRPa KO
(adiponectin-Cre, AD-SIRPa ™'~ mice) vs. flox mice were each subjected to high glucose

(2 g/kg intraperitoneal every 40 minutes x 3 doses 21). All groups of mice experienced an
average serum glucose level of ~500-600 mg/dL. The responses of flox mice exposed to
high concentrations of glucose stimulated a significant increase in serum SIRPa (~ 4-fold)
when compared to the mice treated with PBS control. AD-SIRPa ™'~ mice displayed ~ 5-fold
increase (Figure S5A). In contrast, mSIRPa ™~ or cs-SIRPa. ™/~ mice injected with high
glucose did not display a significant increase in serum SIRPa.. Additionally, hyperglycemia
induced phosphorylation of AKT in the cardiac muscle and gastrocnemius skeletal muscle of
flox mice (Figure S5B).

Next, C2C12 myotubes were exposed to high glucose media (HG; 25 mM) and compared

to low glucose (LG; 5 mM) treated myotubes. In myotubes exposed to high glucose,

SIRPa increased at 48 h after exposure (Figure 7A). Additionally, these myotubes displayed
impaired IGF1R signaling with reduction in pY-IGF1R (Figure S5C). Subsequently, high
glucose treated myotubes revealed SIRPa secretion into the media after 48 h hyperglycemia
exposure (Figure 7B). Subsequently, HL-1 cardiomyocytes, were also treated with high
glucose media which additionally triggered higher SIRPa expression and a reduction in
pY-IGF1R in cardiomyocytes (Figure 7C, S5D) with SIRPa accumulation in cultured media
at 24 h after hyperglycemia exposure (Figure 7D). The glucose effect was also studied in
adipocytes. Despite a high level of adipocyte SIRPa expression (Figure 7E), high glucose
treated adipocyte media did not display any evidence of SIRPa accumulation in its culture
media (Figure 7F) nor changes in IGF1R activities in adipocytes (Figure S5E).

Finally, since uremia contributes to insulin resistance-induced cachexia and cardiomyopathy
12,15, 25 we utilized p-cresol sulfate (PCS), a well-established uremic toxin, at a dose
previously published to be biologically active in ESRD patients (PCS of 40 ug/mL (212
M), a concentration found in humans with ESRD 1°. HL-1 cardiomyocytes were treated
with uremic toxin, PCS, which stimulated myocardial SIRPa expression with a reduction in
pAKT (Figure S5F). Importantly, SIRPa was noted to be released into the cardiomyocyte
media after PCS treatment (Figure S5G). Taken together these results indicate that both
hyperglycemia or uremia - induced SIRPa release originates from myocytes and are
unrelated to impaired renal clearance.

DISCUSSION

Multiple lines of evidence suggest that SIRPa. is a negative regulator of insulin/IGF1
receptor signaling, a potential myokine, responsible for pathologic myocardial remodeling
and dysfunction. The evidence presented here supports the following: 1) SIRPa is increased
in cardiac muscle in response to CKD. 2) SIRPa knockdown prevents CKD-induced
cardiomyopathy. Specifically, systolic function was preserved in SIRPa Mt mice with CKD
when compared to sham-control mice. Furthermore, global SIRPa KO (SIRPa. Mt) mice
displayed evidence of physiologic hypertrophy with increased cardiac output, trend towards
increased EF% and FS% and no evidence of elevated SBP, fibrosis, collagen deposition, and
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aSMA when compared to WT control mice despite elevations in fibronectin. Importantly,
mSIRPa ™~ mice and csSIRPa ™~ sham mice did not display any evidence of increased
heart size or ECM matrix proteins when compared to littermate flox controls. Additionally,
csSIRPa ™/~ mice were cardio-protected with improved cardiac function vs. littermate
control flox mice despite the presence of CKD. Moreover, previous reports suggest that
aMyHC-Cre mice display evidence of cardiac dysfunction and toxicity by greater than 3
months of age when compared to WT littermate controls 26, however these csSIRPa ™~ mice
subjected to CKD were protected in spite of the multiple stressors (i.e., Cre driver plus
CKD). 3) Furthermore, unlike control mice with CKD, there was no significant evidence

of myocardial fibrosis in SIRPa Mt, mSIRPa™'~ or csSIRPa ™~ mice with CKD. Notably,
these cardiac fibrosis responses in WT mice with CKD were likely unrelated to hypertension
since these mice did not display elevated SBP classically displayed in pressure overload,
with only mild elevations in SBP in control mice with CKD. This is consistent with prior
descriptions that noted no significant increases in blood pressure in the background strain
of C57BL/6 mice 27- 28, 4) Fetal gene activation is a feature of heart failure 23. Here, we
show that heart muscles of control mice with CKD exhibit return to the fetal gene program.
Furthermore, we identified that mSIRPa.™~ or csSIRPa ™~ mice display no significant
elevations in fetal genes when compared to sham control mice despite the presence of CKD.
Therefore, since SIRPa KO mice generally did not display activation of fetal programming,
this suggests that the adult gene program is preserved in these mice. 5) CKD stimulates the
breakdown of muscle proteins via initiation of inflammatory mediators, NF-xB activation
increases SIRPa expression in skeletal muscle 1912, |n fact, CKD stimulates circulating
SIRPa in serum suggesting a potential role for it affecting other organ systems. Our current
proposal extends these findings since stimulation of circulating SIRPa. triggers impaired
myocardial intracellular insulin/IGF1 receptor activities. We explored the potential relevance
in humans, by showing that SIRPa levels are increased in serum of patients with CKD.
Since CKD stimulates SIRPa into circulation, its triggered release from muscle is related
to a potential endocrine or autocrine communication to impair insulin/IGF1R activities.

6) As well, we determined that SIRPa interacts with the IGF1R in ventricular cardiac
muscle. This suggests that if SIRPa is upregulated it may do so to counteract insulin/

IGF1 receptor pathways leading to dysregulation of myocardial muscle metabolism. 7) We
also examined whether hyperglycemia alone, or mediators of CKD (e.g. uremia), increase
circulating SIRPa levels. Interestingly, hyperglycemia raised entry of SIRPa into serum

in flox mice with normal renal function. These results suggest that changes in circulating
SIRPa level were not the result of impaired clearance of SIRPa in flox mice exposed

to hyperglycemia. 8) Additionally, we determined that SIRPa. accumulation in culture
media did not occur when adipocytes were exposed to hyperglycemia despite an increased
endogenous level of SIRPa in these cells. We previously identified that in response to CKD
adipose-specific SIRPa KO displayed higher levels of serum SIRPa 12, This response did
not occur in muscle-specific SIRPa. KO mice with CKD 12, Taken together, our previous
and current results suggest that SIRPa. behaves as a myokine after exposure to either

CKD, uremia or hyperglycemia. 9) Furthermore, in vivo or in vitro exposure of exogenous
SIRPa recombinant protein impaired insulin/IGF1R functions or increased expression of
extracellular matrix proteins (i.e. fibronectin). Finally, these experiments illustrate that

the role of intracellular and extracellular SIRPa activities which converge to behave
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synergistically as an anti-insulin/IGF1 receptor factor. This is relevant because targeting
SIRPa could potentially improve cardiac function in CKD-induced cardiomyopathy or other
metabolic heart diseases associated with insulin resistance-induced cardiomyopathy.

Heart failure is associated with insulin resistance which is accompanied by changes in
myocardial structure and function 2-31, We demonstrate that CKD stimulates interactions
between SIRPa and the IGF1R in cardiac muscle impairing IGF1R functions while
interfering with cardiac function and exacerbating myocardial fibrosis. Specifically, the
IGF1R activation is suppressed (reduction in phosphotyrosines) in CKD. Ling et al.
identified that tyrosine phosphatases (SHP2)-SIRPa were relevant for downstream IGF1/
MAPK signaling in smooth muscle cells 32 but did not demonstrate the interactions of
SIRPa with the IGF1R and its intracellular relevance in insulin/IGF1 receptor signaling
in cardiac muscle. Additionally, Umemori et al. determined that the extracellular domain
of SIRPa was cleaved and released into skeletal muscle cell media in response to cellular
differentiation 33. While Londino et al. determined that inflammation stimulates myeloid
cell cleavage of the SIRPa extracellular domain 34. Further investigations are required to
determine the relationship between transmembrane SIRPa and secretion of extracellular
SIRPa in response to CKD.

We have previously shown a role of SIRPa in promoting insulin resistance in skeletal
muscle and adipose tissues while inducing cachexia in CKD 12, This is now the first report
detailing the role of SIRPa in CKD-induced cardiomyopathy. SIRPa. upregulation in both
skeletal and cardiac muscle in response to CKD is associated with skeletal muscle loss and
cardiomyopathy. SIRPa may play a significant role in the phenomena of cardiac cachexia
syndrome in CKD-induced heart failure. Typically, the syndrome of cardiac cachexia

is associated with elevated sympathetic hormonal activation specifically with high renin-
angiotensin—aldosterone system (RAAS) 3. It remains to be examined if improvements in
insulin signaling along with suppressed RAAS activation are relevant for the protection
against CKD-induced cardiomyopathy in SIRPa KO mice with CKD. In fact, SIRPa Mt
mice displayed a lower aldosterone level when compared to WT mice with or without CKD
(data not shown). Future studies are required to examine the role of RAAS activation in
these mice. Additionally, triggering of intracellular mediators of beta adrenergic receptor
signaling (i.e. PKA activation) occurred in adipose tissue of control mice with CKD but
suppressed in SIRPa. Mt mice with CKD 12, Further studies are required to fully delineate
the link between SIRPa-induced cachexia and heart failure in CKD.

Jiang et al. documented that SIRPa may be protective rather than deleterious in a model of
pressure-overload after aortic banding 6. However, the CKD model (subtotal nephrectomy)
we utilized in WT or SIRPa Mt mice did not induce pressure overload or significant
elevations in systolic blood pressure as seen in aortic constriction 37 (Figure 3C-D). Recent
studies have suggested that secretion of glucose-sensitive myokines can play a critical role

in insulin resistance to promote metabolic derangements. Overexpression of MG53 in mouse
hearts increased circulating levels of MG53 and suppressed insulin responses directly 21,
These results induce worsening cardiovascular complications. Regarding mechanisms for
SIRPa findings, we propose that SIRPa disrupts insulin/IGF1 receptor signaling, potentially
upstream of MG53, while disrupting protective pathways of the insulin/IGF1R signaling by
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tyrosine dephosphorylating these mediators. In this case, tyrosine dephosphorylation of the
insulin receptor and IRS1 may cause IRS1 degradation by the UPS due to its increased
susceptibility to E3 ubiquitin ligases (i.e. MG53). Similarly, myostatin, a muscle-specific
myokine and member of the transforming growth factor-p has been implicated in impairing
insulin signaling leading to muscle wasting 38. Myostatin suppression prevents insulin
resistance while upregulation of myostatin leads to muscle atrophy 38: 39, Suppression

of SIRPa prevents muscle atrophy similar to myostatin inhibition in stress states of

CKD however myostatin does not directly impact tyrosine dephosphorylation of insulin
mediators 3% 40, Additionally, myostatin regulation is differentially regulated in dilated
cardiomyopathy versus ischemic cardiomyopathy in end stage heart failure 41. Moreover,
cardiac activation of the IGF1R was found to be protective against the detrimental

effects of myocardial infarction 42 or diabetes 42 43, therefore SIRPa may play a pivotal
role in diabetic cardiomyopathy. Finally, with mounting evidence for cardiovascular and
reno-protective benefits of the sodium-glucose cotransporter-2 inhibitors (SGLT2i) or the
glucagon-like peptide-1 (GLP1) receptor agonists 4447, further examination of their role in
suppressing circulating SIRPa. in CKD-induced cardiomyopathy may provide insights into
their beneficial effects.

The present study suggests that SIRPa behaves as a possible myokine, released from
muscles into serum in response to uremia or acute hyperglycemia. These stimuli lead

to interactions with SIRPa and the myocardial IGF1R, impairing IGF1R activity while
adversely influencing myocardial function and fibrosis (Figure 8). Both intracellular and
extracellular SIRPa exert biologically synergistic effects on insulin/IGF1 receptor signaling
to impair metabolic homeostasis. Our discovery suggests novel targets for therapies to
potentially prevent CKD-associated heart failure.
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IGF1IR Insulin growth factor-1 receptor
IRS1 Insulin Receptor Substrate 1
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NOVELTY AND SIGNIFICANCE

What Is Known?

. Insulin resistance occurs early in the course of kidney disease.
. Impaired insulin signaling contributes to CKD-induced cardiomyopathy.
. The metabolic milieu in CKD and events occurring in cardiomyocytes

are distinct from events in other diseases. Little is known of the specific
mediators associated with kidney failure that contribute to myocardial
remodeling.

What New Information Does This Article Contribute?

. SIRPa is a myokine secreted from muscles in response to CKD.

. Acute exercise, a model of improved insulin sensitivity, suppresses SIRPa.

. SIRPa inhibits insulin responses in cardiac muscle and other organs.

. CKD stimulates circulating SIRPa to interact with insulin-like growth factor

receptor 1 (IGF1R) to impair myocardial receptor signaling while promoting
maladaptive cardiac remodeling.

SIRPa stimulates insulin resistance in skeletal muscles and adipose tissues which
contribute to CKD-induced cachexia. SIRPa regulation in cardiac muscle and systemic
responses to distant organs are scarcely known. To determine the role of SIRPa on
cardiac remodeling in CKD, we created global, muscle-specific (Mck-Cre) and cardiac-
specific (Myh6-Cre) SIRPa knockout (KO) mice. In SIRPa. KO mice maladaptive
myocardial remodeling was prevented despite the presence of CKD. In addition, SIRPa
was found in circulation in response to CKD, uremia or hyperglycemia which promoted
interactions with myocardial IGF1R to impair insulin/IGF1 receptor signaling in cardiac
muscle. Impaired myocardial insulin signaling was “rescued” in SIRPa. KO mice with
exposure to exogenous SIRPa. These results suggest a novel response to CKD: myokine
SIRPa releases into circulation in response to CKD impairing myocardial insulin/IGF1
receptor signaling while promoting CKD-induced cardiomyopathy.
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Figure 1. CKD induces myocardial SIRPa expression and release into serum.
(A) Blood urea nitrogen (BUN) and creatinine were measured at 10-12 weeks after subtotal

nephrectomy or sham operation in WT and SIRPa. Mt mice with or without CKD. (B)

At week 16 after subtotal nephrectomy, protein lysates of hearts were immunoblotted to
detect SIRPa. and GAPDH and representative immunoblots of averaged data (top panel)
with relative densities of GAPDH (bottom panel) are shown. (C) Immunohistochemistry
staining of antibody against SIRPa. (arrows) from heart sections of WT and SIRPa Mt with
or without CKD (scale bar =25 um) and representative images of averaged data are shown.
(D) Serum from Sham and CKD mice were immunoblotted for SIRPa and representative
immunoblots of averaged data (top panel), with relative densities to total protein (bottom
panel) are shown. (E) Serum was obtained from age-matched, healthy control subjects and
patients with advanced CKD to detect circulating serum levels of SIRPa., representative
immunoblots of averaged data (top panel), with relative densities to total protein (bottom
panel) are shown. Statistical significance was calculated using one-way ANOVA with
Bonferroni's multiple comparisons test (A) and unpaired two-tailed Studen's #test (B, D-E).
Values are means £ SEM. ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 2. Absence of SIRPa prevents cardiac dysfunction in CKD.
(A) At weeks 10-12 after subtotal nephrectomy on normal chow, hearts functions were

evaluated with Doppler echocardiography and M-mode and representative images of the
left ventricle are shown, and (B) ejection fraction %, (C) fractional shortening %, (D)
cardiac output normalized to tibia length (mL/min/mm) were compared in WT and SIRPa
Mt mice with or without CKD. After 10 weeks of subtotal nephrectomy on normal chow,
cardiac-specific SIRPa KO mice (csSIRPa ") were fed a 40% high protein diet for 10

d. (E) Cardiac functions were evaluated by M-mode and representative images of the left
ventricles are shown, and (F) ejection fraction %, (G) fractional shortening %, and (H)
cardiac output normalized to tibia length (mL/min/mm) in SIRPa /!l and csSIRPa ™/~ mice
with CKD were compared. Statistical significance was calculated using one-way ANOVA
with Bonferroni's multiple comparisons test (B-D) and unpaired two-tailed Studen's #test
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(F-H). Values are expressed as means = SEM; *p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.
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Figure 3. Suppressing SIRPa prevents pathologic hypertrophy and inhibits fetal gene expression.
(A) Representative images of hearts and photomicrographs by H&E staining from WT and

SIRPa Mt with or without CKD (left panel). The ratio of heart weight to tibia length (TL)
were measured (right panel). (B) H&E staining of cardiomyocytes and representative images
of averaged data (left panel, scale bar=25 pm) with measured cardiomyocyte area of WT and
SIRPa Mt with or without CKD (right panel) are shown. (C) After subtotal nephrectomy
(post-surgery weeks 6-9), systolic blood pressure (BP) from WT and SIRPa Mt (top panel)
or SIRPafl and cardiac-specific SIRPa KO mice (csSIRPa ™", post-surgery weeks 12-14)
(bottom panel) were measured. (D) Representative images of averaged data are shown

of SIRPaff and csSIRPa ™~ with or without CKD (left panel) and muscle-specific KO
(mSIRPa.~/7) with or without CKD are compared and the ratio of heart weights to tibia
length (TL) (right panel) are shown. (E-G) Relative mMRNA levels of ANP, BNP and fetal
genes were determined by quantitative real time-PCR analysis and normalized relative to
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cyclophilin. Statistical significance was calculated using one-way ANOVA with Bonferroni's
multiple comparisons test (A-F) and unpaired two-tailed Studen's #test (G). Values are
expressed as means + SEM; *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 4. Suppressing SIRPa prevents cardiac fibrosis.
(A) Picrosirius red staining of myocardial sections for fibrosis which include representative

images of averaged data are shown (left panel, scale bar=25 pm) with the fold change for
fibrosis area which were analyzed in the WT and SIRPa Mt with or without CKD (right
panel). After subtotal nephrectomy, heart lysates of (B) WT vs. SIRPa Mt with or without
CKD, (C) muscle-specific KO (mSIRPa ") vs. flox (SIRPaf) with or without CKD

or (D) cardiac-specific KO (csSIRPa /") mice with or without CKD were immunoblotted
to detect fibronectin, a-SMA, PI3K (p85), and pAKT and representative immunoblots

of averaged data (left panel) with relative densities to GAPDH (right panel) are shown.
Statistical significance was calculated using one-way ANOVA with Bonferroni's multiple
comparisons test (A-C) and unpaired two-tailed Studen's #test (D). Values are expressed as
means + SEM; *p<0.05, ** p<0.01, **** p<0.0001.
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Figure 5. SIRPa interacts with the IGF1 Receptor.
(A) After subtotal nephrectomy, heart lysates of flox (SIRPaf/) and skeletal muscle-

specific SIRPa. KO (mSIRPa ") mice with or without CKD were immunoblotted to
detect pY-IGF1R and total IGF1R and representative immunoblots of averaged data

(top panel) with relative densities to total IGF1R (bottom panel) are shown. Statistical
significance was calculated using one-way ANOVA with Bonferroni's multiple comparisons
test (A). Values are expressed as a means £ SEM; ** p<0.01, *** p<0.001. (B) SIRPa
was immunoprecipitated in heart lysates of SIRPaf/fl mice with CKD vs. Sham and
immunoblotted for total IGF1R. (C) In heart lysates of control CKD mice, IGF1R

was immunoprecipitated. The binding response signals and kinetics of recombinant
SIRPa (rSIRPa 2.5 pg/mL) with immunoprecipitated IGF1R are shown (n=3 with serial
concentrations: 1.4, 2.8, 5.6 uM) which were evaluated by bio-layer interferometry, Octet
RED384 platform.
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Figure 6. Both exogenous and intracellular SIRPa exacerbates insulin/IGF1 receptor responses.

(A) Flox (SIRPa./fly and skeletal muscle-specific SIRPa. KO (mSIRPa. /") mice were
treated with recombinant SIRPa protein (rSIRPa, 1 ug/g) or with diluent PBS control

via left ventricular injection which was allowed to circulate for 5 min. Protein lysates of
cardiac muscle were immunoblotted and representative immunoblots of averaged data (left
panel) to detect pAKT relative to AKT and pY-IGF1R relative to IGF1R with densities
(right panel) are shown. (B) C2C12 myotubes were treated with rSIRPa. (1 pg/mL) and

cell lysates were immunoblotted to detect pAKT relative to AKT, fibronectin, relative to
GAPDH and pY-IGF1R relative to IGF1R and representative immunoblots of averaged data
(left panel) are shown. The relative protein densities are shown (right panel). Myocytes

(C) C2C12 myoblasts and (D) HL-1 cardiomyocytes were electroporated with 1.5 g
of GFP or 1.5 ug of SIRPa plasmid, protein lysates from cells were immunoblotted to

detect SIRPa relative to GAPDH, pAKT relative to AKT, pY-IGF1R relative to IGF1R and
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representative immunoblots of averaged data (left panel) with relative densities (right panel)
are shown. Statistical significance was calculated using unpaired two-tailed Studen's f-test
(A-D). Values are means + SEM. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 7. Hyperglycemia induces myocyte release of SIRPa..
(A) C2C12 myotubes cultured in low glucose (LG) media (5 mM) were treated with high

glucose (HG) 25 mM for 48 h. Protein lysates were immunoblotted to detect SIRPa and
GAPDH and representative immunoblots of averaged data (left panel) with relative levels
(right panel) are shown; (B) SIRPa was identified in C2C12 cultured media by immunoblot
and representative immunoblots of averaged data (left panel) with relative levels to total
protein (right panel) are shown. (C) HL-1 cardiomyocytes were cultured in Claycomb
media and treated with high glucose (HG, 90 mM) for 1, 6, 24 h. Protein lysates were
immunoblotted to detect SIRPa and GAPDH and representative immunoblots of averaged
data (left panel) with relative levels (right panel) are shown; (D) SIRPa was identified

in HL-1 cardiomyocyte cultured media and detected by immunoblot and representative
immunoblots of averaged data (left panel) with relative levels to total protein (right panel)
are shown; (E) 3T3-L1 adipocytes were treated with LG media (5 mM) or HG (25 mM) for
48 h. Protein lysates were immunoblotted to detect SIRPa and GAPDH and representative
immunoblots of averaged data (left panel) with relative levels (right panel) are shown; (F)
Adipocyte media was immunaoblotted to detect SIRPa and total protein and representative
immunoblots of averaged data are shown. Statistical significance was calculated using
unpaired two-tailed Studen's ftest (A-E). Values are means + SEM. *p<0.05, ** p<0.01,
*** n<0.001.
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Figure 8. Graphical Abstract:
CKD-induces circulating SIRPa, a myokine, to impair myocardial IGF1R functions by

promoting tyrosine dephosphorylation of the receptor, while inducing myocardial fibrosis
and cardiac dysfunction.
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Animals (in vivo studies)

Species Vendor or Source Background Sex Persistent ID / URL
Strain
SIRPa Mt Riken C157BL/6 M/F | https://knowledge.brc.riken.jp/resource/animal/card?
_Lang_=en&brc_no=RBRC01544
SIRPa tmlc (fI/fl) | Created from C57BL/6 M/F | https://www.mousephenotype.org/data/genes/
tmla(EUCOMM) MGI:108563#order
Myh6 Cre Jackson Labs https://www.jax.org/strain/011038
Mck Cre Jackson Labs https://www.jax.org/strain/006475
Adipoq Cre Jackson Labs https://www.jax.org/strain/028020
Antibodies
Target antigen Vendor or Source | Catalog # Working Lot # Persistent ID / URL
concentration
GAPDH CST 5174 1:2000 D16H11 https://www.cellsignal.com/products/
primary-antibodies/gapdh-d16h11-xp-
rabbit-mab/5174
SIRPa CST 13379 1:1000 D613M https://www.cellsignal.com/product/
productDetail.jsp?productld=13379
SIRPa Santa Cruz Biotech | sc376884 | IP: 4 C-7 https://www.scht.com/p/sirp-alpha-
ug/mg antibody-c-7?requestFrom=search
PAKT (ser 473) CST 4060 1:1000 D9E https://www.cellsignal.com/product/
productDetail.jsp?productld=4060
GLUT4 CST 2213 1:1000 1F8 https://www.cellsignal.com/product/
productDetail.jsp?productld=2213
PI3K CST 4257 1:1000 19H8 https://www.cellsignal.com/product/
productDetail.jsp?productld=4257
pYIGF1R CST 2969 1:1000 19H7 https://www.cellsignal.com/product/
(Tyr1135/1136)/ productDetail.jsp?productld=2969
Insulin Receptor B
(Tyr1150/1151)
Fibronectin Sigma Aldrich F3648 1:3000 Polyclonal | https://www.sigmaaldrich.com/US/en/
product/sigma/f3648
aSMA Sigma Aldrich A5228 1:1000 FN-15 https://www.sigmaaldrich.com/US/en/
produ t/sigma/a5228
IGF1R Santa Cruz sc81464 WB: 1:1000 7G11 https://www.scht.com/p/igf-ir-
Biotechnology IP: 4 antibody-7g11
pg/mg
IGF1IR CST 3027 1:1000 Polyclonal | https://www.cellsignal.com/products/
primary-antibodies/igf-i-receptor-b-
antibody/3027

DNA/cDNA Clones

Clone Name Catalog# Source / Repository Persistent ID / URL
Green fluorescent protein VDC-1040 Lonza https://bioscience.lonza.com/lonza_hs/US/en/
(GFP) plasmid Transfection/p/000000000000191671/
pmaxCloning%E2%84%A2-Vector
SIRPa plasmid cDNA MMM1013- Open Biosystems/ https://www.thermofisher.com/order/genome-database/
9201146 Thermo Fisher details/gene-expression/Mm01268655_g1
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Recombinant Protein

Name | Source/ Repository

Persistent ID / URL

SIRPa R&D Systems

https://www.rndsystems.com/products/recombinant-mouse-sirp-alpha-cd172a-fc-chimera-protein-cf_7154-

sa

Cultured Cells

Name Vendor or Source Sex (F, M, or unknown) Persistent ID / URL
C2C12 | ATCC unknown https://www.atcc.org/products/crl-1772
HL-1 Dr. Jizhong Cheng-Baylor College of Medicine | unknown
3T3-L1 | ATCC unknown https://www.atcc.org/products/cl-173
Reagents

Description Source / Repository Catalog#
Picrosirius Red Stain Kit Polysciences 24901
Rneasy Fibrous Tissue Mini Kit | Qiagen 74704

Rnase-Free Dnase Set Qiagen 79254
iScript cDNA Synthesis Kit Bio-Rad 1708891
iQ SYBR Green Supermix Bio-Rad 1708880
Phosphatase Inhibitor Thermo Fisher Scientific | A32957
Protease Inhibitor Roche A32955
TRIzol Thermo Fisher Scientific | 15596026
RIPA Lysis & Extraction Buffer | G-Biosciences 786-489
Insulin Eli Lilly 0002-8215

Randomization and Blinding

Experimental groups were allocated randomly, and investigators were blinded to group allocation when performing all data collection.
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