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ABSTRACT
Background: Chronic kidney disease (CKD), defined as the persistent and gradual decline in

kidney function, is a common and severe complication of sickle cell disease (SCD). CKD in SCD
is reported in childhood and worsens with age. More than half of adults with SCD over the age of
forty (40) develop CKD, leading to end-stage renal disease. This contributes significantly to 16-
18% of SCD global deaths each year. Acute kidney injury (AKI), the sudden loss of kidney
function, is a major risk factor for developing chronic kidney disease (CKD). In sickle cell disease,
the incidence of AKI is three times higher than in non-sickle cell patients, affecting over 30% of
hospitalized individuals. Again, AKI is a leading cause of early death in critically ill SCD patients.
Despite its significant role in kidney disease, treatment options for AKI in SCD remain limited and

uncertain, posing a significant challenge in its clinical management.

A major driver of kidney injury in SCD is intravascular haemolysis, which releases excess protein-
free heme into circulation, triggering kidney injury through vascular inflammation, endothelial
dysfunction, oxidative stress, and cytotoxicity. Hydroxyurea (HU), the approved SCD-modifying
therapy, partly improves renal function, but its impact on heme-driven kidney injury remains
uncertain and underexplored. There is an urgent need for targeted interventions against heme
driven kidney injury in SCD. Neuregulin-1 (NRG-1), an endothelium-derived peptide with
anti-inflammatory, antioxidant, and cytoprotective properties, holds therapeutic potential in SCD.
It is hypothesized that Neuregulin-1 reduces kidney injury in sickle cell mice by modulating
haemolysis, inflammation and inducing anti-heme cytoprotective factors. This PhD work assessed
the effects of NRG-1 and HU on haemolysis, inflammation, kidney injury, and renal
histopathologic changes in a humanized sickle cell mouse model that mimics clinical features of

SCD.
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Methods: The HbSS-Townes mouse model, developed by Dr. Tim Townes’ laboratory (University
of Alabama, Birmingham), which carries human haemoglobin knock-in genes and develops kidney
injury resembling human disease, was used. Control mice (HbAA), which do not develop the
disease, were also included. Cohorts of twelve-week-old Townes sickle cell (HbSS) and non-sickle
(HbAA) mice (n = 8 per group, sex-matched) were intraperitoneally administered with
recombinant human neuregulin-1 (NRG-1) at doses of 5 pg/kg/day and 25 pg/kg/day; 50 mg/kg
of hydroxyurea (HU) or sterile phosphate-buffered saline (vehicle) for two weeks. Following
treatment with NRG-1, HU or vehicle, blood and urine samples were collected for analysis of
complete blood count, haemolysis markers, and kidney injury biomarkers. Kidney tissue sections
were examined for histopathologic renal changes, and immunohistochemistry was used to assess
the effect of neuregulin-1 on the expression and tissue distribution of heme oxygenase-1, a heme-

degrading enzyme.

Results: HbSS mice exhibited anaemia, leucocytosis, elevated haemolysis (total plasma heme,
lactate dehydrogenase [LDH]), increased urinary kidney injury biomarkers (neutrophil gelatinase-
associated lipocalin [NGAL] and cystatin C), and reduced renal repair biomarkers (clusterin,
epidermal growth factor [EGF]) prior treatment. Urinary levels of NGAL and Cystatin C positively
correlated with total plasma heme (p = 0.98, p < 0.05) and LDH (p = 0.97, p < 0.05) respectively.
Both NRG-1 and HU significantly reduced white blood cell counts, total plasma heme, lactate
dehydrogenase, and pro-inflammatory kidney injury mediators (NRG-1: FN-y, IL-6, CXCL10,
VEGF-A, CCL19, MCP-5; HU: CXCL10, VEGF-A, IFN-y) in HbSS mice. Notably, NRG-1 (25
png/kg/day), like HU, significantly increased circulating fetal haemoglobin containing red blood
cells (F-cells). HU reduced urinary cystatin C and NGAL levels more than NRG-1, whereas

NRG-1 significantly increased urinary clusterin and EGF. HU significantly reduced medullary

XX



congestion, while NRG-1 markedly reduced iron deposition in cortical tubular epithelial cells.
Both treatments reduced glomerular congestion, Bowman’s membrane thickening, tubular brush
border loss, and glomerulosclerosis. NRG-1 enhanced HO-1 expression in HbSS kidneys, whereas
HU had no significant effect on HO-1 expression. ErbB4 was highly expressed in HbSS kidneys

compared to HbAA, suggesting its involvement in kidney protection pathways.

Conclusion: This work provides new insight supporting the exploration of NRG-1 as a targeted
therapeutic agent for kidney injury in SCD. The complementary renoprotective effects observed
with NRG-1 and hydroxyurea support further evaluation of their combined use to improve kidney

outcomes in SCD.
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1.0 CHAPTER ONE: INTRODUCTION
1.1 Background

Sickle cell disease (SCD) is a lifelong genetic disorder affecting approximately eight million
people worldwide, predominantly those of African ancestry (Hegemann et al., 2023; Thomson et
al., 2023). SCD is caused by a single point mutation in the beta-globin gene of haemoglobin (Hb)
on chromosome 11, leading to the formation of sickled red blood cells (Sundd et al., 2019). Two
key characteristics of these sickled cells are their tendency to adhere to one another and/or undergo
haemolysis (Gladwin & Ofori-Acquah, 2014). These cellular abnormalities drive the numerous
clinical complications of SCD, which can affect nearly every organ. While survival rates among
pediatric SCD patients have improved in recent years, multiorgan dysfunction and failure have
become increasingly prevalent in adult patients (Thein & Howard, 2018; Thomson et al., 2023).
This progressive organ damage is a leading cause of early mortality and contributes to the declining
survival rates among adults with SCD (Gardner et al., 2016; Lanzkron et al., 2013; Thomson et
al., 2023). As a result, SCD is now considered a chronic adult illness marked by progressive

multiorgan failure (Vichinsky, 2017).

Chronic kidney disease (CKD), defined as the persistent and gradual decline of kidney function,
is one of the most common and serious complications among SCD patients. More than half of SCD
patients over 40 years old develop CKD, with 10 to 12% progressing to end-stage renal disease
(ESRD) (Roy et al., 2023; Valle et al., 2024). In the United States, a national cohort study of
African Americans with ESRD reported that 25% of these individuals were SCD patients (Olaniran
et al., 2020). This study also reported that mortality rates among SCD patients were twice as high

as those of non-SCD African Americans with ESRD (Olaniran et al., 2020).



Acute kidney injury (AKI), a condition characterized by a sudden decline in kidney function, is a
major risk factor for the development of CKD. Individuals with sickle cell disease (SCD) are two
to three times more likely to develop severe acute kidney injury (AKI) than non-SCD patients with
other medical conditions (Olaniran et al., 2021). Clinical reports show that more than 30% of SCD
patients admitted with vaso-occlusive crises or acute chest syndrome develop AKI (Batte et al.,
2022). SCD-AKI patients experience higher rates of morbidity, hospitalization, and mortality
(Cecchini et al., 2014; McCormick et al., 2020; Nath & Hebbel, 2015). Together, AKI-driven CKD
and ESRD account for 16-18% of deaths among adult SCD patients (Roy et al., 2023). Despite its
critical role in the progression of kidney disease, treatment options for AKI in SCD remain limited
and uncertain, posing a significant challenge in clinical management and underscoring the need
for improved therapeutic strategies. Targeting modifiable risk factors and modulating their effects

may offer opportunities to improve clinical outcomes of AKT in SCD.

Intravascular haemolysis, a life-threatening event where red blood cells break apart within blood
vessels, is a major risk factor for developing kidney injury (Aban et al., 2017; Lebensburger et al.,
2016). Haemolysis releases toxic erythrocyte damage-associated molecular patterns (eDAMPs),
particularly cell-free haemoglobin (Hb) and its breakdown product, protein-free heme, into the
bloodstream (Gladwin & Ofori-Acquah, 2014). When cell-free Hb and protein-free heme are
exposed to the kidneys, they trigger inflammatory and cytotoxic pathways that result in renal injury
(Aban et al., 2017; Avondt et al., 2019; Baddam et al., 2017; Lebensburger et al., 2016; Qian et al.,
2010). Glomerular endothelial cells are particularly vulnerable to heme-mediated damage and
demonstrate an insufficient counteractive response (May et al., 2018). Similarly, podocytes,
specialized cells involved in kidney filtration, suffer oxidative injury and cell death when exposed

to cell-free Hb or protein-free heme (Rubio-Navarro et al., 2018). Podocyte injury or loss disrupts



the renal filtration function and is linked to proteinuria observed in both patients and animal models
(Raij et al., 2016). Renal epithelial tubular cells are the primary targets of Hb and heme
nephrotoxicity. Excessive heme exposure leads to tubular injury, characterized by elevated kidney
injury biomarkers, histopathological changes, and cell death (Ofori-Acquah et al., 2020a).
Preclinical studies have confirmed that circulating haemolytic biomarkers, including cell-free Hb
and heme, drive kidney injury in SCD (Avondt et al., 2019), and clinical data from SCD patients

have established a link between haemolysis and AKI (Olaniran et al., 2020).

SCD patients are especially vulnerable to haemolysis-mediated kidney injury during episodes of
acute haemolysis (Ofori-Acquah et al., 2020a). This vulnerability arises from a dysregulated heme
clearance process, where an unusually high amount of circulating cell-free haemoglobin and heme
is directed to the kidneys instead of the liver (Ofori-Acquah et al., 2020a). This PhD thesis focuses
on modulating the effects of haemolysis and heme in mediating kidney injury in a sickle cell mice

model.



1.2 Problem statement

Acute kidney injury (AKI) leads to a sudden decline in kidney function and increases the risk of
developing long-term loss of kidney function (Leung et al., 2013; Nath & Hebbel, 2015). In sickle
cell disease (SCD), the incidence of AKI is three times higher compared to non-SCD individuals
and is linked to increased mortality in patients admitted to intensive care (Cecchini et al., 2014;
Olaniran et al., 2021). The high burden of poor clinical outcomes and early deaths among SCD-
AKI patients underscores the urgent need for effective therapies and improved clinical

management strategies. (Nath & Hebbel, 2015).

Current treatments for SCD-AKI focus on sickle cell-approved drugs and interventions aimed at
reducing sickling, alleviating vaso-occlusion, improving hydration, and enhancing blood flow to
mitigate symptoms. While these interventions have shown some improvement in kidney function,
their effectiveness against kidney injury remains unclear. Hydroxyurea, an approved SCD drug,
has been shown to improve glomerular filtration rate (GFR), reduce proteinuria, and decrease renal
tubular injury (Bartolucei et al., 2016; Han et al., 2020; Park et al., 2019; Taylor et al., 2019). Also,
prolonged hydroxyurea therapy is associated with adverse effects, including bone marrow
suppression and neutropenia (Lopez Rubio & Argiiello Marina, 2024). Blood transfusion therapy,
another treatment option for acute or chronic SCD complications, has conflicting efficacy reports
and notable adverse effects, limiting its routine use (Alvarez et al., 2006; Lebensburger et al.,
2011). Additionally, angiotensin-converting enzyme (ACE) inhibitors are used to treat
albuminuria/proteinuria in SCD, but they have not demonstrated long-term improvement in renal
outcomes (Quinn et al., 2017; Xie et al., 2016; Yee et al., 2018). Taken together, the optimal
treatment for SCD- kidney injury remains elusive, with current therapies being suboptimal and

associated with adverse effects, underscoring the need for improved treatment options.



Clinical studies have linked AKI in SCD to acute haemolysis which releases cell-free haemoglobin
and excess protein-free heme into circulation (Aban et al.,, 2017; Baddam et al., 2017;
Lebensburger et al., 2016). There is currently no specific drug available to mitigate haemolysis-
induced kidney injury in SCD (Avondt et al., 2019). Identifying a drug that can effectively
attenuate haemolysis-mediated mechanisms may prove beneficial in managing AKI in SCD. Cell-
free haemoglobin and protein-free heme cause kidney injury through pro-inflammatory effects,
oxidative stress, and cytotoxic pathways (Avondt et al., 2019). Therapeutic strategies targeting
these pathways including inflammation, complement activation, oxidative stress, immune cell
trafficking, and cytotoxicity, have shown potential in protecting the kidney (Boutaud & Roberts,

2011; Legendre et al., 2013; Scindia et al., 2015; Ware et al., 2013; Young et al., 2014).

This PhD research repurposed a therapeutic agent that has been shown to mitigate organ damage
in diseases with pathophysiological similarities to SCD's haemolytic environment. Neuregulin-1,
an anti-inflammatory and cytoprotective peptide known to counteract haemolysis and heme-
mediated processes, is investigated as a potential renal protective agent against kidney injury in

sickle cell disease.



1.3 Rationale and Justification

Sickle cell patients are particularly vulnerable to kidney injury due to an acquired deficiency of
the primary heme-scavenging plasma protein, hemopexin (Hx) (Santiago et al., 2018). As a result,
a compensatory mechanism occurs, where the secondary heme scavenging protein, alpha-1-
microglobulin (A1M), preferentially transports heme to the kidneys (Ofori-Acquah et al., 2020a).
Hence, the sickle cell kidney is exposed to excessive levels of cell-free haemoglobin and heme

proteins (Ofori-Acquah et al., 2020a).

Excess protein-free heme induces glomerular endothelial injury by activating proinflammatory
pathways. Heme binds to toll-like receptor 4 (TLR4) on renal endothelial cells, initiating an
inflammatory cascade that increases the production of proinflammatory cytokines, the expression
of adhesion molecules, and the breakdown of the endothelial barrier, ultimately leading to immune
cell infiltration (Belcher et al.; 2014; Wagener et al., 2001). Heme-mediated inflammation and
immune cell infiltration are major contributors to kidney injury (Chen et al., 2020; Daniels et al.,
2021; Imig & Ryan, 2013; Merle et al., 2018; Nath, Vercellotti, et al., 2001; Wagener et al., 2001).
Activation of the renal endothelium is evident in the glomeruli of SCD kidneys, contributing to
glomerular injury (Heimlich et al., 2016; Kasztan et al., 2017; Taylor et al., 2019). Also, increased
levels of proinflammatory cytokines found in the urine of SCD patients are linked to haemolysis
(Cerqueira et al., 2011). Evidence from animal studies shows that targeting heme-induced
pathways protect against glomerular endothelial injury (Avondt et al., 2019), with strategies such
as reducing endothelial activation, oxidative stress, and inflammatory signaling providing potential
renal protection (Belisario et al., 2020; Fujihara et al., 2007; Lin et al., 2021; Nath et al., 2018; Shi

et al., 2017; Taylor et al., 2019).



Heme also induces direct injury within renal tubular epithelial cells and podocytes (Gonzalez-
Michaca et al., 2004; Rubio-Navarro et al., 2018). Cell-free haemoglobin and heme in circulation
are endocytosed by renal epithelial cells via megalin and cubilin receptors. In SCD patients,
excessive uptake is evidenced by iron accumulation in kidney biopsy specimens (Zahr, et al.,
2019). Within tubular epithelial cells, heme activates the inflammasome (NLRP3), oxidative stress

pathways, and caspase-3-mediated cell death (Belcher et al., 2014).

Neutralizing intracellular haemoglobin and A1M-bound heme is crucial for preventing tubular cell
injury and death (Grunenwald et al., 2021). Heme oxygenase-1 (HO-1), an intracellular heme-
degrading enzyme, plays a key role in defending against kidney injury (Grunenwald et al., 2021).
Clinical and animal studies demonstrate that upregulation of HO-1 is protective against heme-
mediated kidney injury in SCD and other haemolytic conditions (Lever et al., 2016; Li et al., 2021;
Nath, 2014; Nath et al., 1992, 2000; Ohta et al., 2000; Shi et al., 2016). Additionally, specific
HMOX-1 promoter alleles that increase HO-1 expression are linked to reduced risk of AKI and
CKD in patients (Saraf et al., 2015a, 2018). Therefore, effective therapeutic induction of HO-1

could protect renal cells from heme-induced toxicity in SCD (Grunenwald et al., 2021).

Neuregulin-1 (NRG-1), an endothelium-derived peptide, is a versatile endogenous signalling
molecule that induces anti-inflammatory and cytoprotective pathways (Cespedes et al., 2018).
Studies have demonstrated the systemic and tissue-protective effects of NRG-1 in various cell
types, tissues, organs, and disease models. NRG-1 treatment reduces proinflammatory responses,
increases anti-inflammatory activity, maintains vascular barrier integrity, reduces endothelial cell
activation, and promotes immune homeostasis (Alizadeh et al., 2018; Dreymueller et al., 2014;
Kang et al., 2019; Liu et al., 2020; Lok et al., 2012; Mencel et al., 2013; Pascual-Gil et al., 2019;

Shahriary et al., 2019; Simmons et al., 2016; Wu et al., 2015; Zhou et al., 2016).



NRG-1 also induces the expression of cytoprotective factors that have antioxidant, anti-apoptotic,
restorative, and regenerative effects (Di Segni et al., 2005; Gauthier et al., 2013; Ji et al., 2017;
Jiang et al., 2016; Kim et al., 2020; Li et al., 2007; Ma et al., 2022; Shahsavani et al., 2021; Xu et
al., 2004; Yoo et al., 2021). NRG-1 acts by activating two key homeostatic pathways, PI3K/AKT

and RAF/MAPK (Cespedes et al., 2018).

Studies administering NRG-1 in mouse models of kidney disease have shown promising results,
with reductions in serum creatinine, proteinuria, urinary tubular injury markers, renal fibrosis, and
glomerulosclerosis (Sarkozy et al., 2023; Vandekerckhove et al., 2016). Furthermore, elevated
serum NRG-1 levels in humans are strongly associated with kidney recovery and improved
survival in patients with dialysis-dependent AKI (Daniels et al., 2021). In experimental models of
heme exposure, NRG-1 mitigates inflammation and prevents cell death. NRG-1 administration
reduces the production of endothelial proinflammatory chemokines (CXCL-1 and CXCL-10),
downregulates expression of adhesion molecules (ICAM-1, E-selectin, and VCAM-1), and
protects against endothelial barrier disruption and immune cell infiltration (Chambliss et al., 2023;
Liuetal., 2018). Harbuzariu et al. (2019) showed that NRG-1 protects brain organoids from heme-
induced cell death and structural disorganization (Harbuzariu et al., 2019). Given its systemic anti-
inflammatory and cytoprotective properties, NRG-1 could protect the kidneys in SCD (Cespedes

etal., 2018).

The relevance of investigating Neuregulin-1 (NRG-1) lies in its translational potential for sickle
cell disease (SCD). NRG-1 therapy is already undergoing clinical trials, where it has been shown
to be safe and effective in reducing myocardial injury following infarction. (Gao et al., 2010;

Jabbour et al., 2011; Xu et al., 2023).



1.4 Aims and Hypotheses

1.4.1 Specific Aim 1
Evaluate the effect of Neuregulin-1 treatment on haemolysis, inflammation, and kidney injury

biomarkers in humanized sickle cell mice.

Hypothesis 1: Neuregulin-1 mitigates kidney injury in Townes sickle cell mice by reducing

haemolysis and inflammation.

1.4.2 Specific Aim 2
Determine the effect of Neuregulin-1 treatment on renal histopathological changes associated with

kidney injury in humanized sickle cell mice.

Hypothesis 2: Neuregulin-1 improves renal histopathologic changes in Townes sickle cell mice

by modulating heme toxicity.

1.4.3 Specific Aim 3
Determine the effect of Neuregulin-1 treatment on renal heme oxygenase-1 expression in

humanized sickle cell mice.

Hypothesis 3: Neuregulin-1 treatment increases the expression and distribution of heme

oxygenase-1 in the kidneys of Townes sickle cell mice.



2.0 CHAPTER TWO: LITERATURE REVIEW
2.1 Sickle cell disease (SCD).

2.1.1 Disease epidemiology and burden.

Sickle cell disease (SCD) is a lifelong genetic disease that was first described in a patient with
symptoms linked to having abnormal red blood cells with a crescent appearance in his blood
(Herrick, 2001, 2014). Following its first report by Dr. James Herrick in 1910, the disease burden
remains a global health problem with high prevalence in sub-Saharan Africa, the Mediterranean,
the Middle East, and India (Thomson et al., 2023). Globally, the total number of sickle cell births
has increased by approximately 13.7% between 2000 and 2021, with an estimated 425,000—
614,000 babies born each year with the disease (Thomson et al., 2023). Africa is home to about
three-quarters of global sickle cell disease new births (Oron et al., 2020). A survey in Africa
reported about 150,000-300,000 sickle cell child deaths before the age of five years (Piel et al.,
2013). Sickle cell disease alone contributes to about one-tenth of Africa’s annual total child
mortality (Kato et al., 2018). The surviving adolescents and adults with sickle cell disease
experience significant disease complications, morbidity, and a high risk of organ failure compared
to non-sickle individuals (Macharia et al., 2018). The number of people living with sickle cell
disease globally is estimated to be 8 million people (Thomson et al., 2023). Mortality burden is
about 400,000 deaths per year, with the highest burden in western and central sub-Saharan Africa
(Thomson et al., 2023). SCD is also present in well-resourced regions, among people of African
Ancestry. The United States has about 100,000 persons affected by the disease, with 1 in every

365 Black or African American births presenting with sickle cell disease (Thomson et al., 2023).
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2.1.2 Genetics of SCD.

SCD is characterized by a person carrying a genetic defect in the gene that makes haemoglobin,
an oxygen-carrying protein in red blood cells (Kato et al., 2018). The haemoglobin protein
comprises a tetrameric combination of two subunits, a-globin, and B-globin subunits. The tetramer
of the native a-globin and -globin subunits form the normal haemoglobin A (Azar & Wong, 2017).
Individuals with sickle cell disease inherit a copy of the mutant -globin subunit from each parent.
(Azar & Wong, 2017; Kato et al., 2018). The p° mutation is the most common of the -globin gene
with an amino acid substitution at codon six [Glu6Val, rs334], giving rise to the sickle haemoglobin
(HbS). Other common mutations of the B-globin gene are B¢ [Glu6Lys], B° thalassemia [no protein
translation], and B" thalassemia [decreased protein translation] (Henderson et al., 2016; Indrak et
al., 2018). SCD genotypes are defined by the combination of at least one HbS mutant and any
other B-globin mutation; thus, it can be genotype HbSS, HbSC, HbSB’ thalassemia, HbB"
thalassemia, and other reported combinations such as HbSD, HbSE, HbSOArab, etc. Sickle cell
anaemia (SCA) or HbSS is the most common genotype, which accounts for the severe forms of
the disease. HbSC is the second most common genotype with a high incidence rate in West Africa.
HbSC is less severe compared to SCA. Among patients of African descent, HbSS constitutes 65-
70% of SCD cases, followed by HbSC (30-35%), and the rest HbSP thalassemia. Individuals
carrying the B allele and the normal B allele are sickle cell trait carriers and not with SCD (Kato

et al., 2018; Piel et al., 2017; Thein et al 2017).
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2.1.3 Clinical complications of SCD.

Clinical outcomes of sickle cell disease are multisystem and can affect every organ in the body.
The basis for disease complication is the altered physical and biochemical state of sickle red blood
cells (Piel et al., 2017). Mutant haemoglobins (HbS, HbC, etc.) undergo polymerization within the
red blood cell under hypoxic conditions. This abnormal biophysical change gives rise to red blood
cell membrane distortions characterized by a sticky surface or fragility to break up (Sundd et al.,
2019). Sticky sickle red blood cells tend to adhere to one another, vascular endothelium, or other
blood cells and get stuck, blocking blood flow to tissues (Moerdler & Manwani, 2018; Puri et al.,
2018). Again, the tendency for these fragile sickle red cells to hemolyze is high, releasing cell-
bound intracellular toxic molecules into vascular space (Kato et al., 2017). A cascade of pathogenic
processes is initiated by haemolysis and vaso-occlusion, including disruption of vascular
endothelial homeostasis, inflammation, nitric oxide deficiency, reperfusion injury, increased
neutrophil adhesiveness, platelet activation, hypercoagulability, and oxidative stress (Moerdler &
Manwani, 2018; Puri et al., 2018; Tran et al., 2017; Zhang et al., 2016). Haemolysis and vaso-
occlusion drive the development of acute and chronic complications. Acute complications are the
common cause of frequent hospitalizations in SCD individuals. Pain in the extremities, bones,
joints, chest, and back are examples of common acute complications (Azar & Wong, 2017).
Chronic complications caused by vessel vasculopathy or prolonged tissue ischemia result in organ
damage and dysfunction. Acute chest syndrome, enlarged spleen, eye problems, gallstones, heart
problems, kidney problems, leg ulcers, priapism, liver problems, stroke, and silent brain injury are
complications that patients experience throughout their life. (Khargekar et al., 2024; Usmani &
Machado, 2018; Vichinsky, 2017). There is however heterogeneity in the clinical presentations of

SCD complications among individuals and between genotypes (Thein, 2017).
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2.1.4 Chronic haemolysis and hyperinflammation in SCD mediates disease complications.

Sickle red blood cells have an unstable cell membrane and are susceptible to breaking up in
hypoxic environments (Vallelian et al., 2022). This releases significant amounts of toxic molecules
into the vascular space (Kato et al., 2017). Haemolytic products, which include cell-free
haemoglobin and its derivative heme, arginase, are cytotoxic molecules within vascular space and
hence referred to as erythrocyte damage-associated molecular patterns (eDAMPs) molecules
(Gladwin & Ofori-Acquah, 2014; Roumenina et al., 2016). eDAMPs are the primary initiators of
pathogenesis in SCD (Gladwin & Ofori-Acquah, 2014) causing deleterious effects in patients
when not sufficiently neutralized (Santiago et al., 2018). The extent of eDAMPs release into
vascular space is associated with SCD severity and organ damage (Shankar et al., 2021; Vallelian
et al., 2022). Cell-free Hb reacts with and depletes nitric oxide (NO), an important vasodilator and
endothelial homeostatic factor (Thomson et al., 2023). Also, arginase reduces plasma arginine
levels, the substrate for NO production (Nader et al., 2021; Ofori-Acquah, 2020). During
haemolysis, cell-free haemoglobin and arginase within the vascular space cause NO depletion,
impaired vasodilation, and endothelial dysfunction (ED). SCD is a vascular disorder where
vasculopathy found in SCD promotes complications and organ damage (Ofori-Acquah, 2020;

Pavan et al., 2024)

Furthermore, heme, a by-product of haemoglobin breakdown, mediates pro-inflammation and
endothelial injury (Roumenina et al., 2016). Protein-free heme acts by binding with the receptor,
Toll-like receptor 4 (TLR4) on endothelial cells (Belcher et al., 2014). Heme-TLR4 activation
mediates downstream signaling via the Nuclear Factor kappa-light-chain-enhancer of activated B
(NF-kB) and NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome
pathways (Belcher et al., 2014; Erdei et al., 2018; Ofori-Acquah, 2020; Salgar et al., 2023). NF-

kB activation increases pro-inflammatory cytokine production, intensifying the inflammatory
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environment within the vascular space (Owusu-Ansah et al., 2016). Endothelial cell activation,
mediated by vascular inflammatory factors, leads to the surface expression of adhesive molecules
E-selectin, P-selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion
molecule-1 (ICAM-1). This causes the recruitment and subsequent abnormal vascular endothelium
adhesive interactions with erythrocytes, platelets, and leukocytes (Mendonga, et al., 2016; Owusu-
Ansah et al., 2016). This gives rise to vaso-occlusion, particularly in microvessels (Guarda et al.,
2017). Vascular dysfunction and endothelial activation are key adverse effects of haemolysis due

to inflammatory pathogenesis (Guarda et al., 2017; Owusu-Ansah et al., 2016).

The generation of reactive oxygen species (ROS) by cell-free haemoglobin and heme also drives
the cytotoxicity of haemolytic products. The buildup of ROS in and outside cells outweighs
antioxidant clearance and leads to oxidative stress. ROS can cause direct vascular endothelial
damage through lipid peroxidation and DNA fragmentation. Hence, oxidative stress further
promotes vascular endothelial activation, inflammation, and injury (Balla & Zarjou, 2021; Martins

& Knapp, 2018).

Several studies have demonstrated the link between excess-free heme and SCD clinical outcomes
such as vaso-occlusive crises, acute chest syndrome, kidney damage, liver damage, brain damage,
and stroke (Adisa et al., 2013; Cardoso et al., 2023; Chonat et al., 2022; Ghosh et al., 2019; Ghosh
& Ofori-Acquah, 2010; Ofori-Acquah et al., 2020; Panda et al., 2019; Runge et al., 2022; Schmidt
et al., 2018; Shankar et al., 2021). Altogether, intravascular haemolysis and eDAMPs trigger
interconnected pathogenic processes which are drivers of SCD clinical outcomes (Ofori-Acquah,

2020).
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2.2 Sickle cell disease kidney injury.
2.2.1 SCD kidney disease burden.

Progressive organ damage and early deaths are common complications among SCD individuals
(Cangado et al., 2023; Njoku et al., 2024). SCD pathophysiology results in organ damage, and the
kidneys are one of the most affected organs (Abbasi et al., 2024). Kidney disease in SCD is
common in both adults and children, with renal manifestations showing up as early as age four (4)
(Zahr et al.,, 2019). The spectrum of SCD renal abnormalities is progressive, with
microalbuminuria being an early sign of dysfunction. Microalbuminuria progresses to reduced
urine concentration ability, impaired tubular acidification, and electrolyte imbalance (Nath &
Hebbel, 2015). Severe proteinuria, hematuria, increased plasma markers of tubular injury, and
changes to the glomerular filtration rate are seen in early adulthood (Ataga et al., 2022; Zahr et al.,
2019). Recurrent episodes of AKI, marked by impaired renal excretory function, is a key risk factor
for the development of CKD and progression to ESRD. CKD is particularly prominent in

adulthood (Roy et al., 2023).

Kidney disease is a significant burden for SCD and is associated with frequent visits and longer
stays at the hospital, expensive cost of care, and eventually death (Kauf et al., 2009; Yeruva et al.,
2016). The incidence of AKI and CKD is 2 to 3 times more common among sickle cell patients
compared to non-sickle individuals. (Olaniran et al., 2021; Yeruva et al., 2016). Altogether, AKI,
CKD, and ESRD contribute to 16—18% of causes of death in SCD (Roy et al., 2023). About two-
thirds (more than 60%) of sickle cell patients with abnormal renal manifestations progress to
developing CKD, and up to 10— 12% end up with ESRD (Zahr & Saraf, 2023). Although newborn
screening and early interventions have improved the survival rates of SCD children (Galadanci et
al., 2024), surviving adolescents and adults are faced with age-related complications. Increasing
cases of kidney diseases are now a significant health issue in this population.
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In Ghana, kidney disease burden among the SCD population shows up in children through to adult
patients (Osei-Yeboah & Rodrigues, 2011). Pediatric cohorts have reported early urinary
abnormalities and the prevalence rises with age, with proteinuria around 26% and CKD near 40%,
highest in HbSS cohorts (Anto et al., 2019; Osei-Yeboah & Rodrigues, 2011). Adult steady-state
cohorts commonly reports microalbuminuria (~33%) and increased early kidney injury biomarkers
(e.g., serum NGAL, fibrinogen-to-albumin ratio)(Twumasi et al., 2025). Clinic-based studies
estimated CKD by reduced eGFR at ~39% overall (~ 68% in adults; ~32% in children). The burden
of SCD kidney diseases in Ghana prompts the need for routine screening and longitudinal renal

function monitoring in Ghanaian SCD care (Ephraim et al., 2015).

2.2.2 Susceptibility to Kidney injury in SCD.
The sickling phenotype of red blood cells leads to two adverse outcomes, namely vaso-occlusion

and haemolysis (Kato et al., 2017). These two are cardinal pathophysiological events that make
patients susceptible to kidney injury compared to non-SCD individuals. Anaemia, an outcome of
intense haemolysis, a common haematological abnormality in SCD, is an independent risk factor
for AKI and predisposes patients to CKD and ERSD (Aban et al., 2017; Baddam et al., 2017;
Lebensburger et al., 2016; McClellan et al., 2012) . Low Hb levels are associated with a high
incidence of AKI. Patients with significantly low Hb during hospital stays develop AKI compared
to those with relatively steady Hb levels (Chaturvedi et al., 2016; Saraf et al., 2018). Severe
anaemia (Hb: 7-9 g/dl) was observed 71% of SCD patients with ERSD compared to 25% of non-

SCD patients with ERSD (McClellan et al., 2012).

Furthermore, anaemia and loss of systemic vascular resistance are common features in SCD

patients at an early age. This leads to increased renal blood flow and a high glomerular filtration
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rate (GFR) (Afangbedji & Jerebtsova, 2022). A high glomerular filtration rate (hyperfiltration) is
associated with the loss of plasma proteins in the urine, a common clinical phenomenon among
SCD children (Audard et al., 2017). Early-stage proteinuria in the form of microalbuminuria (urine
albumin 30-300 mg/g creatinine) increases with age as patients develop macroalbuminuria (urine
albumin >300 mg/g creatinine) as they grow older (Audard et al., 2017; Vazquez et al., 2014). The
prolonged hyperfiltration phenomenon in young patients causes damage to glomerular structures
and predisposes them to develop focal segmental glomerular sclerosis (FSGS). This is a common

histopathological change in kidney biopsies of SCD children (Zahr et al., 2019).

At later stages of disease progression, reduced blood flow caused by vaso-occlusion is evident
within renal blood vessels. Vaso-occlusion reduces blood flow and leads to ischemia. Re-occurring
episodes of ischemia-reperfusion trigger painful crises, a major cause of hospitalization among
patients. Vaso-occlusion also develops fatal cardiopulmonary events like pulmonary hypertension
and acute chest syndrome (ACS) (Sundd et al., 2019). The SCD kidney is vulnerable and has a
substantial risk of developing AKI in situations of underlying lung and heart conditions. Patients
hospitalized for vaso-occlusive crisis and acute chest syndrome have an increased incidence of
suffering AKI. Reports indicate about 14% of adults (Audard et al., 2010), 8% of children with
ACS (Lebensburger et al., 2016), and 49% of children in crisis (Batte et al., 2022) develop AKI.
Moreover, occlusion in renal blood vessels generates reactive oxygen species, increased oxidative
stress, a disruption to the endothelial barrier, mesangial proliferation, and thickening of the

glomerular basement membrane (Afangbedji & Jerebtsova, 2022; Nath & Hebbel, 2015).

Predisposing factors such as infections, rhabdomyolysis, dehydration, and the use of non-steroidal

analgesics have also been implicated in SCD-AKI development (Ataga et al., 2022).
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2.2.3 Haemolysis: a cardinal pathophysiological event that mediates AKI.

Acute Hemolysis
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Diagram modified from Ghosh, Samit. (2022). Kidney Injuries in Sickle Cell Disease. IntechOpen.
doi: 10.5772/intechopen.102839.

Figure 1 Haemolysis is a risk factor for acute kidney injury.

Haemolysis causes the release of excess cell-free Hb and its derivative heme into the bloodstream.
Cell-free Hb and heme bound to A1 M mediate kidney injury when exposed to the major functional
cells of the kidney. Heme triggers inflammatory cascades that cause glomerular endothelial
dysfunction. Endocytosis of Hb dimers and AIM-heme by podocytes and tubular epithelial cells
induce cytotoxic pathways leading to podocyte and tubular cell death. Tubular cell death and/or

glomerular damage develop AKI.
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2.2.4 SCD Kkidneys are disproportionately exposed to haemolytic products.
Intravascular haemolysis, a pathophysiological event in SCD, increases plasma cell-free Hb and

arginase levels. Haptoglobin (Hp) is an endogenous plasma protein that clears cell-free Hb from
circulation for degradation (di Masi et al., 2020). SCD individuals have an acquired deficiency of
haptoglobin (Santiago et al., 2018). Excess cell-free Hb accumulates in the blood due to
insufficient clearance by haptoglobin. Circulating in an oxidative environment, cell-free Hb is
oxidized to methaemoglobin (metHb) and the release of ferric heme (Mandal et al., 2020).
Hemopexin (Hx), a plasma heme scavenger, binds heme to form a Hx-heme complex, which is
transported to the liver for enzymatic degradation by heme oxygenase-1 (HO-1) (Montecinos et
al., 2019). Hemopexin is also deficient in SCD (Santiago et al., 2018). Therefore, the SCD vascular
milieu is characterized by increased circulating excess cell-free Hb and heme levels. A
compensatory secondary heme scavenger, alpha-1 microglobulin (A1M), is elevated when
hemopexin activity is overwhelmed in SCD (Saraf, 2020). Studies have shown the preferential
transport of the A1M-heme complex to the kidney rather than the liver, as in the case of hemopexin
(Larsson et al., 2004; Ofori-Acquah et al., 2020). A high hemopexin-A1M ratio is seen in SCD
patients compared to individuals without haemolytic diseases. This is identified as a risk factor for
AKI. Within the glomerulus, circulating cell-free Hb dimers and A 1M-heme complexes are filtered
through the glomerulus into the renal tubular lumen. An abnormally high level of haemoglobin in
urine is a common clinical manifestation in AKI patients with underlying anaemia or haemolysis

(Deuel et al., 2016).
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2.2.5 Heme-mediated renal tubular injury and cell death.

Acute tubular injury is one primary pathological manifestation of AKI. Within the renal tubular
lumen, filtered Hb dimers and A1M-heme complexes are taken up by renal tubular epithelial cells
(RTECs) using megalin and cubulin receptors (Gonzalez-Michaca et al., 2004). The internalized
Hb dissociates into heme. The degradation of heme within RTECs is critical in mitigating tubular

cell death and subsequent AKI development (Saraf et al., 2018).

The heme-degrading enzyme HO-1 is key in neutralizing the harmful effects of heme in RTECs
(Grunenwald et al., 2021). HO-1 breaks down heme into iron (Fe), carbon monoxide (CO), and
biliverdin, countering heme-mediated pathological outcomes (Lever et al., 2016). Previous studies
have shown that rapid induction and increased activity of HO-1 under haemolytic stress is
protective against kidney injury (Lever et al., 2016; Li et al., 2021; Nath et al., 2000; Nath, 2014).
However, in SCD, the excess heme protein presence within the RTECs can overwhelm activity in
HO-1. Also, carriers of specific polymorphisms in the HO-1 gene (HMOX!) promoter with low

HO-1 expression have a high risk of AKI. (Saraf et al., 2018).

In situations of insufficient heme degradation, as in the case of SCD, excess heme within the
RTECs induces multiple lethal pathways that lead to tubular cell death. Heme induces caspase-3-
mediated apoptosis in RTECs (Gonzalez-Michaca et al., 2004). Also, heme induces the NLRP3
inflammasome pathway, which releases pro-apoptotic factor caspase-1 with subsequent secretion

of pyroptotic pro-inflammatory signals IL-1 beta and IL-18 (Xiong & Zhao, 2024).

Besides damage to RTECs, podocytes, highly differentiated visceral epithelial renal cells, suffer a
similar fate. Podocytes are critical components of the glomerular structure. Podocyte injury is
accompanied by proteinuria and GFR decline. A reduction in GFR clinically defines AKI (Kellum

et al., 2021). One study has shown that podocytes, when exposed to Hb, have increased oxidative
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stress and undergo apoptosis, leading to cell dysfunction (Rubio-Navarro et al., 2018). Focal
segmental glomerulosclerosis (FSGS), a histopathological lesion typical in SCD, arises from

multiple AKI events (Nath & Hebbel, 2015).
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Figure 2 Heme-mediated renal tubular epithelial cell injury.

Haemolysis causes the release of cell-free Hb and heme derivatives. Excess cell-free Hb and heme-
bound alpha-1 microglobulin (AIM) pass through glomerular filtration and are internalized into
renal tubular epithelial cells. Undegraded heme mediates direct or indirect reactive oxygen species
(ROS) activation of apoptotic NLRP3 inflammasome/caspase-1 and caspase-3 pathways. This
leads to tubular cell death and release of .pro-inflammatory IL-1f and IL-18. On the other hand,
heme in the interstitial space binds to its receptor toll-like receptor 4 (TLR4). Heme binding
triggers the NF-kB pathways of pro-inflammatory, oxidative stress, and cell death.
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2.2.6 Heme-mediated renal endothelium injury and cell death.

In SCD, inherent chronic haemolysis, heightened inflammatory milieu, and hypercoagulative state
contribute to endothelial dysfunction (Ofori-Acquah, 2020). Endothelial activation, interaction
with blood components including red blood cells, leucocytes, platelets, cytokines, and reactive
species, injures the endothelium. A breakdown of endothelial barrier and obstruction to blood flow
affects internal organs (Zhang et al., 2016). The etiology of AKI and CKD involves the glomerulus

and intrarenal blood vessels, which are relevant functional structures of the kidney.

Glomerular endothelial dysfunction affects podocytes, which maintain the integrity of the
glomerular molecular sieve barrier. Proteinuria occurs when podocytes are damaged and this is
associated with levels of plasma haemolytic markers and haemoglobinuria in SCD patients (Day

etal., 2012; Hamideh et al., 2014).

Extensive peritubular microvascular congestion and chronic thrombotic microangiopathy are
observed in kidney biopsies of SCD patients. CKD develops by peritubular microvascular
rarefaction, interstitial fibrosis, and tubular atrophy (Bissonnette et al., 2016; Kida et al., 2014;
Lusco et al., 2016). Histopathological changes like rarefaction and interstitial fibrosis are closely
related to endothelial injury in the renal peritubular capillaries (Bébickova et al., 2017).
Endothelial injury to renal peritubular capillaries disruption may also cause a split, leading to

hematuria through extravasation of red blood cells (Ataga et al., 2022).

Heme initiates disruption to the endothelial barrier in various organs, including the kidney (Belcher
et al., 2014; Chen et al., 2024; Ghosh et al., 2012, 2013; James et al., 2020; Meegan et al., 2021;
Santaterra et al., 2020). Heme activates toll-like receptor 4 (TLR4) on endothelial cell surfaces
(Belcher et al., 2014). Heme-TLR4 activation triggers an inflammatory milieu involving increased

production of pro-inflammatory cytokines, vascular permeability, increased expression of
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adhesion molecules, and increased leucocyte infiltration into the interstitial space. (Habib, 2021;
Ma et al., 2019). Endothelin-1(ET-1), generated by endothelial cells under heme or inflammatory
challenge, causes endothelial injury via reactive oxygen species or by reducing nitric oxide
bioavailability (Heimlich et al., 2016). ET-1 mediates podocyte injury in sickle mice by binding
the endothelin A (ETA) receptor. Antagonists to ETA receptor have protective effects on the
glomerulus in SCD mice (Kasztan et al., 2017). A study also observed that damage to the
glomerular endothelium in SCD is associated with increased expression of soluble fms-like
tyrosine kinase 1 (sFLT-1), a splice variant of vascular endothelial growth factor receptor-1
(VEGFRI) (Youssry et al., 2015). sFLT-1 promotes endothelial activation and dysfunction by
blocking vascular endothelial growth factor (VEGF). VEGF maintains endothelial health by

interacting with glomerular endothelium (Ataga et al., 2010; Youssry et al., 2015).

2.2.7 Current management and therapies for sickle cell kidney disease.
Protecting the SCD kidney is critical in facilitating the poor outcomes and early deaths suffered

by patients (Obadina et al., 2023). The optimal treatment for sickle cell nephropathy is still lacking.
Generally, current strategies for improving renal manifestations in SCD include targeting the
underlying disease to reduce haemolytic events, release of Hb into plasma, or attenuating the

damage induced by downstream effects of haecmolysis and vaso-occlusion (Avondt et al., 2019).

Red blood cell (RBC) transfusions are administered for the acute or chronic management of SCD
complications, including kidney injury. RBC transfusions, a whole cell replacement therapy,
reduce the percentage of sickle red blood cells in circulation, improving haemoglobin
concentration and oxygen delivery (Howard, 2016). Chronic RBC transfusions have been shown

to protect against endothelial injury (Hyacinth et al., 2014). In the past, transfusion therapy has
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been used to enhance osmolality and improve urine concentrating ability for SCD children (Audard
et al., 2017). These reports have been supported by recent observations where having chronic
transfusion therapy at early ages is associated with low incidence of microalbuminuria (Alvarez et
al., 2006). However, another study assessing the risk of CKD in children did not find a significant
relationship between blood transfusion and low prevalence of microalbuminuria (Lebensburger et

al., 2011).

Hydroxyurea is currently the standard disease-modifying therapy for sickle cell patients (Thein &
Howard, 2018). Hydroxyurea therapy reduces the frequency of vaso-occlusive crises and pain in
SCD (Lo6pez Rubio & Argiiello Marina, 2024). The mechanism of action of hydroxyurea includes
induction of fetal haemoglobin (HbF) expression, reduction of leucocyte and platelet counts, and
maintenance of nitric oxide bioavailability (McGann & Ware, 2015). Hydroxyurea therapy in a
prospective study with SCA children normalized 44% of patients microalbuminuria excretion
(McKie et al., 2007). Multivariate analyses found a low prevalence of albuminuria among patients
on hydroxyurea therapy (Laurin et al., 2014). Children before the age of ten who are on
hydroxyurea therapy have a low incidence of developing microalbuminuria compared to children
who start therapy after the age of ten (Zahr et al., 2019). Hydroxyurea’s effect on glomerular
filtration rate has been conflicting; however, it has improved urine concentration (Alvarez et al.,
2012; Aygun et al., 2013). Hydroxyurea’s renoprotective effects are still not clear. More studies
are needed to establish its role in protecting SCD kidney health. There are ongoing trials evaluating
the protective effects of recently approved SCD drugs like crizanlizumab on kidney function

among patients (Obadina et al., 2023).

Angiotensin converting enzyme inhibitors (ACE-inhibitors) have been used conventionally in

treating albuminuria/proteinuria conditions and CKD (Xie et al., 2016). ACE inhibitors vasodilate
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efferent arterioles to help decrease glomerular pressure. ACE inhibitors are widely used in treating
sickle cell nephropathy to control albuminuria. For example, ACE-inhibitors lisinopril treatment
among cohorts of SCD patients was found to decrease proteinuria significantly (Aleem et al.,
2023). Also, the use of ACE-inhibitor losartan in SCD patients with albuminuria had positive
outcomes of reducing albuminuria and stabilizing GRF (Quinn et al., 2017; Yee et al., 2018).
Testing for the synergistic protective effect of ACE inhibitors and SCD-related therapies has been

proposed (Obadina et al., 2023).

Emerging therapies like Endothelin (ET)-1 antagonists have been investigated in sickle cell mice
models (Kasztan et al., 2017) and are currently being evaluated in a phase I trial (NCT02712346)
in SCD. ET-1 is a peptide that binds its receptor Endothelin A (ETA) to trigger pro-inflammatory,
vasoconstriction, and pain in SCD. Increased serum ET-1 expression and urinary excretion are
seen in SCD patients, positively correlating with the urinary albumin-creatinine ratio (Ataga et al.,
2016). Overall, current approaches to managing sickle cell nephropathy and potential drugs in

trials have yet to be shown to be fully effective.
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2.2.8 Future research perspectives in mitigating haemolysis-mediated kidney injury and
disease.

Clinical data and animal studies emphasize the link between haemolysis, the damaging role of
heme and cell-free Hb, and kidney injury. However, the precise mechanisms of this association
have not been established. Mechanistic studies are encouraged to help develop targeted therapies

in the future.

Infiltration and accumulation of leucocytes and platelets are common in SCD kidneys.
Understanding the mechanisms that interactions of blood cells with renal endothelium lead to AKI

and CKD is of importance to research (Ataga et al., 2016; Sarakpi et al., 2023).

Again, podocytes maintain glomerular endothelial integrity via intra- and intercellular signaling.
Attenuating podocyte injury as a strategy to maintain glomerular integrity is yet to be fully

explored (Jiang et al., 2024; Rubio-Navarro et al., 2018).

Heme mediates multiple lethal pathways by activating TLR4, of which their role in SCD kidney
injury is unknown. The role of heme-mediated activation of the inflammasome and subsequent
induction of AKI still lacks clarity. Again, future studies should delineate relevant biomarkers
involved in heme signaling that are critical to the development of AKI (Jana et al., 2022).
Identifying specific biomarkers involved in the transition of AKI to CKD is warranted for

developing therapeutics to protect patients from progressive renal complications.

Heme oxygenase-1 (HO-1) role in neutralizing heme is clearly defined (Lever et al., 2016).
However, the mechanism of cellular induction and regulation of HO-1 during AKI events in SCD
is limited (Nath & Agarwal, 2020). To guide future therapeutic development, further studies are

needed to establish the role of HO-1in SCD kidneys.
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2.3 Neuregulin-1; a signaling molecule that mediates anti-inflammatory and
cytoprotective pathways.

2.3.1 Neuregulin-1.
Neuregulin-1 (NRG-1), a signaling molecule, belongs to the family of epidermal growth factors

(EGF), including Neuregulin-2, Neuregulin-3, and Neuregulin-4 (Cespedes et al., 2018). The
human NRGI gene, located on chromosome 8, makes multiple isoforms through alternative
splicing (Shi & Bergson, 2020). NRG-1 a and B isoforms are the two main isoforms containing
common amino-terminal segments, but distinct o or B variant sequences in their EGF-like domains

(Cespedes et al., 2018).

NRG-1 is primarily expressed by endothelial cells in response to several stimuli, such as
inflammatory insult, oxidative stress, tissue injury, and cell damage (Noll et al., 2024). Other cell
types including neurons, Schwann cells, cardiomyocytes, skeletal muscle cells, and epithelial cells
have all been reported to express NRG-1. The physiological role of NRG-1 is diverse, including
vascular homeostasis, nerve development, cardiac repair, muscle function, and breast
development, among others. The homeostatic role of NRG-1 in both human and animal studies

highlights its beneficial role in maintaining homeostasis (Cespedes et al., 2018; Wang et al., 2022).

2.3.2 Neuregulin-1 signaling.
In response to inflammatory insult, oxidative stress, tissue injury, and cell damage, NRG-1 is

released by endothelial cells to function as a paracrine or autocrine response factor. Neuregulin-1
acts through binding and activating the epidermal growth factor family of receptor tyrosine kinases
(EGFR), specifically Erb-b2 receptor tyrosine kinase 4 (ErbB4) and Erb-b2 receptor tyrosine
kinase 3 (ErbB3). NRG-1-receptor interaction triggers homodimerization of two ErbB4 receptors
or heterodimerization of ErbB2 with ErbB4 (ErbB4/2) or ErbB3 (ErbB3/2). Activation of its

receptor drives downstream signaling pathways that modulate inflammation, oxidative stress, cell
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differentiation, proliferation, survival, and cell death (Cespedes et al., 2018; Li et al., 2011; Ou et

al., 2021).

ErbB4:ErbB4 homodimers or ErbB2:3, ErbB2:4 heterodimers upon activation, trans or auto
phosphorylate tyrosine residues in their cytoplasmic tail, which become docking sites for
downstream signaling molecules. NRG-1 activates two important downstream homeostatic
pathways, namely Phosphoinositide 3-kinases (PI3K)/Protein Kinase B (AKT) and Rapidly
Accelerated Fibrosarcoma/Mitogen-Activated Protein Kinases (RAF/MAP) pathways (Borg et al.,
2000; Citri et al., 2004; Xu et al., 2001, 2005). This triggers downstream anti-inflammatory,

antioxidant, and survival mechanisms that define its protective function.

2.3.3 Anti-inflammatory effects of neuregulin-1.
The anti-inflammatory role of NRG-1 has been explored in different organs, specific cell types,

and disease models. Table | summarizes studies demonstrating its ability to prevent pro-

inflammatory responses in haemolytic, ischemic, and other conditions.

2.3.4 Antioxidant and cytoprotective function of NRG-1.
The cytoprotective role of NRG-1 is evident in several studies where NRG-1 promotes cell

survival in different in vitro and in vivo disease models. Table 2 summarizes studies reporting on

the pro-survival functions of NRG-1.
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Table 1 Neuregulin-1 treatment activates multiple anti-inflammatory pathways.

Disease
condition/model

Method

Mechanism

Outcome

Reference

Cerebrovascular

Blood-brain barrier

(BBB) 1. In vitro: Cytokine-induced BBB | Permeability (Lok et al., 2012)
disruption/injury disruption - rat brain microvascular
cells pre-treated with NRG-1 and
incubated with inflammatory
cytokine IL-1p.
2. In vitro: Heme and ischemia- Increased ErbB4 expression | | Pro-inflammation (CXCL-1, (Chambliss et al.,
induced BBB inflammation: human CXCL-10) 2023)
brain microvascular cells and | Adhesion (ICAM-1, VCAM-
astrocytes pretreated with NRG-1 1)
under ischemic stress or heme | Angiogenesis (VEGF-A)
challenge.
3. In vitro: Cytokine-induced | Adhesion (E-selectin, VCAM- | (Wuetal., 2015)
endothelial injury - human brain 1, neutrophils)
microvascular endothelial cells
(BMEC:s) treated with IL-1f and co-
incubated with NRG-1.
4. In vitro: Oxygen-glucose | Pro-inflammation (TNF-q, IL- | (Wang et al.,
deprivation (OGD) stress on 1B) 2012)
astrocytes — NRG-1 treatment under
OGD.
Neuroinflammation 1. In vitro: Lipopolysaccharide Increased ErbB4 expression | | I Pro-inflammation (TNF-a, (Mencel et al.,

(LPS)-induced microglia
inflammation - murine microglial
cell line treated NRG-1 and LPS

IL-6)

2013)
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2. In vitro: Cytokine-induced
microglia inflammation - Primary
cerebral cortex microglial cells from
mice were treated with [FN-y, TNF-
o, and NRG-1

3. In vitro; LPS-induced microglia
inflammation - murine microglial
cell line treated NRG-1 and LPS

4. In vitro; Amyloid Beta Peptide
(AB)-stimulated microglia
inflammation - BV2 microglial cell
line treated with A and NRG-1

5. In vivo: Hippocampal
inflammation in rats treated with
NRG-1

6. In vivo: Neuroinflammation
induced in mouse cerebellum via
LPS injection with NRG-1

7. In vivo; Neurotoxin-mediated
inflammation on rat brain — NRG-1
treatment in rats following
neurotoxin
diisopropylflurophosphate (DFP)
intoxication

Inhibits NF-kB signaling
pathways

Inhibits NF-kB signaling
pathways

Increased ErbB4 activation
ErbB4/ TACE/ADAM17
activation

Activates ErbB4/PI13/AKT
signaling

| Pro-inflammation (TNF-a, IL-
6, CD86)
1 Phagocytosis

| Pro-inflammation (TNF-a, IL-
6)

| Pro-inflammation (TNF-a,
iNOS)

Anti-inflammatory phenotype
switch (M1 to M2)

| Pro-inflammation (IL-1a,
TNF-o0, IL-6, IL-33, GM-CSF,
CCL-2, IFN-y)

| Pro-inflammation (Iba-1,
GFAP, IL1-p and TNFa..)

Suppressed microglial activation
| Pro-inflammation (IL-18, IL-
6)

(Shahriary et al.,
2019)

(Simmons et al.,

2016a)

(Ma et al., 2022)

(Vega-Torres et

al., 2022)

(Xuetal., 2017)

(Li et al., 2015)

Ischemic stroke

In vivo: Ischemia-induced
inflammatory responses - Injection
of rats with NRG-1 before middle
cerebral artery occlusion.

Prevents microglial infiltration
and activation

| Pro-inflammation (IL-1p,
HSP70, MCP-1)

(Xu et al., 2005)
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Cardiovascular

Cardiac endothelial In vivo: Sepsis-induced loss of Inhibits the activation of | Cardiac vascular permeability | (Kang et al.,
barrier loss/ endothelial barrier — LPS RhoA/ROCK signaling (VWF) 2019)
dysfunction administered to rats to induce sepsis | Endothelial activation (ICAM-
with NRG-1 treatment. 1, VEGF)
| Pro-inflammation (TNF-a, IL-
6)
Septic cardiomyopathy | In vivo: Sepsis-induced myocardial | Pro-inflammation in (Zhou et al.,
injury - cecal ligation and puncture myocardium 2016)
model septic rats treated with NRG- (Interstitial edema,
1 inflammatory cell infiltration,
MIF, and Ang II)
| Pro-inflammation in serum
(TNF-alpha, IL-1p, and IL-6)
Immunomodulation
Macrophage anti- 1. In vitro; Reparative inflammatory 1 Regenerative phenotype (Pascual-Gil et
inflammatory response — Macrophage treated with (CD206+ cells) al., 2019)
phenotype polarization | NRG-1 microparticles | Inflammatory phenotype (B7-
2+ cells)
2. In vitro;, NRG-1
immunomodulatory effect - U937 | Pro-inflammatory and stress (Xu et al., 2004)
monocytic cells were activated by gene expression (COX-2)
incubation with PMA and treated
with NRG-1
3. Ex vivo; NRG-1 ErbB3/PI3K signaling | Pro-inflammation (TNF-a) (Ryzhov et al.,
immunomodulatory effect — 2017)

PBMNCs from subjects with heart
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failure cultured with LPS and NRG-
1

Adaptive immunity In vivo; NRG-1 effects on adaptive | NF-xB pathway inhibition Stimulated a regulatory (Alizadeh et al.,
regulatory phenotype immunity response following injury phenotype in T and B cells (Treg | 2018)
polarization in rats - - cells, Breg cells)

1 Anti-inflammatory (CXCL-

10)
Others

Sepsis-induced
diaphragm dysfunction

In vivo; Sepsis-induced diaphragm
dysfunction - caecal ligation and
puncture model of sepsis in rats
treated with NRG-1

PI3K-Akt Signaling
enhanced

| Pro-inflammation (CXCL8
and IL-6)

(Liu et al., 2020)

Pulmonary
inflammation

In vivo: Inflammation-induced lung
injury — acid-induced pulmonary
inflammation

ErbB4/ADAM17 activation

| Pro-inflammation (TNF-a, IL-
1B, and IL-6)

(Dreymueller et
al., 2014)

Abbreviations: BBB - Blood-brain barrier; IL-1p - Interleukin-1 beta;, BMECs - Human brain microvascular endothelial cells;, OGD -
Oxygen-glucose deprivation;, LPS - Lipopolysaccharide; IFN-y - Interferon-gamma, Af - Amyloid Beta Peptide; DFP -
Diisopropylfluorophosphate; ErbB4 - Erb-B2 receptor tyrosine kinase 4, NF-kB - Nuclear factor kappa-light-chain-enhancer of activated B
cells; TACE/ADAM17 - Tumor necrosis factor-alpha converting enzyme / A disintegrin and metalloproteinase domain 17; PI3K/AKT -
Phosphoinositide 3-kinase / Protein kinase B; CXCL-1 - C-X-C motif chemokine ligand 1; CXCL-10 - C-X-C motif chemokine ligand 10;
ICAM-1 - Intercellular adhesion molecule 1; VCAM-1 - Vascular cell adhesion molecule 1; VEGF-A - Vascular endothelial growth factor A;
TNF - Tumor necrosis factor; IL-6 - Interleukin 6, CD86 - Cluster of Differentiation 86, iNOS - Inducible nitric oxide synthase; M1 -
Classically activated macrophages (pro-inflammatory); M2 - Alternatively activated macrophages (anti-inflammatory),; IL-33 - Interleukin
33, GM-CSF - Granulocyte-macrophage colony-stimulating factor, CCL-2 - C-C motif chemokine ligand 2; MCP-1 - Monocyte
chemoattractant protein 1 (another name for CCL-2); HSP70 - Heat shock protein 70; ZO-1 - Zonula occludens-1; Bax - Bcl-2-associated X
protein; Bcl-2 - B-cell lymphoma 2; vWF - von Willebrand factor; MIF - Macrophage Migration Inhibitory Factor; Ang Il - Angiotensin II;
PMA - Phorbol 12-myristate 13-acetate; COX-2: Cyclooxygenase-2; PBMNCs - Peripheral blood mononuclear cells. 1 - Increase; |-

Decrease.
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Table 2 Neuregulin-1 treatment activates multiple antioxidant and cell survival pathways.

Disease Method Mechanism Outcome Reference
condition/model
Cerebrovascular
Blood-brain barrier 1. In vitro: Heme-induced BBB | Apoptosis (Chambliss et al.,
(BBB) disruption/injury | dysfunction - human brain Attenuate tight junction 2023; Liu et al.,
microvascular endothelial disruption (1 Claudin 5, 2018)
(hCMEC/D3) and human Occludin, ZO-1)
neuroglial cells/astrocytes (M059
K) cells co-culture with NRG-1 and
heme or CXCL10
2. In vivo; experimental cerebral | Mortality (Liu et al., 2018)
malaria (ECM) model (Plasmodium | ErbB4 phosphorylation
berghei ANKA in C57BL/6) treated | AKT activation
with NRG-1 STAT3 inactivation
Neurotoxicity/Oxidative | 1./n vitro; Neuronal damage caused | Inhibits NF-kB signaling | Apoptosis (Bax) (Ma et al., 2022)

injury

by activated immune cells - SH-
SYS5Y cells cultured with activated
BV2 microglia and NRG-1

2. In vitro,; Oxidative stress-induced
neuronal injury - Primary mouse
neurons were treated with H2O; or
LPS or CoCl: or oxygen-glucose
deprivation and with NRG-1

3. In vitro; Neuronal death induced
by neurotoxins - PC12 cells treated
with AB or MPP+ and NRG-1

pathways

Activates ErbB3/PI3/AKT
signaling
Inhibits NF-kB signaling

Activation of
PI3K/PKB/Akt and PKC

| Apoptosis (caspase 3)

1 Anti-apoptosis (ratio of
Bcl2/Bax, Bcel-XL)

| Lactate dehydrogenase

1 Antioxidants (SOD, GPx-1)

1 Antiapoptotic protein BelxL
| Proapoptotic protein Bax

(Jiang et al., 2016;
Kim et al., 2020a;
Leeetal., 2019;
Luetal., 2016;
Xuetal., 2017)

(D1 Segni et al.,
2005)
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4. In vivo; Injury mediated neuronal
cell death - clip-compression model
of spinal cord injured rats were
treated with NRG-1

5. In vitro; Amyloid precursor
protein-related Neurotoxicity -
Primary cortical neuronal cells
treated with AP and NRG-1

6. In vitro: Oxidative stress-induced
neuronal injury - N9 microglial
cells treated with phorbol 12-
myristate 3-acetate (PMA) with
NRG-1

MAP kinase and AKT
pathways

ErbB4 signaling.

| Apoptosis (cleaved caspases
3,8 and 9)

| Neuronal injury (HMGBI,
E06, 4-HNE)

| Lactate dehydrogenase

| Apoptosis (caspase-3
activation)

1 Anti-apoptotic protein (Bcl-2)

| Oxidative burst activity and
nitrite release
Protects against cell death

(Shahsavani et al.,
2021)

(Cuietal., 2013;
Woo et al., 2012;
Yoo et al., 2021)

(Dimayuga et al.,
2003)

Haemolytic brain

In vitro Heme-induced cortical

ErbB4 activation

Improves structural

(Harbuzariu et al.,

injury/cell death brain injury - human brain cortical disorganization 2019)
organoids treated with heme Reduced cell death (apoptosis,
combined with NRG-1 necrosis)

Neurodegeneration 1. In vivo; Injury induced ErbB-receptor signaling 1 New oligodendrocytes and (Gauthier et al.,

degeneration of oligodendrocytes -
Spinal cord injury rat models
treated with NRG-1

preservation of existing ones
1 Axonal preservation

| Astrogliosis

| Tissue degeneration

2013)
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2. In vivo: Effect of NRG-1 on
neuronal proliferation and survival
— NRG-1 was delivered into the
developing rat brain.

Promote oligodendrocyte
survival
Reduced apoptosis

(Fernandez et al.,
2000)

Ischemia-reperfusion
brain injury/cell death

1. In vivo: Ischemia-induced
neuronal damage, Injection of

Decrease in JNK signaling
activity.

Reduced abnormal
morphological structures

(Jietal., 2017; Li
et al., 2007; Xu et

NRG-1 before middle cerebral Reduced infarct volume al., 2004)
artery occlusion models in rats Reduced apoptosis
Cardiovascular
Myocardial 1.In vivo, Sepsis-induced Inhibits the activation of Reduced apoptosis (Kang et al.,
injury/damage myocardial damage — LPS RhoA/ROCK signaling 2019)
administered to rats to induce sepsis
with NRG-1 treatment.
2.In vitro; Oxidative injury on ErbB-PI3K/Akt signaling Reduced apoptosis (Jieetal., 2012;
cardiomyocytes — Human cardiac Reduce endoplasmic reticulum | Xu et al., 2014)
myocytes and neonatal rat cardiac stress
myocytes exposed to HoO, with | Lactate dehydrogenase
oNRG-1 1 Antioxidant (SOD)
3. In vivo; Myocardial infarction -
rat model of heart model induced |Reactive oxygen species (Guo et al., 2012)
by myocardial infarction treated 1 Antioxidant (GPx-1)
with NRG-1
Cardiotoxicity In vitro; Doxorubicin (Dox)- PI3K/Akt pathway Reduced autophagy (LC3-II (Anetal., 2013;

induced cardiotoxicity — rat
myocytes treated with doxorubicin
and NRG-1

and Beclin 1)
1 Anti-apoptosis (Bcl-2)

Horie et al., 2010;
Parry et al., 2017;
Timolati et al.,
2006)
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Ischemic cardiac injury

1.In vitro; Hypoxia-reoxygenation
(H/R). cardiac injury - myocyte
cells cultured under conditions of
H/R and NRG-1 expression

2.1n vivo, Myocardial ischemia-
reperfusion injury — rat model of
ischemia-reperfusion injury treated
with NRG-1

ERK1/2

Reduced apoptosis

Reduced myocardial infarct
size

| Oxidative stress (NOX4, 4-
HNE)

Inhibit NLRP3/caspase-1

(Hedhli et al.,
2012)

(Wang et al.,
2021)

Microvascular In vitro; Homocysteine (Hcy) Notch signaling pathway Reduced apoptosis (Caspase-3) | (Qin et al., 2023)
dysfunction induced microvascular dysfunction 1 Anti-apoptosis (Bcl-2/Bax

— Rat cardiac microvascular ratio)

endothelial cells treated with Hey

and NRG-1
Others

Ovarian Granulosa Cell
Survival

In vitro: Protein kinase C inhibitor
staurosporine (STS) induced cell
death on Granulosa Cell in the
presence of NRG-1

Reduced apoptosis (Caspase-3)
1 Anti-apoptosis (Bcl-2/Bax
ratio)

(Chowdhury et al.,
2017)

Abbreviations: BBB - Blood-brain barrier;, BMECs - Human brain microvascular endothelial cells; ErbB4 - Erb-B2 receptor tyrosine kinase
4; NF-kB - Nuclear factor kappa-light-chain-enhancer of activated B cells; PISK/AKT - Phosphoinositide 3-kinase / Protein kinase B; ZO-1

- Zonula occludens-1; Bax - Bcl-2-associated X protein; Bel-2 - B-cell lymphoma 2; Bel-XL - B-cell lymphoma-extra large; STAT3 - Signal

transducer and activator of transcription 3. Af - Amyloid Beta Peptide; PKC - Protein kinase C; MPP+ - methyl-4-phenylpyridinium ion
(MPP+); HMGBI - High mobility group box 1; E06 - Anti-oxidized low-density lipoprotein antibody E06; 4-HNE - 4-Hydroxynonenal; JNK

- ¢-Jun N-terminal kinase; LC3-II - microtubule-associated protein 1A/1B-light chain 3-1I; Hcy — Homocysteine; H/R - Hypoxia-
reoxygenation, PMA - phorbol 12-myristate 3-acetate; SOD - Superoxide Dismutase; GPx-1 — Glutathione Peroxidase-1; NOX4 - NADPH

Oxidase 4; NLRP3 - NOD-like Receptor Pyrin Domain-Containing 3. 1 - Increase, |- Decrease.
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2.4 Proposing Neuregulin-1 (NRG-1) as a therapeutic drug to mitigate haemolysis-
mediated Kidney injury in sickle Cell Disease.

The mechanism of action employed by NRG-1 in attenuating inflammation, oxidative stress, and
cell death is through activation of ErbB4/(PI3K-Akt) or ErbB4/(/MAPK-Erkl1/2) signaling
pathways (Figure 3) (Brero et al., 2010; Chambliss et al., 2023; Di Segni et al., 2005, 2006; Giraud
et al., 2005; Goldshmit et al., 2001; Jiang et al., 2016; Li et al., 2001; Liu et al., 2020; Liu et al.,
2018; Modol-Caballero et al., 2018; Shahsavani et al., 2021;Wang et al., 2021; Xu et al., 2017;
Yan et al., 2017; Yang et al., 2016; Yoo et al., 2021). Park (2021) demonstrated that NRG-1
through activation of ErbB4/(PI3K-Akt) or ErbB4/(MAPK-Erk1/2) signaling pathways triggers
the nuclear translocation of nuclear factor erythroid 2 related factor 2 (Nrf2) (Figure 2). Nrf2 is a
master homeostatic transcription factor whose downstream activity is critical for host cells’ defense
against oxidative and inflammatory damage (Park et al., 2021). NRG-1 signaling activity has been
shown to upregulate relevant host defense factors that are typically downstream of activated Nrf2
functions; and this confirms that NRG-1 is a potent activator of Nrf2. Inhibition of the NF-xB
pathway (Ma et al., 2022; Simmons et al., 2016), blocking the NLRP3/caspase-1 pathway (Wang
et al., 2021), upregulating antioxidant enzymes (SOD, GPx) (Guo et al., 2012; Kim et al., 2020),
promoting cell survival (Di Segni et al., 2005; Li et al., 2001; Ma et al., 2022; Wang et al., 2015;
Woo et al., 2012; Xu et al., 2017), inhibiting caspase 3 cleaving (Kim et al., 2020; Wang et al.,
2015; Woo et al., 2012; Yan et al., 2017; Yoo et al., 2021) are all downstream effects of NRG-1

signalling (Figure 3).

Nrf2 binds to the transcriptional regulatory enhancer sequence known as the antioxidant response
elements (ARE). The antioxidant response element (ARE) is a DNA sequence responsible for
regulating the expression of cytoprotective proteins that are antioxidant, anti-inflammatory, anti-

apoptotic and pro-survival including heme oxygenase-1 (HMOXI) and NAD(P)H quinone
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oxidoreductase 1 (NQOI) (Aranda-Rivera et al., 2022; Chen, 2022; Dodson et al., 2022; Farina et
al., 2021; Bardallo et al., 2022; Murakami et al., 2023; Nezu & Suzuki, 2020; Piotrowska et al.,

2021; Wang & He, 2022; Zgorzynska et al., 2021; Zhou et al., 2022).

The role of nuclear factor erythroid two related factor 2 (Nrf2) in sickle cell disease has been of
interest in recent decades. (Belcher et al., 2017; Doss et al., 2016; Ghosh et al., 2011, 2016, 2018;
Keleku-Lukwete et al., 2015, 2019; Li et al., 2019; Macari & Lowrey, 2011; Panda et al., 2019;
Zhu et al., 2018, 2019). Studies have shown Nfr2 dual protective function in SCD. First, Nrf2 is
counteracts the downstream effects of SCD disease mechanisms. Also, Nrf2 can induce fetal
haemoglobin (HbF) expression, an important therapeutic target for SCD management (Li et al.,

2019; Zhu et al., 2019).

Fetal haemoglobin induction inhibits HbS polymerization in hypoxic conditions, reducing sickling

and subsequent vasocclusion and haemolysis (Steinberg, 2020).

Nrf2 activation by various agents in SCD murine models increased haecmoglobin F (HbF) in
circulating red blood cells (Krishnamoorthy et al., 2017), reduced blood white blood cell count
(Doss et al., 2016), oxidative stress (Panda et al., 2019) and vascular stasis (Belcher et al., 2017).
At the tissue level, reduced liver inflammation and injury (Keleku-Lukwete et al., 2019), reduced
liver iron deposition and damage (Panda et al., 2019), improved lung injury (Ghosh et al., 2018),

improved renal function (Doss et al., 2016) were observed when Nrf2 is activated.
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2.5 Conclusion.
Chambliss et al. (2023) recently quantified NRG-1 levels in SCD children and mouse models.

NRG-1 levels were elevated in both SCD children and mice compared to healthy controls
(Chambliss et al., 2023). The elevated levels of NRG-1 are suggested to be a cytoprotective
response to inflammation or oxidative damage caused by the disease. It is unclear whether the
elevated level of NRG-1 is sufficient to mitigate disease-induced effects. However, administration
of exogenous NRG-1 in a dose-dependent manner is shown to counteract heme-mediated
inflammation, oxidative stress, and cell death (Chambliss et al., 2023; Harbuzariu et al., 2019; Liu
et al., 2018; Solomon et al., 2014). This PhD thesis reports on the administration of NRG-1 in SCD

mouse models to investigate its potential benefit in modulating kidney injury in SCD.

If NRG-1 therapy demonstrates the ability to mitigate haemolysis-induced kidney injury in sickle
cell mice, then its translation to human disease can be facilitated. NRG-1 is already being used in
clinical trials to increase cardiac function in patients with heart failure (Gao et al., 2010; Jabbour
et al., 2011). Again, recombinant human NRG-1 therapy is reported to be safe and well tolerated

in healthy subjects (Xu et al., 2023).
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Figure 3 Neuregulin-1 anti-inflammatory, antioxidant, and pro-survival signaling pathway.

Neuregulin-1 acts as a paracrine or autocrine stress response molecule by binding and activating
its receptors Erb-b2 receptor tyrosine kinase 4 (ErbB4) and Erb-b2 receptor tyrosine kinase 3
(ErbB3). Downstream signaling pathways, Phosphoinositide 3-kinases (PI3K)/Protein Kinase
B(AKT), and Rapidly Accelerated  Fibrosarcoma/Mitogen-Activated Protein Kinases
(RAF/MAPK/ERK) are subsequently activated by NRG-I1. Activated ErbB/(PI3K-Akt) or
ErbB/(MAPK-Erkl/2) pathways trigger the nuclear translocation of nuclear factor erythroid 2
related factor 2 (Nrf2). Nrf2 binds to the transcriptional regulatory emhancer sequence,
antioxidant response elements (ARE). ARE transcribed genes are antioxidant, anti-inflammatory,
and anti-apoptotic genes, which, are critical in maintaining homeostasis. Nrf2 inhibits the
activation of the Nuclear Factor kappa-light-chain-enhancer of activated B (NF-Kb) pathway

responsible for pro-inflammatory, oxidative stress and cell death induction.
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2.6 Theoretical Framework

The theoretical framework guiding this thesis is based on the axis of haemolysis-mediated kidney
injury and the renoprotective potential of NRG-1 in sickle cell disease (SCD). Chronic haemolysis
in SCD results in persistent excess protein free heme in circulation. The exhaustion of hemopexin,
the primary heme scavenger, is compensated by increased a-1-microglobulin (A1M), a secondary
heme scavenger which transports heme to the kidneys instead of the liver. This maladaptive plasma

heme clearance in SCD exposes the kidney to heme toxicity.

Heme uptake by renal tubular cells and activation of TLR4-NF-«B signaling on renal endothelium
promotes pro-inflammation, oxidative stress and apoptosis that contributes to renal dysfunction,
fibrosis, and tubular cell death. In contrast, circulating NRG-1 binding to its ErbB4 receptor
activates the AKT and MEK/ERK pathways, which promote nuclear factor erythroid 2-related
factor 2 (NRF-2)-mediated induction of cytoprotective, antioxidant and anti-apoptotic factors,
while concurrently inhibiting NF-kB signaling. Together, these mechanisms counteract heme-
mediated inflammatory, oxidative, and apoptotic pathways, thereby attenuating kidney injury

(Figure 4).
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1), which through ErbB4-AKT/MEK/ERK activation enhances NRF-2—dependent antioxidant and cytoprotective responses while
inhibiting NFkB. Abbreviations: SCD, sickle cell disease; AIM, o-1-microglobulin; TLR4, Toll-like receptor 4; NFkB, nuclear factor
kappa-light-chain-enhancer of activated B cells; IL-6, interleukin-6, IP-10, interferon gamma-induced protein 10 (CXCL10); IFNy,
interferon-gamma,; NRG-1, neuregulin-1; ErbB4, Erb-B2 receptor tyrosine kinase 4, AKT, protein kinase B, MEK, mitogen-activated
protein kinase kinase; ERK, extracellular signal-regulated kinase; NRF-2, nuclear factor erythroid 2-related factor 2; HO-1, heme
oxygenase-1, SOD, superoxide dismutase; GPx, glutathione peroxidase; CAT, catalase; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell

lymphoma extra large
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3.0 CHAPTER THREE: METHODOLOGY
3.1 Mice work.

3.1.1 Ethical statement.

This research was conducted at the Center for Laboratory Animal Resources (CLAR), Morehouse
School of Medicine, Atlanta, Georgia, USA. CLAR is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Mice
handling, housing, and experimental procedures were conducted following the guidelines by the
US National Research Council’s Guide for the Care and Use of Laboratory Animals and
recommendations stated in the book “Guide for the Care and Use of Laboratory Animals”
(National Research Council (US) Committee for the Update of the Guide for the Care and Use of
Laboratory Animals, 2011). The Institutional Animal Care and Usage Committee (IACUC) at the
Morehouse School of Medicine reviewed this project. It granted approval for all procedures

involving animal use (IACUC Reference number: 22-14).

3.1.2 Animals.

Transgenic humanized Townes mice developed by Dr. Tim Townes laboratory (University of
Alabama, Birmingham, USA) were purchased from the Jackson Laboratories (JAX stock #01307).
This mouse model was established by replacing the endogenous adult mouse a-globin and B-globin
genes with human o-globin and B-globin genes. The sickle cell Townes mouse model carries the
genotype HbSS (Hba ho/ha::Hbb hAyBS/hAyB®) and phenocopies the severe haemolytic disease
that is observed in human SCD (Nguyen et al., 2014; Wu et al., 2006). Townes sickle cell mice
manifest disease characteristics like anaemia, a shortened half-life of red blood cells, and severe
disease phenotype. This mouse model is widely used for studying the pathophysiology of SCD

and assessing potential therapeutic interventions. The homozygous non-sickling Townes mice
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have the genotype HbAA (Hba ho/ho::Hbb hAyBA/hAyp?), are phenotypically normal, and were
used as controls for HbSS mice. Mice genotypes were validated by The Jackson Laboratory (JAX),

and each mouse was identified with RapID tags based on genotype and sex upon arrival.

Fifty-six (56) Townes mice aged eight weeks were purchased for the study: forty (40) HbSS mice
(20 males and 20 females), and sixteen (16) HbAA mice (8 males and 8 females). Mice were
randomly allocated in equal numbers into study groups. Mice were housed by keeping four females
per cage and two males per cage in microisolator cages (Supermouse Microisolator; Lab Products,
Seaford, DE) with filter tops and lined with corncob bedding. The cages were kept in well-
ventilated chambers with controlled temperature (23 + 2 °C) and humidity (50 + 10%). Mice were
on a 12-hour light-dark cycle and given unrestricted access to food (PMI LabDiet 5001, St. Louis,
MO) and bottled tap water. Before starting the study, mice were kept acclimatizing and growing

to the desired age of 12 weeks.

3.1.3 Animal welfare.

Body weight and body condition assessment were used to monitor and identify signs of pain or
distress beyond acceptable, humane endpoints. A digital weight scale was used to measure body
weight twice weekly (Mondays and Thursdays). Measurements were taken at the same time in the
morning between the hours of 7 am to 10 am. Body condition was assessed weekly as previously
described (Burkholder et al., 2012). This approach is validated to evaluate the health status of mice
because of its strong correlation with vital indicators of health status, such as white blood cell
count and adjusted body weight. Briefly, the mice were positioned on a level surface, and the base
of the tail was held with the thumb and index finger of one hand to evaluate body condition. The

degree of flesh and fat cover was scored by running the little finger of the same hand over the
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sacroiliac region or by palpating the sacroiliac region with the fingers of the opposite hand. An

attending veterinarian/technician also independently checked on the animal’s health weekly per

the center’s animal health policy.

3.1.4 Study design.

Sex matched
Age 12 weeks

Baseline groups Treatment groups

f—, E HbAA (control)  HbSS (sickle) HbSS (sickle) HbSS (sickle) HbSS (sickle)

HbAA (control) | HBSS (sickle) R L2t n=8 n=8 n=8
n==8 n=8 E + vehicle + vehicle + neuregulin-1 + neuregulin-1 + hydroxyurea
5 & : I  (5ug/kg) (25ug/kg) (50mg/kg)
: |
‘ : l t - Ry P
AT T - i
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Figure 5 Study design: Investigating the beneficial effects of neuregulin-1 and hydroxyurea on
kidney injury in Townes sickle cell mice.

Tvelve-weeks old Townes HbSS humanized sickle cell mice and genetic HbAA controls were

randomized into groups (n=38) to evaluate the renal protective effects of neuregulin-1 (NRG-1) and

hydroxyurea in SCD. Mice received either vehicle or NRG-1 at low (5 ug/kg) or high (25 ug/kg)

and hydroxyurea (50 mg/kg) doses, administered intraperitoneally for two weeks. Urine and blood

samples were collected for hematological, haemolytic, inflammatory and kidney injury biomarker
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analysis, while renal tissues were processed and examined for histopathological changes and

immunohistochemical quantification of heme degrading enzyme, heme oxygenase-1 expression.

3.1.5 Mice groupings

A cohort of 56 Townes mice at age eight weeks was randomly grouped as described:

1. Non-sickle baseline group (HbAA; 4 males, 4 females);

2. Sickle baseline group (HbSS; 4 males, 4 females);

3. Non-sickle vehicle-treated group (HbAA; 4 males, 4 females);

4. Sickle vehicle-treated group (HbSS; 4 males, 4 females);

5. Sickle neuregulin-1 (Spg/kg) treated (HbSS; 4 males, 4 females);

6. Sickle neuregulin-1 (25ug/ke) treated (HbSS; 4 males, 4 females);

7. Sickle hydroxyurea (50mg/kg) treated (HbSS; 4 males, 4 females).

3.1.6 Baseline measurements
Renal manifestations in sickle cell disease patients begin at an early age and progress from acute

episodes of injury to irreversible end-stage renal disease. Similarly, humanized Townes sickle cell
mice develop spontaneous nephropathy with early signs of kidney injury, which is also seen in

young adult mice (Kasztan et al., 2017, 2019).

This study focused on mitigating kidney lesions and dysfunction during early adulthood. To model
the renal manifestations observed in adolescent or young adult humans, 12-week-old Townes mice

were used to establish baseline levels of kidney injury. From the literature, early signs of significant
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elevations in tubular and glomerular markers of injury or malfunction are observed at age 12 weeks

old in sickle cell mice. (Kasztan et al., 2017, 2019).

3.1.7 Treatments

Neuregulin-1 treatment: Townes HbSS mice at age 12 weeks were treated for two weeks (five
times per week) via intraperitoneal injection with 50 pl doses of recombinant human NRG1-betal
EGF domain (R&D Biosystems, Minneapolis, MN, USA. CAT # 396-HB-050). This research
work is the first study to administer Neuregulin-1 in Townes mice. Two doses, 5 pg/kg/day or 25
ng/kg/day, were adopted based on previous studies. Liu et al. (2018) demonstrated that exogenous
recombinant human NRG1-B1 attenuates systemic inflammation, neuroinflammation, and blood—
brain barrier damage in experimental murine models of cerebral malaria (Liu et al., 2018). Cerebral
malaria is characterized by markedly elevated levels of protein free plasma heme, a critical
mediator of cerebrovascular injury (Ramos et al., 2024). Notably, plasma heme concentrations in
cerebral malaria mouse models are comparable to those observed in Townes sickle cell mice. Given
the analogous pathogenic effects of heme (resulting from haemolysis) in sickle cell disease (SCD)
and cerebral malaria, the present study adopted the effective NRG-1 dosing regimen reported by
Liu et al. (2018). Neuregulin-1 stock solution was prepared by reconstituting lyophilized
neuregulin-1 in 0.1% bovine serum albumin in PBS (R&D Biosystems, Minneapolis, MN, USA.
CAT # RBO02) at 100 pg/mL concentration. On the first day of treatment, the body weights of all
mice were determined. Based on body weights, groups were created at intervals of three grams,
starting from the least weight. The average weight for each group was then used to calculate the
dose for the mice in that group. A final volume of 100uL was prepared. This allowed 50uL to be

injected into a mouse, and the remaining 50uL fluid remained in the syringe’s dead space.
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Hydroxyurea (HU) treatment: Hydroxyurea (HU) is the standard disease-modifying therapy for
sickle cell disease (SCD). Hydroxyurea (HU), partly improves renal function, but its impact on
heme-driven kidney injury remains uncertain and underexplored (Laurin et al., 2014; McKie et al.,
2007; Taylor et al., 2019; Zahr et al., 2019). A cohort of eight sex-matched mice was treated with
HU. Using intraperitoneal injection, mice were treated with 50mg/kg hydroxyurea (Sigma-
Aldrich, St. Louis, MO, USA. SKU # H8627) for two weeks (five times per week). This dose was
selected based on an initial dose-finding study, where 50mg/kg was well tolerated and
demonstrated an effect on blood parameters similar to hydroxyurea therapy in SCD patients
(Lebensburger et al., 2010). HU was freshly prepared by dissolving it in sterile phosphate-buffered
saline (R&D Biosystems, Minneapolis, MN, USA. CAT # RBO01) and filtered via sterile syringe
filter (pore size 0.2um) (Millipore, Burlington, MA, USA. CAT # SLFGL25BS). A final volume
of 100uL was prepared. This allowed 50uL to be injected into a mouse, and the remaining 50pL

fluid remained in the syringe’s dead space.

Vehicle-treated HbSS mice (n = 8) and HbAA mice (n = 8) groups were injected with sterile
phosphate-buffered saline. All injection procedures were performed carefully to ensure effective
delivery and to minimize variability. Intraperitoneal injections were conducted following
established protocols. The mice were manually restrained and placed in the Trendelenburg
position. The abdomen was cleansed with an alcohol swab, and a 27-gauge needle, 1.0-ml
tuberculin syringe (BD Precision Glide, BD, Franklin Lakes, NJ, USA. BD 309623) containing
100 pl of the treatment drug or vehicle was used to puncture the lower left abdominal cavity. All
subsequent injections were administered on alternating sides of the abdomen. Injection procedures

were conducted daily between 7:00 a.m. and 10:00 a.m. for ten days.
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3.1.8 Urine collection.

Urine was collected using a quick and straightforward method, as described by Parasuraman &
Raveendran, (2022). The mouse was placed on a disposable plastic tray. One hand’s fore and
middle fingers were used to tap the mouse’s lower back (dorsal posterior), while the other hand
resisted the mouse by the tail. Equal pressure was applied, massaging on both sides of the lower
back near the tail, with the thumb on one side and the fore and middle fingers on the other side,
rubbing up and down. Once urination commenced, the massaging fingers were used to pull the
skin at the lower back upward to immobilize the mouse and prevent premature cessation of
urination (Parasuraman & Raveendran, 2022). The voided urine was then aspirated using a 100ul
micropipette and transferred into a microcentrifuge tube, and it was subsequently stored at —80 °C
until assayed. Per protocol, a new disposable plastic container was used for each mouse. Two-time
points urine collection was done for each mouse at twelve and fourteen weeks old before being

sacrificed.

3.1.9 Blood collection.

Blood was collected at time points: 1. baseline animals (12 weeks old) and 2. Treated animals (14
weeks old). Mice were anesthetized using isoflurane (3% induction and 2% maintenance with
100% O2 carrier) to minimize stress. The blood was collected via cardiac puncture using a 3cc
syringe with a 25-gauge 1-inch needle (BD Integra, BD, Franklin Lakes, NJ, USA. BD 305270).
Cardiac puncture was used to allow for enough blood to be collected. Although this terminal
procedure entails a certain level of stress, a standardized approach was used to avoid any potential
variability that may arise between animals or groups. Mice were placed in dorsal recumbency on
a dissection board and pinned to the board using clips at the extremities of their four limbs. Fur is

dampened with 70% alcohol prior to incision to prevent aerosolization. A needle was inserted into
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the thoracic cavity, where the heartbeat was strong, and blood was drawn steadily but quickly to
avoid clotting. Whole blood was aliquoted into Ko;EDTA tubes (Greiner Bio-One VACUETTE™,
Monroe, NC, USA. CAT # 454428) and gently mixed with EDTA anticoagulant. Blood mixed with
anticoagulant was centrifuged for 10min at 1500 x g to collect plasma. Aliquots of whole blood in
serum-gel microtubes (Sarstedt, Niimbrecht, Germany. CAT # 41.1378.005) were spun for serum.
Blood in serum-gel tubes was allowed to clot for 2 hours at room temperature and centrifuged for
Smin at 10000 x g for serum separation. Plasma and serum samples were immediately stored at -

80°C.

3.1.10 Organ harvesting and tissue processing.
Immediately after blood collection, the mouse was perfused with normal saline solution. Mouse’s

fur was dampened with 70% alcohol before incision to prevent aerosolization. A stab incision and
then an extended ventral incision were made through the skin and abdominal muscle across the
caudal edge of the rib cage below the xiphisternum. The abdomen was then cut at either side
towards the pubis and then across the caudal abdomen. The abdominal cavity was then opened just
behind the ribs, along the midline, and laid back like a flap pinned to the dissection board. The
kidneys were carefully removed, longitudinally halved, and fixed in 10% neutral buffered formalin
(Thermo Scientific, Waltham, MA, USA. CAT # 23-101-005) for 18 to 20 hours. The tissue was
processed using a Sakura tissue processor (Rankin Biomedical Corporation, Davisburg, MI, USA.
Model VIP 5). The tissue was dehydrated using two changes of 70%, 95%, and 100% alcohol,
cleared with two changes of xylene, and impregnated with two changes of liquified paraffin wax.

Tissue blocks generated after embedding the kidneys in paraffin wax were sectioned into 4mm
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sections using Leica microtome (Leica Biosystems, Deer Park, IL, USA. Model RM2235) for

histopathological analysis.

3.2 Assays/Measurements.

3.2.1 Specific Aim 1: To evaluate the effect of neuregulin-1 treatment on haemolysis,
inflammation, and kidney injury in humanized sickle cell mice.

3.2.1.1 Complete blood count
A fully automated veterinary hematology analyzer (Heska Element HTS, Loveland, USA) was

used to measure the complete blood count using a whole blood sample (30uL). Samples were
carefully collected and handled to minimize clots or small dark red or white translucent particles
(fibrin). Absolute values on White Blood Cells (WBC), Neutrophils (NEU), Red Blood Cell Count
(RBC), Haemoglobin Concentration (HGB), Hematocrit (HCT), Mean Corpuscular Volume

(MCV), and Platelet Count (PLT) were obtained.

3.2.1.2 Reticulocyte count

Reticulocyte (immature red blood cells) count was determined within 3 hours of sample collection
using the BD Rectic-Count reagent kit (BD, Franklin Lakes, BD, Franklin Lakes, NJ, USA. CAT
# 349204). Two polystyrene tubes were labeled for each mouse sample. BD rectic-count reagent
was added to one tube, and Dulbecco’s Phosphate-Buffered Saline (DPBS) (Thermo Scientific,
Waltham, MA, USA. CAT # 14-190-144) with 0.1% sodium azide added to the second tube. Five
(5) uL of well-mixed whole blood from the same mice was added to each tube and vortexed gently.
Both samples (stained blood with BD Rectic -count reagent and unstained with DPBS) were
incubated for 30 minutes in the dark at room temperature. Reticulocytes as a percentage of total

red blood cells were determined by a Cytek Guava flow cytometer (Cytek Biosciences, Fremont,
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CA, USA. Model: easyCyte 12HT system). Using size and granularity parameters, forward scatter
(FSC) and side scatter (SSC) gating (log mode) was done to exclude noise and debris. Green-B-
Hlog laser channel was used to acquire 50,000 events from stained and unstained samples. Data
analysis was done using the Guava Incyte software (Cytek Biosciences, Fremont, CA, USA.
Version 4.5.50). Unstained samples were used to set markers for background fluorescence. The
percentage of positive events (reticulocytes) was determined from the stained sample. Samples

were read in duplicates, and the average was used for further analysis.

3.2.1.3 Haemoglobin F measurement.

An anti-haemoglobin F flow cytometry protocol was used to determine the percentage of fetal cells
within the sample red blood cell population. This measurement was carried out within 6 hours of
sample collection. Ten (20uL) of EDTA whole blood per sample was fixed in 1 ml of 0.05%
Glutaraldehyde (Millipore Sigma, St. Louis, MO, USA. CAT # G5882-10X1ML) for 10 minutes
at room temperature. The mixture was vortexed after the addition of cells. Following fixation, cells
were washed three (3) times with 2mL of PBS-0.1%BSA (Millipore Sigma, St. Louis, MO, USA.
CAT # P4474500ML). Cell pellets were resuspended by vortex in 0.5 ml 0.1% Triton X-100
(Millipore Sigma, St. Louis, MO, USA. CAT # X100-5ML) and incubated for 5 minutes at room
temperature. Cells were washed one more time with 2mL of PBS-0.1%BSA. Cell pellets were
resuspended in 0.5mL PBS-0.1%BSA and gently vortexed. Ten (20uL) of the cell suspension was
added to 10pL of human monoclonal fetal haemoglobin antibodies haemoglobin, anti-HbF-APC
(Invitrogen, Waltham, MA, USA. CAT# MHFHO0S5), and 140uL of PBS 0.1% BSA. The mixture
was incubated at room temperature for 15 minutes. Following incubation, cells were washed twice
with 2mL of PBS-0.1%BSA. Cells were finally resuspended in 0.5 ml of 1% Formaldehyde

(Polysciences, Inc., Warrington, PA, USA. CAT # 040181). Samples were run in duplicates.
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Unstained samples (treated the same as stained sample but with no addition of antibody) from each
mouse were included in the assay. Flow cytometric acquisition was done immediately on a Cytek
Guava flow cytometer (Cytek Biosciences, Fremont, CA, USA. Model: easyCyte 12HT system).
Log FSC, log SSC gating, and log Red-R fluorescence laser channel were used to acquire 50,000
events. Unstained samples were used to set markers for background fluorescence. Data was
analyzed using the Guava Incyte software (Cytek Biosience, Fremont, CA, USA. Version 4.5.50).
The percentage of positive events (HbF cells) was determined from the stained sample. Samples

were read in duplicates, and the average was used for further analysis.

3.2.1.4 Total plasma heme quantification.
Total plasma heme was quantified using the QuantiChrom™ Heme Assay Kit (Bioassay Systems,

Hayward, CA, USA. CAT # DIHM-250) per manufacturers instructions. First, the kit’s calibrator
reagent was serially diluted in distilled water to create working standard concentrations of 62.5uM,
31.25uM, 15.63uM, 7.81uM, 3.91uM and 1.95uM. Samples were diluted 1:4 with distilled water.
A volume of 250uL of blank (distilled water) and 250uL of calibrator solution were transferred
into a transparent bottom 96-well plate. Aliquots of S0uL plasma samples (in duplicates) were
transferred into wells. Heme quantification reagent (200uL) was added to the sample wells. The
plate was incubated for 5 minutes at room temperature. Optical density reading at 400nm was
taken on a BioTek Synergy Hl multimode microplate reader (Agilent, Santa Clara, CA, USA).
Samples were run in duplicates. The final concentration of total plasma heme was calculated by

Biotek Gen5 data analysis software (Agilent, Santa Clara, CA, USA. Version: 3.14).

3.2.1.5 Plasma lactate dehydrogenase (LDH) quantification.
Plasma LDH was measured as a marker of haemolysis. LDH was quantified as total LDH activity

in plasma. Previous studies have demonstrated that the plasma LDH pattern in SCD is dominated
by erythrocyte isoforms LD-1 and LD-2. Because hemolysis in SCD releases these isoforms, an
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increase in total LDH activity reliably reflects intravascular hemolysis (Kato et al., 2006). The
QuantiChrom™ Lactate Dehydrogenase Kit (Bioassay Systems, Hayward, CA, USA. CAT #
D2DH-100) was used to measure plasma lactate dehydrogenase (LDH) activity. A working reagent
was prepared from reagents supplied by the kit manufacturer as follows: 14 uL MTT Solution, 8
uL NAD Solution, 1 pL Diaphorase, and 175 pL Substrate Buffer was calculated per sample to
make a sufficient solution for all samples. Samples were diluted 1:4 with distilled water. A volume
of 200uL of blank (distilled water) and 200uL of calibrator solution were transferred into a
transparent bottom 96-well plate. Ten (10) uL of each sample (in duplicates) were transferred into
separate wells, and then 190uL working solution was added to each sample. Absorbance reading
was done immediately and again after 25 minutes at 565nm on a BioTek Synergy H1 multimode
microplate reader (Agilent, Santa Clara, CA, USA). Samples were run in duplicates. LDH activity
in plasma was calculated using the equation: LDH activity = 43.68 x (ODs25s — ODso/ ODcal —
ODplank) x n (IU/L). ODS25 and ODS0 are OD565nm sample values at 25 min and 0 min. ODcal

and ODuiank are the absorbance values of the calibrator and blank.

3.2.1.6 Quantification of serum inflammatory mediators.
Serum levels of pro- and anti-inflammatory cytokines/chemokines were measured using a

Milliplex Mouse cytokine/chemokine magnetic bead kit (Millipore Sigma, St. Louis, MO, USA.
CAT # MECY2MAG73KPXBK). The analytes measured included IL-6, IL-10, I[P-10 (CXCL10),
VEGF-A, IFN-y, MCP-5/CCL12, and MIP-3B3/CCL19. The assay was performed on the Luminex
xMAP Intelliflex (Millipore Sigma, St. Louis, MO, USA. Model: Intelliflex). The assay procedure
is as follows: The xMAP Intelliflex was switched on, and the laser was allowed to warm up,
calibrate, and be verified successfully before beginning the assay. Samples were thawed, vortexed,
and spun for 10 mins at 10,000xg. Samples were diluted 1:2 with an assay buffer. After sample

preparation, 200uL 1x wash buffer was added to each plate (96 well-plate) and shaken at 650rpm
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at room temperature. The plate was blotted to dry after priming with wash buffer. The quality
controls, serum matrix, and stock standard were reconstituted with 250uL deionized water,
vortexed, and allowed to sit for 10 minutes. Seven working standards were prepared by serial
dilution, starting with S0uL of the reconstituted standard and 150uL of assay buffer. A final volume
of 200uL was prepared for each standard. A volume of 25uL assay buffer (for background and
sample wells), each standard, controls were added to the appropriate wells. A volume of 25uL
serum matrix was added to the standard and control wells. A volume of 25uL of each sample (in
duplicates) was also added to the appropriate wells. Finally, 25uL of pre-mixed beads were added
to all wells, bringing each well to a total volume of 75uL. The plate was sealed with film, wrapped
in foil, and shaken overnight (18 hours) at 650rpm at 4°C. The next day, the plate was washed
three times on a BioTek magnetic plate washer (Agilent, Santa Clara, CA, USA. Model:
405TSRSMML). Detection antibody (25uL) was added to each well. Afterwards, the plate was
sealed and shaken for 1 hour at 650rpm at room temperature. After an hour, 25uL Streptavidin-
Phycoerythrin was added to each well and shaken for 30mins at 650rpm at room temperature. Two
washes are done afterward. A volume of 150uL wash buffer was added to each well, and the plate
was shaken for 5 minutes at 650rpm. Reading was done on the xMAP Intelliflex. Serum
concentrations were generated using the Belysa™ Immunoassay Curve Fitting Software

(Millipore Sigma, St. Louis, MO, USA.)
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3.2.1.7 Quantification of urine and serum Kidney injury markers.
Kidney injury biomarkers Cystatin C, neutrophil gelatinase-associated lipocalin (NGAL),

osteopontin (OPN) and cytoprotective markers, clusterin and epidermal growth factor (EGF) were
assessed in urine and serum before and after treatment. NGAL is a sensitive biomarker of renal
tubular injury (Soni et al., 2010). NGAL levels in urine and serum increase within few hours after
kidney injury, making it an early indicator of acute tubular injury. Cystatin C, a protein produced
by host cells, is freely filtered at the glomerulus but completely reabsorbed by renal tubular cells
(Madero et al., 2006). Increased urinary cystatin C reflects impaired renal tubule reabsorption
function and injury. Increased cystatin C levels in serum is indicative of glomerulopathy (Qiu et
al., 2017). Serum cystatin C level is a prognostic marker for glomerular dysfunction (Qiu et al.,
2017). Increased cystatin C levels in serum is indicative of glomerulopathy (Qiu et al., 2017).
Cytokine osteopontin (OPN) is expressed in the thick ascending limb and distal tubules. OPN
promotes renal inflammation and fibrosis and is associated with acute tubular injury (Sinha et al.,
2023). Clusterin and epidermal growth factor (EGF) are cytoprotective proteins expressed by the
kidney. Clusterin and EGF play roles in renal tissue repair, anti-inflammation, antioxidation, and
cytoprotection (Rios-Silva et al., 2023; Rodriguez-Rivera et al., 2021). Reduced renal expression
of these markers is noticed by their low urine levels in kidney disease subjects. Clusterin cannot
be filtered by glomeruli because of its size, hence, urinary clusterin is specific to the kidney (van
Meer et al., 2014). Elevated urinary clusterin is seen in normal subjects, which reflects continuous
renal repair and regeneration processes (Ozer et al., 2010). Epidermal growth factor (EGF) is
expressed in the kidney, especially in the loop of Henle and the distal tubules. EGF is nonexistent
in blood but present in normal subjects’ urine. EGF urinary level decreases in kidney diseases and

is associated with deterioration of renal function (Cortvrindt et al., 2022). Both urinary Clusterin
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and EGF are kidney-specific with low levels associated with worsened renal injury and disease

progression.

The Milliplex mouse kidney injury magnetic bead kit (Millipore Sigma, St. Louis, MO, USA.
CAT# MKI2MAG-94K) was used for the assay as follows: The assay was performed on the
Luminex xMAP Intelliflex (Millipore Sigma, St. Louis, MO, USA. Model: Intelliflex). The
xMaplntelliflex instrument was turned on to allow the lasers to warm up. It was calibrated and
verified before the beginning of the assay. Samples were thawed, vortexed, and spun for 10 mins
at 10,000xg. Samples were diluted 1:1000 with assay buffer. After sample preparation, 200uL 1x
assay buffer was added to each plate (96 well-plate) and shaken at 650rpm at room temperature.
The plate was blotted to dry after priming with assay buffer. The quality controls and stock standard
were reconstituted with 250uL deionized water, vortexed, and allowed to sit for 10 minutes. Six
working standards were prepared by serial dilution, starting with 50pL of the reconstituted
standard and 150uL of assay buffer. A final volume of 200uL was ready for each standard. A
volume of 25uL assay buffer (for background and sample wells), standard, and controls were
added to the appropriate wells. A volume of 2511 assay buffer was added to the wells having the
standards and controls. A volume of 25pL samples (in duplicates) was added to the appropriate
sample wells. Finally, 25uL of mixed beads solution was added to all wells, bringing each well to
a total volume of 75uL. The plate was sealed with film, wrapped in foil, and shaken overnight (18
hours) at 650rpm at 4°C. The next day, the plate was washed twice on a BioTek magnetic plate
washer (Agilent, Santa Clara, CA, USA. Model: 405TSRSMML). Detection antibody (25uL) was
added to each well. Afterwards, the plate was sealed and shaken for 1 hour at 650rpm at room
temperature. After an hour, 25uL Streptavidin-Phycoerythrin was added to each well and shaken

for 30mins at 650rpm at room temperature. The plate was washed twice after the 30mins
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incubation. A volume of 150uL wash buffer was added to each well, and then the plate was shaken
for 5 minutes at 650rpm. A plate reading was done on the Intelliflex. Urine and serum
concentrations were generated using the Belysa immunoassay curve fitting software (Millipore

Sigma, St. Louis, MO, USA).

3.2.2 Specific Aim 2: To determine the effect of neuregulin-1 treatment on renal
histopathologic changes associated with kidney injury in humanized sickle cell mice.

3.2.2.1 Histopathological tissue staining
Tissue sections (4pum) were cut from each tissue block and mounted on slides. Using standard

protocols, the slides were stained with hematoxylin and eosin (H&E), Masson trichrome, or

periodic acid Schiff (PAS).

Hematoxylin stains the nuclei of cells blue or dark purple, while eosin stains the cytoplasm and
proteins pink. Erythrocytes are colored bright red, and all other eosinophilic structures are stained
red, pink, or orange. Sections were deparaffinized with xylene for two changes of 5 minutes and
rehydrated through 100% ethanol for two changes of 2 minutes, 95% ethanol for 2 minutes. and
water washed for 2 minutes. Slides were stained in Mayers hematoxylin for 1 minute. Slides were
washed with five changes of distilled water and placed in 1X phosphate buffered solution (PBS)
for 1 minute. Afterward, slides were washed with three changes of distilled water and
counterstained in alcoholic eosin for 1 minute. Sections were finally dehydrated through three
changes of 95% ethanol and two changes of 100% ethanol, 1 minute each, and cleared in three

changes of xylene (1 minute each change) and then mounted.

PAS stain was used to report on the thickening of the basement membrane of the Bowman’s
capsule, as well as to show the brush borders within tubules. Sections were deparaffinized with
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xylene for two changes of 5 minutes and rehydrated with 100% ethanol for two changes of 2
minutes, 95% ethanol for 2 minutes. and water washed for 2 minutes. Slides were then oxidized in
a 0.5% periodic acid solution for 5 minutes. It was rinsed in three changes of distilled water and
placed in Schiff’s reagent for 15 minutes. The stained sections were washed in tap water for 5
minutes until they turned dark pink before they were counterstained in Mayer’s hematoxylin for 1
minute. Afterward, it was washed with tap water for 5 minutes and rinsed in distilled water.
Sections were finally dehydrated through three changes of 95% ethanol and two changes of 100%
ethanol, 1 minute each, and cleared in three changes of xylene (1 minute each change) and then
mounted using xylene-based mounting media. The basement membrane stained magenta (reddish
purple) due to the presence of collagen type IV. Collagen type [V in the basement membrane and

brush borders is stained magenta with PAS.

The Masson trichrome stain was used to confirm fibrosis in the glomeruli (glomerulosclerosis).
Sections were deparaffinized with xylene for two changes of 5 minutes and rehydrated with 100%
ethanol for two changes of 2 minutes, 95% ethanol for 2 minutes. and water washed for 2 minutes.
The sections were treated with Bouins’s solution (mordant), which was preheated to 58°C for 15
minutes and washed with distilled water. The sections were stained with modified Weigert’s iron
hematoxylin (kept in the dark) for 5 minutes. They were then washed with four changes of distilled
water and differentiated in an acid-alcohol solution for 3-5 seconds. After washing with 3-4
changes of distilled water, the slides were stained with Biebrich Scarlet-Acid Fuchsin solution for
5 minutes and rinsed in three changes of distilled water. Slides were then treated with 1%
Phosphomolybdic acid solution for 2 minutes and Aniline Blue solution for 5 minutes; they were
rinsed with one change of distilled water, acetic acid solution for 30 seconds, and two changes of

distilled water. The slides were finally dehydrated through changes of 70% and 95% ethanol and
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two changes of 100% ethanol, 1 minute each, and cleared in three changes of xylene (1 minute
each change) and then mounted using xylene-based mounting media. Collagen (fibrosis) stained

blue, nuclei black, while red blood cells and smooth muscle stained red.

3.2.2.2 Histopathological analysis
Stained tissue sections were scanned using the Aperio digital pathology slide scanner (Leica

Biosystems, Deer Park, IL, USA, Model AT2) at 40X magnification. A pathologist examined and
scored the histopathological changes based on criteria previously used to analyze renal

histopathology scoring systems in Townes mice (Kasztan et al., 2017, 2019).

Glomerular congestion: At least fifty glomeruli were examined from ten different bright-field areas
of the renal cortex on both H&E-stained and Masson trichrome-stained sections using 100X and
400X magnification. Congestion was calculated as the percentage of total glomeruli with

congestion in at least 25% of the glomerulus.

Thickened basement membrane: At least fifty glomeruli were examined from ten bright-field areas
of the renal cortex on PAS-stained sections using 100X and 400X magnification and calculated as
the percentage of total glomeruli with increased basement membrane thickness. The glomerular
basement membrane thickening was scored on a 0—4 scale: 0 for no basement membrane
thickening, 1 for mild thickening, 2 for moderate thickening, 3 for severe thickening, and 4 for

massive thickening.

Glomerulosclerosis: A minimum of fifty glomeruli were examined from ten different bright-field
areas of the renal cortex on Masson trichrome-stained sections using 100X and 400X
magnification and calculated as the percentage of total glomeruli with disappearance of cellular
elements from the tuft, collapse of capillary lumens, and folding of the glomerular basement
membrane with entrapment of amorphous eosinophilic material. The grading score was from 0 to
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4: 0 for no sclerosis; 1 for sclerosis in up to 25% of the glomerulus; 2 for sclerosis in up to 50% of
the glomerulus; 3 for sclerosis in up to 75% of the glomerulus; and 4 for sclerosis in up to 100%

of the glomerulus.

Number of glomeruli: Twenty bright fields were examined from the renal cortex on H&E-stained
kidney sections using 400X magnification to determine the number of glomeruli per field. The
average number of glomeruli per field was calculated. The total number of glomeruli per mm? area

was then calculated from the average based on the area per field of the 400X magnification.

Vasa recta or medullary congestion: Twenty different bright fields were examined from the renal
medulla on H&E-stained and Masson trichrome-stained kidney sections using 100X and 400X
magnification for vasa recta congestion. The number of fields with congested vasa recta was

expressed as a percentage of the total number of fields.

Loss of brush border: Twenty different fields were examined from the renal cortex on PAS-stained
kidney sections using 100X and 400X magnification for the thickness of the brush borders. The
percentage of tubules that lost some or all the brush borders was examined. This was scored using
a 0 - 4 grading scale: 4 for no changes; 3 for lesions involving <25% of the tubules; 2 for lesions
involving 25%-50% of the tubules; 1 for lesions involving >50% of the tubules; and 0 for lesions

involving nearly 100% of the tubules. Results were averaged for each animal.
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Table 3 Semiquantitative scoring criteria for histopathologic changes in Townes mice renal

structures.

Lesion

Criteria/Definition

Scoring Scale / Output

Glomerular congestion

Basement membrane
thickening

Glomerulosclerosis

Defined as red blood cell
accumulation in >25% of the
glomerular tuft.

Increased PAS staining of
Bowman’s capsule or
glomerular basement
membrane.

Collapse of capillary loops,
tuft retraction, expansion of
extracellular matrix, and
deposition of amorphous
eosinophilic material.

Expressed as % of total
glomeruli examined.

0 =none

1 =mild

2 = moderate
3 =severe

4 = massive
0 =none

1 = <25% of glomerular tuft
2 = <50% of glomerular tuft
3 = <75% of glomerular tuft
4 = global (100%)

Glomerular number

Vasa recta congestion

Average number of glomeruli |

per field (400x), normalized
to.area per mm-.

Defined as red blood cell
accumulation of vasa recta
lumens.

Continuous variable
(glomeruli/mm?).

Expressed as % of total fields

‘ examined.

Tubular brush border loss

Loss of PAS-positive apical
brush border in cortical
tubules.

Tubular iron deposition

4 =none

3 =<25% tubules

2 =25-50% tubules
1 =50-75% tubules
0.=>75% tubules

Perls’ Prussian t blue—positive
staining in tubular epithelium.

Expressed as % of tubules
affected and/or quantified by
digital densitometry (pixel
intensity).

Histopathological scoring criteria were adapted from established renal pathology scoring systems.

For each animal, at least 20 fields were examined at 100X—400X magnification.
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3.2.2.3 Perls Prussian blue staining
Perls Prussian solution stains iron blue and was used to show iron deposition within tubules..

Sections were deparaffinized with xylene for two changes of 5 minutes and rehydrated with 100%
ethanol for two changes of 2 minutes, 95% ethanol for 2 minutes. and water washed for 2 minutes.
Slides were placed in freshly prepared hydrochloric acid-potassium ferrocyanide solution for 30
minutes at room temperature and rinsed in five changes of distilled water. The tissue sections
(nuclei) were counterstained with 0.5% aqueous neutral red for 1 minute and washed rapidly in
distilled water. After dehydration in graded alcohols, the sections were cleared in xylene, three or
four changes, and mounted. Hemosiderin, a breakdown product of haemoglobin that contains ferric
acid, can build up in kidney tubules and podocytes in SCD. When ferric ion (Fe*) in the kidney
tissue reacts with the ferrocyanide in Perls Prussian solution, it forms a bright blue pigment called

Prussian blue ferric ferrocyanide.

3.2.2.4 Analysis of iron depeosition in renal cortex
A histopathologist examined the slides for proportion of cortical tubules with iron deposition

within their walls. Twenty different bright fields from the renal cortex were examined using 100X
and 400X magnification. The number of cortical tubules with iron deposited within their walls was
expressed as a percentage of the total number of tubules observed within the field. The average for
the twenty fields was recorded per slide. Slides were then scanned at a magnification of 40X using
an Aperio digital pathology slide scanner (Leica Biosystems, Deer Park, 1L, USA. Model AT2).
The extent of iron deposition within the tubules was also determined by measuring the color
intensity of positive stain blue within the cortex. Using the Aperio ImageScope software (Leica
Biosystems, Deer Park, IL, USA version 12.4.6.5003), the renal cortex was manually selected with
the annotation tool of the software. Positive Pixel Count v9 algorithm software was used to

quantify the intensity of blue stains within the tissue. This algorithm is designed to quantify the

64



amount of a specific stain in a scanned slide image. Analysis thresholds were set at hue value of
0.66 (blue color), hue width of 0.44, and saturation of 0.4 and with default settings for all other
parameters. The total pixel intensity was normalized to the total area of the annotated regions (pixel

intensity/mm?).

3.2.3 Specific aim 3: To evaluate the impact of neuregulin-1 treatment on the expression
and distribution of heme oxygenase-1 in the kidneys of Townes sickle cell mice.

3.2.3.1 Pre-staining steps: Immunohistochemistry
Slides were deparaffinized and rehydrated by submersing the slides in the following reagents:

Xylene (10mins), Xylene (Smins), Xylene (5mins), 100% Ethanol (10mins), 100% Ethanol
(5mins), 100% Ethanol (5mins), 95% Ethanol (5mins), 70% Ethanol (Smins) and deionized water
(5mins). After rehydration, the slides were transferred into 1X Tris Buffered Saline with Tween 20
buffer (TBST) and stored until the pretreatment process. The antibodies and detection kits, Rabbit
Recombinant Monoclonal Heme Oxygenase-1 antibody (Abcam Inc, Waltham, MA, USA. CAT #
ab52947), Rabbit ErbB4 polyclonal antibody (Proteintech Group, Inc, Rosemont, IL, USA. CAT
# 19943-1-AP) and Rabbit-specific HRP-AEC IHC Detection Kit (Micro-polymer) (Abcam Inc,
Waltham, MA, USA. CAT # ab236468), were removed from the freezer and thawed to room
temperature. A range of dilutions (1: 100; 1:200; 1:400; 1:500 and 1:1000) was prepared for each
antibody using 1X TBST buffer to determine the best dilution rate for each primary antibody.
Based on the findings, the optimal concentration for the Rabbit ErbB4 polyclonal antibody
(Proteintech Group, Inc, Rosemont, IL, USA. CAT # 19943-1-AP) detection was 1:500 and 1:200
for Rabbit Recombinant Monoclonal Heme Oxygenase-1 antibody (Abcam Inc, Waltham, MA,

USA. CAT # ab52947).
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3.2.3.2 Pre-Treatment Process: Immunohistochemistry
The Epredia PT Module (Epredia, Kalamazoo, MI, USA) was used to perform the antigen retrieval

pre-treatment step required for immuo-detection. A 1500 mL of 1X Dewax and HIER Buffer H
(pH 8.6 to 9.0) (Epredia, Kalamazoo, MI, USA. CAT # TA-999-DHBH) was prepared by
combining 1400 mL of de-ionized water and 100 mL of Epredia 15X Dewax and HIER Buffer H
(pH 8.6 to 9.0). The PT Module tank was filled with 1X HEIR buffer solution, and the warm-up
process was initiated. Once the desired temperature was achieved, the slides were placed on the
Epredia PT Module staining racks and submerged in the Epredia PT Module tank. The tank was
then covered, locked, and programmed to start the antigen retrieval process. After the completion
of the pretreatment (antigen retrieval) step, the buffer was allowed to cool to room temperature.
Then, the slides were removed and placed in 1X TBST. For the subsequent steps, the slides were
not allowed to dry until the final step of the staining and detection process to prevent the

development of unwanted artifacts.

3.2.3.3 Staining and Detection: Immunohistochemistry
Slides were carefully removed from the 1X TBST buffer and promptly placed in an incubation

chamber to prevent sample drying. The Hydrogen Peroxide Block, from the Rabbit-specific HRP-
AEC THC Detection Kit, was applied to the cover sections and incubated for twenty minutes to
block endogenous peroxidase activity. Following this, slides were washed three times in 1X TBST
buffer. The Protein Block in the Rabbit-specific HRP-AEC IHC Detection Kit, was then applied
to the sections and incubated for twenty minutes at room temperature to block nonspecific binding.
Slides were washed once in 1X TBST buffer. Then, each slide was stained with the respective
primary antibody at the recommended concentration and incubated for one hour at room
temperature. Afterward, slides were washed three times in 1X TBST buffer. The Goat Anti-rabbit

HRP Conjugate, provided by the Rabbit-specific HRP-AEC IHC Detection Kit, was applied to the
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slides and incubated for thirty minutes. Subsequently, slides were rinsed four times in 1X TBST
buffer. AEC Single Solution from the Rabbit-specific HRP-AEC THC Detection Kit was applied
to the sections and incubated for ten minutes. The slides were rinsed four times in 1X TBST buffer.
Following the staining, the slides were immersed in Gill’s III Hematoxylin for three minutes and
rinsed in tap water for nuclear detection. The bluing step was carried out with Scott’s Tap Water
for two minutes. The slides were then rinsed seven to eight times in tap water. Post-staining, the
slides were cover slipped using Aqueous Mounting Media for IHC (Abcam Inc, Waltham, MA,
USA. CAT # ab64230) and allowed to dry overnight before imaging. The Autostainer 360
(Epredia, Kalamazoo, MI, USA) protocol was configured to replicate the manually optimized
protocol. A minimum of 300uL of each detection reagent was required for the automated detection

process per slide. All staining procedures were carried out using the automated system.

3.2.3.4 Imaging and analysis
Stained slides were scanned at a magnification of 40X using an Aperio digital histopathology slide

scanner (Leica Biosystems, Deer Park, IL, USA. Model AT2) (Appendix I). Scanned images were
examined for positive stain count and stain intensity within the whole tissue was performed using
the Aperio ImageScope software (Leica Biosystems, Deer Park, IL, USA. Version 12.4.6.5003).
The positive Pixel Count v9 algorithm was used for the analysis. The algorithm was set at hue
value = 0 (red), hue width = 0.2 and hue saturation = 0.25 to quantify positive stain pixels and its
intensity. Negative controls were used to set thresholds to distinguish signal from background

noise. Data was normalized to the total area of the annotated tissue area (Appendix I).
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3.3 Statistics.
All statistical analyses were done in GraphPad PRISM version 10.2.2 (GraphPad Software,

Boston, MA, USA). The minimum sample size for the study was calculated based on previously
reported mean and standard deviations of plasma NGAL levels in untreated and hydroxyurea-
treated HbSS mice (Park et al., 2019). For the neuregulin treatment groups, the means and standard
deviations were assumed to be equivalent to those observed in the hydroxyurea group. A minimum
sample size of 7 mice per group was determined with a Type I error rate of 0.05 and actual
statistical power of 83.8%. Statistical analyses were conducted using appropriate methods for each
comparison. For two-group comparisons, a two-tailed, unpaired t-test was performed. A two-tailed,
one-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used to evaluate
differences among the various HbSS treatment groups. To assess the relative changes in urine
biomarker levels before and after treatment, a ratio paired t-test (two-tailed) was performed.
Pearson’s correlation (r) analysis was performed to assess relationships among the measured
variables, and results were presented as a correlation matrix. All data are presented as means +

SEM, and statistical significance was defined at p < 0.05.
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4.0 CHAPTER FOUR: RESULTS.

4.1 Evaluate the effect of Neuregulin-1 treatment on haemolysis, inflammation, and
kidney injury biomarkers in humanized sickle cell mice.

4.1.1 Anaemia, leucocytosis, and high haemolytic status in Townes humanized sickle cell
mice at baseline.

Anaemia, leucocytosis, and haemolysis have clinical relevance to sickle cell disease pathogenesis.
Complete blood count parameters and markers of haemolysis were measured in Townes
humanized sickle cell mice (HbSS) and controls (HbAA) aged 12 weeks, so as to establish baseline
status before treatment (Figure 6 and 7). Evidence of haemolysis and anaemia in HbSS mice was
supported by elevated levels of total plasma heme, lactate dehydrogenase, lower red blood cell
count, reduced haemoglobin concentration, lower hematocrit, high reticulocyte counts and
increased mean red blood cell volume. Evidence of leucocytosis in HbSS was observed by elevated
white blood cell and neutrophil counts. At baseline, both male and female HbSS mice had elevated
white blood cell counts (males: 32.00 £4.98 x 10°/uL vs 7.32+ 0.92 x 103/pL, p = 0.0286; females:
30.01 £4.35x 103 /uL vs 7.28 £ 1.01 x 103/uL, p = 0.0266), high neutrophils counts (males: 9.95
+£2.72x 10%/pL vs 1.54£0.16 x 10°/uL, p = 0.0216; females: 5.46 £ 1.67 x 10°/uL vs 1.24 £0.15
x 103/uL, p = 0.0450), increased reticulocyte proportion (males: 7.54 + 1.41% vs 1.23 £ 0.55%, p
=0.0259; females: 5.72 + 0.64% vs 0.93 £ 0.07%, p = 0.0046) and increased mean red blood cell
volume (males: 38.70 +0.51 fL vs 31.40 + 0.83 {L, p = 0.0078; females: 45.95 + 2.42 fL. vs 31.13
+0.40 fL, p = 0.0009) compared to control HbAA mice (Figure 6A-D). Markers of anaemia, thus
red blood cell count (males: 8.42 = 0.66 x 10%pL vs 11.80 + 0.54 x 10%uL, p = 0.0081; females:
7.08 £ 0.86 x 10%/uL vs 11.53 £ 0.20 x 10°%uL, p = 0.0118), haemoglobin levels (males: 9.87 +
0.54 g/dL vs 13.25 £ 0.57 g/dL, p = 0.0052; females: 9.20 + 0.49 g/dL vs 12.8 £ 0.41 g/dL, p =

0.0012), and hematocrit percentages (males: 29.45 + 1.21 % vs 38.85 = 1.84 %, p = 0.0073;
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females: 30.73 + 1.50% vs 36.83 + 0.48%, p = 0.0221) were significantly lower in both male and
female HbSS compared to control HbAA mice (Figure 6E-G). Platelet counts were significantly
lower in HbSS female mice compared to HbAA female mice (422.60 + 76.97 x 10°/uL, vs 840.00
+ 82.82 x10°/uL, p = 0.0103) but HbSS and HbAA males had comparable platelet counts (568.3
+37.97 x 103/uL, vs 690.30 = 151.90 x10%/uL, p = 0.4868) (Figure 6H). Total plasma heme was
significantly higher in HbSS mice compared to HbAA mice (55.43 +£8.14 uM vs 31.98 £ 1.77 uM;
p =0.0237) (Figure 7A). Also, HbSS mice had higher plasma lactate dehydrogenase activity than
HbAA mice (120.7 £ 18.17 IU/L vs 58.64 £ 5.99 IU/L; p = 0.0109). In summary, at baseline,
SCD-related hematological anomalies and haemolysis were evident in HbSS mice, making this

murine model clinically relevant for the study.
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Figure 6 Abnormal hematological profile in Townes HbSS mice compared to HbAA controls.

Measures of hematological profile;(4). White blood cell count (B). Neutrophil count (C).
Reticulocyte percentage (D). Mean corpuscular volume (E). Red blood cell count (F).
Haemoglobin concentration (G). Hematocrit and (H). Platelet counts were assessed in Townes
HbSS and HbAA mice aged 12 weeks (n = 8 per genotype). Each dot represents a data point. The
2-tailed, unpaired Student t-test or Mann-Whitney test was performed for two groups comparison
where applicable. GraphPad Prism 10 software was used. Data is reported as mean = SEM. P

value <0.05 is represented by *
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Figure 7 High haemolytic state in Townes HbSS mice compared to HbAA controls.

Levels of intravascular haemolysis markers (A). Total plasma heme (B). Lactate dehydrogenase
(LDH) activity was measured using colorimetric detection in Townes HbSS and HbAA mice aged
12 weeks (n = 8 per group). Each dot represents a data point. The 2-tailed, unpaired Student t-test
was performed. GraphPad Prism 10 software was used. Data is reported as mean + SEM. P-value

<0.05 is represented by *.
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4.1.2 Townes humanized sickle cell mice exhibit reduced levels of renal cytoprotective
markers and increased tubular injury markers at baseline compared to healthy
controls.

Prior to investigating the renal protective effect of neuregulin-1 in sickle cell mice, the state of
kidney injury in HbSS compared to controls was determined (Figure 8). Biomarkers of
glomerulopathy, tubular injury, renal inflammation, and cytoprotection were measured in serum
and urine samples. The findings show that tubular injury is an early-stage renal manifestation in
HbSS mice. The study observed significantly elevated levels of urinary cystatin C in HbSS mice
compared to HbAA mice (57.66 + 4.84 ng/mL vs 41.51 = 3.37 ng/mL; p = 0.0104). HbSS mice
exhibited increased serum cystatin C levels (808.70 + 32.04 ng/mL vs 756.10 = 31.14 ng/mL; p =
0.2586) but it was not significant compared to HbAA mice (Figure 8 A-B). Tubular injury in HbSS
was further shown by the high levels of acute kidney tubule injury marker, neutrophil gelatinase-
associated lipocalin (NGAL) in both serum (509.90 + 21.34 ng/mL vs 188.40 + 12.75 ng/mL; p <
0.0001) and urine (127.70 £ 11.82 ng/mL vs 50.43 £ 10.62 ng/mL; p = 0.0003) compared to HbAA
mice (Figure 8C-D). Osteopontin levels in HbSS mice serum (203.70 & 29.56 ng/mL vs 166.80 +
12.70 ng/mL; p = 0.2803) and urine (1310.00 + 209.70 ng/mL vs 986.40 + 143.00 ng/mL; p =
0.2262) were high compared to HbAA mice. However, the difference was not statistically
significant (Figure 8E-F). There was no difference in serum clusterin between the two groups
(46.18 £ 5.85 pg/mL vs 49.71 £ 4.62 pg/mL; p = 0.6437) while serum EGR was undetectable
(Figure 8G — I). Urinary clusterin (910.00 £ 119.20 ng/mL vs 3073.00 + 322.70 ng/mL; p =
0.0007) and urinary EGF (717.60 += 92.38 ng/mL vs 1302.00 + 174.70 ng/mL; p = 0.0135) levels
were significantly reduced in HbSS compared to HbAA mice (Figure 8G — I). Sickle cell mice
exhibited evidence of spontaneous nephropathy characterized by marked tubular injury. Reduced
urinary levels of the renal cytoprotective biomarkers clusterin and EGF may represent an early risk

factor for the progression of kidney in sickle cell disease (SCD).
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Figure 8 Renal injury and reduced kidney cytoprotection in Townes sickle cell mice compared to
controls.

Quantification of serum and urinary kidney injury markers, (A-B). Clusterin (C-D). Neutrophil
gelatinase-associated lipocalin (NGAL) (E-F). Osteopontin (OPN) (G-H). Clusterin (I).
Epidermal growth factor (EGF) in Townes sickle mice and healthy controls, aged 12 weeks (n = 8
per group). Each dot represents a data point. The 2-tailed, unpaired Student s t-test was performed.
GraphPad Prism 10 software was used. Data is reported as mean = SEM. P-values are denoted as
follows: p < 0.05 (*) p<0.01 (**%), p<0.001 (***), and p < 0.0001 (****),
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4.1.3 Positive correlation between renal tubular injury and haemolysis in Townes
humanized sickle cell mice.

In sickle cell disease (SCD), the kidney is continuously exposed to haemolytic toxic molecules,
cell-free haemoglobin (Hb) and heme (Ofori-Acquah et al., 2020). Cell-free Hb and heme directly
induce cytotoxic and oxidative pathways in renal tubular cells, promoting tubular injury (Avondt
et al., 2019). The relationship between byproducts of haemolysis and markers of kidney injury was
assessed in HbSS mice. The findings demonstrated strong positive linear relationships between
haemolysis and renal injury (Table 4). Total plasma heme showed a strong positive correlation
with urinary NGAL (r = 0.98, p = 0.0001), linking tubular injury with hemolytic stress.
Additionally, plasma LDH was strongly and positively correlated with urinary cystatin C (r = 0.97,
p<0.0001) and urinary OPN (r = 0.82, p = 0.0140). A significant inverse relationship was observed
between plasma LDH and urinary EGF (r=-0.88, p = 0.0040). and between urinary cystatin C and
urinary EGF (r = 0.80, p = 0.0170)., suggesting that increased hemolysis and tubular injury is

associated with reduced regenerative capacity (Table 4).

75



Table 4 Positive correlation between renal tubular injury and haemolysis in Townes sickle cell
mice.

Pearsonr

Total plasma heme
Plasma LDH
Urinary Cystatin C
Urinary Clusterin
Urinary EGF
Urinary OPN

o *|Urinary NGAL

-
o
o
o
9]
o
o
(&)
o
o

©

®
o
3]
o

-0.29

o
n
hay

Total plasma heme

*
*
x.

Plasma LDH

o
(9]
o
-—
(=]
=}
o
©
=]
o
B
©

0.11 -0.88 0.82

Urinary Cystatin C| 035 | 097 [ 100 | 048 | 0.22 | -0.80 | 0388

Urinary NGAL| 098 | 049 | 048 | 100 | 0.27 | -0.40 | 053

Urinary Clusterin| 0.31 0.11 0.22 0.27 1.00 -0.22 0.62

Urinary EGF| -0.29 | -088 | -0.80 | -040 | -0.22 | 1.00 | -0.76

Urinary OPN| 047 | 082 | 088 | 053 | 062 | -0.76 | 1.00

A positive relationship exists between haemolysis and kidney injury in Townes sickle cell mice. At
age 12 weeks, total plasma heme, plasma lactate dehydrogenase (LDH) in plasma and cystatin C,
neutrophil gelatinase-associated lipocalin (NGAL), clusterin, epidermal growth factor (EGF), and
osteopontin (OPN) in urine were measured using colorimetric assays and Luminex, respectively.
Pearson correlation matrix was computed to measure the strength and direction of the relationship

between parameters. Data is reported as Spearman’s v correlation coefficients. P-values are

denoted as follows: p < 0.05 (*).
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4.1.4 Neuregulin-1 therapy has similar benefits to hydroxyurea in improving
haematological profiles and haemolysis in Townes humanized sickle cell mice,
without worsening anaemia like hydroxyurea.

Patients with sickle cell disease and murine models exhibit abnormal hematological profiles and a
high level of haemolysis. Reduced red blood cell count, low haemoglobin concentration, higher
reticulocyte count, elevated neutrophil and platelet counts, increased plasma lactate
dehydrogenase, and excess plasma heme are clinical indicators associated with severe SCD (Nader
et al,, 2020; Ofori-Acquah, 2020; Torres & Hidalgo, 2023). The study demonstrates that
neuregulin-1 (NRG-1) treatment in Townes sickle mice mimics the clinical benefits of
hydroxyurea by improving hematological anomalies and reducing haemolysis. Also, NRG-1 had

no significant adverse impact on anaemia compared to hydroxyurea.

After two weeks of treating HbAA and HbSS mice with vehicle, neuregulin-1, and hydroxyurea,
hematological and haemolysis markers were measured (Figures 9 &10). Vehicle-treated HbSS
mice had elevated white blood cell count (p = 0.0002) and neutrophil counts (p = 0.0002), and a
high reticulocyte percentage (p = < 0.0001), compared to vehicle-treated HbAA mice. Also,
decreased red blood cell count (p = 0.0009), reduced haemoglobin concentration (p = 0.0002), less
hematocrit (p = 0.0009), and low platelet count (» = 0.0002) were seen in vehicle-treated HbSS
mice compared to HbAA controls (Figure 9A-H). Furthermore, HbSS vehicle-treated mice had a
hyperhaemolytic status with increased levels of total plasma heme (p = 0.0061) and a high lactate
dehydrogenase activity (p =0.0022) compared to HbAA controls (Figure 10A-B). The proportion
of fetal red blood cells in HbSS mice (p = 0.0731) was not statistically different compared to

vehicle-treated HbA A controls.

Mice treated with 50mg/kg HU had a significant increase in the percentage circulating fetal

haemoglobin containing red blood cells (F-cells) (4.029 + 0.73% vs 2.58 + 0.55%, p = 0.0234)
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compared to vehicle-treated HbSS controls. Interestingly, NRG-1 (25ug/kg dose) treatment
showed similar beneficial effects, significantly increasing fetal red blood cells in circulation (4.396
+ 0.88% vs 2.58 = 0.55%, p = 0.045) compared to vehicle-treated HbSS controls. Although NRG-
1 (5pg/kg) treated mice also had an increase in fetal cells, the change was not significant (3.023 +
0.43% vs 2.58 £ 0.55%, p = 0.3608) (Figure 9A). These findings suggest that neuregulin-1 can be

a potential therapy to augment the induction of HbF, combined with hydroxyurea or alone.

Reduction in the elevated leucocyte and platelet count in SCD is considered a significant clinical
improvement. Mice treated with 50mg/kg HU exhibited a significant reduction in white blood cell
count (23.57 £2.56 x 10°/uL, vs 31.36 + 1.84 x10/uL, p = 0.0421), neutrophil count (3.64 + 0.82
x 10%/uL, vs 7.50 + 1.53 x10°/uL, p = 0.0492), and platelet count (355.3 +37.52 x 10%/uL, vs 542.0
+ 48.02 x10°/uL, p = 0.0118) compared to vehicle-treated HbSS controls (Figure 9B-D). These
results are consistent with the clinical benefits attributed to hydroxyurea therapy. HbSS mice
treated with NRG-1(5pg/kg) had a blood profile that mimics the clinical benefits of hydroxyurea
in SCD. White blood cell count (22.86 = 1.780 x 10°/uL, vs 31.36 + 1.84 x10°/uL, p = 0.0118),
neutrophil count (4.020 £ 0.25 x 10°/pL, vs 7.50 + 1.53 x10°/uL, p = 0.0130), and platelet count
(366.30 £ 52.02 x 10°/uL, vs 542.0 +48.02 x103/uL, p = 0.0421) were all significantly reduced
compared to vehicle-treated HbSS controls. Although neuregulin-1(25pg/kg dose) treated mice

also showed improvement in these parameters, it was not statistically significant (Figure 9B-D).

Mice treated with HU had worsened anaemia compared to HbSS controls (Figure 9E-H). Markers
of anaemia, red blood cell count (5.99 + 0.45 x 10%/pL vs 7.49 + 1.38 x 10%/uL; p = 0.0400) and
haemoglobin levels (8.45 + 0.44 g/dL vs 9.80 4+ 0.35 g/dL, p =0.0307) were further reduced in HU
treated mice compared to vehicle-treated HbSS controls. Also, HU significantly suppressed the

production of new red blood cells (reticulocyte count) (4.75 +0.67% vs 7.98 = 0.89%, p = 0.0126)
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compared to vehicle-treated HbSS controls. There was no significant difference in red blood cell
count in NRG-1 treated mice (Spg/kg dose; 7.00 + 0.26 x 10%/uL vs 7.49 = 1.38 x 10%uL; p =
0.7576); (25ng/kg dose; 6.53 = 0.31 x 10%/uL vs 7.49 + 1.38 x 10%uL; p = 0.2525) compared to
vehicle-treated HbSS controls. Similarly, there was no difference in haemoglobin concentration
between NRG-treated (Sug/kg dose; 9.20 = 0.19 g/dL vs 9.80 + 0.35 g/dL, p = 0.4317); (25ug/kg
dose; 8.65 + 0.44 g/dL vs 9.80 = 0.35 g/dL, p = 0.0601) and vehicle-treated HbSS controls. The
percentage of reticulocytes in blood was not different in NRG-1 treated mice and vehicle-treated
HbSS controls (Figure 8E-H). Future studies should investigate this clinically relevant finding

further.

Total plasma heme was significantly reduced in NRG-1-treated mice (Spg/kg dose; 58.00 + 5.76
uM vs 90.18 + 8.66 uM, p = 0.0140); (25pg/kg dose; 40.36 + 2.52 uM vs 90.18 + 8.66 uM, p =
0.0025) treated mice compared to vehicle-treated HbSS controls (Figure 10A-B). Similarly, lactate
dehydrogenase levels were significantly reduced by NRG-1 (5pug/kg dose) (104.0 = 17.13 IU/L vs
209.30 + 33.31 IU/L, p = 0.0260) compared to vehicle-treated HbSS controls. Reduced total
plasma heme (39.29 + 7.10 pM vs 90.18 + 8.66 pM, p = 0.0012) and lactate dehydrogenase (90.57
+29.42 TU/L vs 209.30 £33.31 IU/L, p=0.0234) was also observed in HU-treated mice compared
to vehicle-treated HbSS controls (Figure 10A-B). NRG-1’s ability to improve abnormal
hematological profile and haemolysis in sickle cell mice provides evidence that NRG-1 can have

beneficial effects in SCD.
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Figure 9 Neuregulin-1 administration improves hematological parameters in Townes humanized

sickle cell mice.

Hematological parameters A. Fetal red blood cells B. White blood cell count C. Neutrophil count

D. Platelets counts E. Red blood cell count F. Haemoglobin concentration G. Hematocrit H.

Reticulocyte count was measured in Townes mice aged 14 weeks after 2 weeks treatment with

vehicle, neuregulin, and hydroxyurea (n =7 - 8 per group). Data is reported as mean + SEM. The

2-tailed, unpaired t-test was performed for vehicle treated groups comparison. The 2-tailed, one-

way analysis of variance with the Tukey post hoc test was performed across the different HbSS

treatment groups. GraphPad Prism 10 software was used. P-values are denoted as follows: p <

0.05 (%) p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (***%).
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Figure 10 Neuregulin-1 administration improves haemolysis in Townes humanized sickle cell
mice.
Total plasma heme (A) and Plasma lactate dehydrogenase (B) were measured in Townes mice aged

14 weeks after 2 weeks of treatment with vehicle, neuregulin, and hydroxyurea (n = 7 - 8 per
group). Data is reported as mean + SEM. The 2-tailed, unpaired t-test was performed for vehicle
treated groups comparison. The 2-tailed, one-way analysis of variance with the Tukey post hoc
test was performed across the different HbSS treatment groups. GraphPad Prism 10 software was
used. GraphPad Prism 10 software was used. P-values are denoted as follows: p < 0.05 (*) and
p<0.01 (**).
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4.1.5 Neuregulin-1 treatment reduces systemic inflammation in Townes humanized sickle
cell mice.

Intravascular haemolysis promotes inflammation in SCD. Inflammation is a key contributor to the
pathophysiology of SCD kidney injury (Conran & Belcher, 2018). The inflammatory phenotype
of SCD is characterized by increased levels of pro-inflammatory cytokines with an unbalanced
anti-inflammatory response. Modulating pro-inflammatory cytokine levels with a concomitant
increase in anti-inflammatory response is critical in improving clinical outcomes of SCD (Ofori-
Acquah, 2020). Neuregulin-1’s (NRG-1) ability to modulate systemic SCD inflammatory milieu
was evaluated. The findings show that both neuregulin-1 and hydroxyurea significantly improved

the high levels of pro-inflammatory cytokines in sickle cell mice (Figure 11).

A heightened pro-inflammatory phenotype was exhibited in HbSS control mice compared to the
HbAA counterparts. Serum levels of pro-inflammatory cytokines IFN-y (7.43 + 0.36 ng/mL vs
5.36+£0.29 ng/mL, p=0.013), CXCL10 (90.67 + 14.86 ng/mL vs 31.94 £ 1.72 ng/mL, p=0.0013),
IL-6 (46.49 + 3.66 ng/mL vs 6.42 + 0.73 ng/mL, p < 0.0001), VEGF-A (23.31 + 5.58 ng/mL vs
4.81 +0.60 ng/mL, p =0.0053), CCL19 (60.37 £ 3.47 ng/mL vs 38.26 £ 3.91 ng/mL, p = 0.0011)
and MCP-5 (101.30 + 6.98 ng/mL vs 63.55 = 9.71 ng/mL, p = 0.0189) were significantly high in
HbSS vehicle-treated mice compared to HbAA controls. The anti-inflammatory marker, IL-10
level in HbSS mice was statistically comparable in HbAA mice despite the heightened

inflammation (3.09 + 0.71 ng/mL vs 1.28 + 0.51 ng/mL, p = 0.0719) (Figure 11A-F).

Hydroxyurea’s anti-inflammatory effect, whether it is dependent or independent on its HbF
inducing mechanism, is not fully explored. Treating HbSS mice with HU for two weeks reduced
levels of some circulating pro-inflammatory cytokines compared to HbSS vehicle-treated mice.
IFN-y (4.49 + 0.59 ng/mL vs 7.43 + 0.36 ng/mL, p = 0.0130), and CXCL10 (45.21 + 6.20 ng/mL
vs 90.67 + 14.86 ng/mL, p = 0.0032) and VEGF-A (7.33 £ 0.74 ng/mL vs 23.31 + 5.58 ng/mL, p
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=0.0027) were significantly reduced by HU treatment. Levels of CCL19 (51.64 + 3.86 ng/mL vs
60.37 + 3.47 ng/mL, p = 0.1148) and MCP-5 (79.22 £+ 10.66 ng/mL vs 101.30 £ 6.98 ng/mL vs, p
= 0.1089) were reduced by HU treatment but this was not statistically significant. HU did not

reduce IL-6, as levels remained high after treatment (Figure 11A-F).

NRG-1’s ability to mitigate inflammation in sickle cell disease has not yet been reported. Here,
our findings shows that mice treated with NRG-1 (5pg/kg) had a significant reduction in IFN-y
(3.79 + 0.40 ng/mL vs 7.43 + 0.36 ng/mL, p = 0.0019), IL-6 (28.78 + 2.49 ng/mL vs 46.49 + 3.66
ng/mL, p =0.0017), CXCL10 (53.04 + 3.58 ng/mL vs 90.67 + 14.86 ng/mL, p = 0.0161), VEGF-
A (8.030 £ 1.07 ng/mL vs 23.31 + 5.58 ng/mL, p = 0.0043), CCL19 (36.68 + 2.97 ng/mL vs 60.37
+ 3.47 ng/mL, p = 0.0001) and MCP-5 (69.28 + 10.34 ng/mL vs 101.30 + 6.98 ng/mL vs, p =
0.0244) compared to vehicle-treated HbSS controls. Similarly, mice treated with NRG-1 (25pug/kg)
had a significant decrease in VEGF-A (5.45 £ 0.60 ng/mL vs 23.31 &+ 5.58 ng/mL, p = 0.0008) and
MCP-5 (79.70 = 2.40 ng/mL vs 101.30 = 6.98 ng/mL vs, p = 0.0177) compared to vehicle-treated
HbSS controls. Interestingly, NRG-1 (5pg/kg dose) treated mice had a significant increase in levels
of anti-inflammatory cytokine IL-10 compared to vehicle-treated HbSS mice controls (5.90 + 0.20
ng/mL vs 3.09 + 0.71 ng/mL, p = 0.0014). Altogether, these results provide additional evidence of
the anti-inflammatory effects of HU. This report provides the first evidence of neuregulin-1’s

ability to regulate a heightened inflammatory environment in the SCD murine model.
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Figure 11 Anti-inflammatory effects of Neuregulin-1 and Hydroxyurea in Townes humanized

sickle cell mice.

Pro-inflammatory markers A. Interferon-gamma (IFN-y) B. Interleukin 6 (IL-6) C. C-X-C motif
chemokine ligand 10 (CXCL10) D. Vascular Endothelial Growth Factor-A (VEGF-A) E.

Macrophage inflammatory protein 3 (MIP-3p) F. Murine Monocyte Chemoattractant Protein 5
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(MCP-5) and anti-inflammatory marker G. Interleukin 10 (IL-10) were measured in Townes mice
aged 14 weeks after 2 weeks treatment with vehicle, neuregulin and hydroxyurea (n = 7- 8 per
group). Data is reported as mean £ SEM. The 2-tailed, unpaired t-test was performed for vehicle
treated groups comparison. The 2-tailed, one-way analysis of variance with the Tukey post hoc
test was performed across the different HbSS treatment groups. GraphPad Prism 10 software was
used. P-values are denoted as follows: p < 0.05 (*) p < 0.01 (**), p <0.001 (***), and p < 0.0001

4.1.6 Neuregulin-1 treatment enhances renal cytoprotection and moderately attenuates
severe tubular injury in Townes humanized sickle cell mice.

The cytoprotective effect of neuregulin-1 against kidney injury in Townes humanized sickle cell
mice was determined. Kidney injury biomarkers Cystatin C, neutrophil gelatinase-associated
lipocalin (NGAL), osteopontin (OPN) and cytoprotective markers, clusterin and epidermal growth
factor (EGF) were assessed in urine before and after two weeks of treatment. The effect of
hydroxyurea on renal injury was compared to neuregulin-1. The study findings showed that
neuregulin-1 significantly increased cytoprotective and repair markers and moderately reduced
tubular injury markers. Hydroxyurea notably reduced urine and serum biomarkers of tubular and

glomerular injury (Figures 12 & 13).

Prior treatment, urinary NGAL levels were significantly elevated in all HbSS mice compared to
HbAA controls. After treatment, vehicle-treated sickle cell mice had a fold increment of 5.97 +
0.19 (p= 0.0060) in urinary levels of cystatin C and 2.92 £ 0.14 (p= 0.0147) in urinary levels of
NGAL. HbAA healthy mice did not show any significant change in urine cystatin C (1.77 £ 0.11,

p=0.0786) and NGAL (1.32 £ 0.13, p=0.4133) (Figure 12A-B).

After treatment, urine cystatin C was further increased in all HbSS mice groups, suggesting that

tubular dysfunction is progressive in sickle cell mice (Figure 12A). However, the therapeutic
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ability of NRG-1 and HU to reduce the extent of tubular damage was demonstrated by the
relatively minimal fold increase in urinary cystatin C levels in treated HbSS mice compared to
untreated HbSS controls. The hydroxyurea-treated group had a fold increase of 2.89 = 0.23 (p =
0.0391) which was relatively lower compared to the vehicle-treated HbSS group 5.97 + 0.19 (p=
0.0060). Both NRG-1 5ug/kg and 25ug/kg doses mirrored the effect of HU on tubular injury by
exhibiting a lower fold increase of 4.82 + 0.18 (p =0.0066) and 4.99 = 0.19 (p = 0.0087)

respectively, compared to vehicle-treated HbSS controls (Figure 12A).

HU treatment showed an insignificant fold increase in urinary NGAL levels (1.41 £+ 0.20, p
=0.4923). Like HU effects, mice group treated with low dose NRG-1 (5ug/kg dose) also had an
insignificant fold increment of 1.42 £+ 0.13 (p = 0.2881) in urinary NGAL levels compared to
vehicle-treated HbSS controls. Although 25ng/kg dose neuregulin-1 treated mice exhibited a
significant fold increment (2.74 + 0.09 (p = 0.0031) in urinary NGAL, the increment was however

less than that of HbSS controls (Figure 12B).

The study findings showed significantly low levels of clusterin in HbSS mice before treatment
compared to HbAA controls. After treatment, clusterin levels remained low in HbSS vehicle-
treated mice (1.39 £+ 0.04 pg/mL, p = 0.0647) whiles vehicle-treated HbAA controls showed a
significant fold increase (2.07 £ 0.03 ug/mL, p = 0.0002). Remarkably, mice treated with Sug/kg
dose NRG-1 had a significant fold increase in urinary clusterin levels (2.17 + 0.10 ug/mL, p =
0.0179). High dose (25pg/kg dose) neuregulin treatment exhibited an insignificant increase in
clusterin levels (1.76 + 0.13 ug/mL, p = 0.1779) like HbSS control mice. Likewise, hydroxyurea
did not have any significant effect on clusterin levels (1.14 = 0.07 pg/mL, p = 0.4360) (Figure

13A).
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After two weeks treatment, EGF levels were significantly elevated in vehicle-treated HbAA mice
while levels in vehicle-treated sickle mice remained low. A significant fold increase of 1.55 + 0.06
(» = 0.0314) in urinary EGF was observed in HbAA mice, while vehicle-treated HbSS mice had
no change (1.01 = 0.05, p = 0.9170) (Figure 13B). This suggests a lack of EGF-mediated
regeneration or repair in sickle cell mice amidst ongoing kidney injury. NRG-1 (5pg/kg) treatment
had a significant fold increment (1.35 £ 0.02, p = 0.0011) in EGF levels in urine after two weeks
therapy. Hydroxyurea treated mice had no significant change in urinary EGF levels (1.23 + 0.05,
p = 0.1108) (Figure 13B). In summary, administering neuregulin-1 to sickle cell mice enhances
levels of renal repair and cytoprotection biomarkers and reduces severity of renal injury. The
findings also demonstrate that hydroxyurea has a notable effect on minimizing renal injury in

Townes sickle cell mice.
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Figure 12 Neuregulin-1 treatment moderately modulates renal tubular injury in Townes

humanized sickle cell mice.

Kidney injury biomarkers, urinary cystatin C (A), urinary neutrophil gelatinase-associated
lipocalin (NGAL)(B) were assessed in 14-week-old humanized sickle cell mice groups and controls
(n =7 - 8 per group) after 2 weeks treatment with neuregulin-1, hydroxyurea, and vehicle. Data is
reported as mean = SEM. The relative change in levels of biomarkers before and after treatment
was performed by ratio paired t-test, two-tailed. P-values are denoted as follows: p < 0.05 (*) and
p <0.01 (**%).
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Figure 13 Neuregulin-1 treatment increases renal protective biomarkers in Townes humanized

sickle cell mice.

Urinary levels of renal protective biomarkers clusterin (A) and epidermal growth factor (EGF) (B)
were assessed in 14-week-old humanized sickle cell mice groups and controls (n = 7 - 8 per group)
after 2 weeks of treatment with neuregulin-1, hydroxyurea, and vehicle. Data is reported as mean
+ SEM. Relative change in levels of biomarkers before and after treatment was performed by ratio

paired t-test, two-tailed. P-values are denoted as follows: p < 0.05 (*) and p < 0.01 (**).
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4.2 Results on specific Aim 2: Determine the effect of Neuregulin-1 treatment on renal
histopathological changes associated with Kidney injury in humanized sickle cell mice.

4.2.1 Townes humanized sickle cell mice develop severe renal vascular congestion,
glomerular/tubular damage, and multi-organ structural changes compared to
healthy mice.

Gross architectural changes were observed in the organs of sickle cell mice. While HbAA mice
had grossly unremarkable organs, HbSS mice exhibited mild to severe hypertrophic heart,
moderately congested lung, severely enlarged liver and spleen, and mild edematous brain The
HbSS mice’s kidneys had mild to severe dark appearance with mild-to-moderate hypertrophy

(Figure 14).

Histological examination of the kidneys confirmed histopathologic changes in HbSS mice at
baseline, compared to HbAA healthy controls. Glomerular defects were characterized by
glomerular capillary congestion, thickening of the bowman’s capsule, glomerulosclerosis, and the
number of glomeruli. Tubular defects and injury were assessed by tubular epithelium brush border
thickness and accumulation of iron deposits in tubular epithelial cells. Medullary changes were

examined by vasa recta congestion as an indicator of vasculopathy.

Sickle cell mice had significant congestion in the vasa recta and glomerular capillaries. About one-
third of the glomerular capillaries were occluded with sickled red blood cells in HbSS mice (34.170
+10.12% vs 6.250 + 10.12%, p = 0.0429) compared to HbA A controls (Figure 15, 19A). Vascular
congestion was more pronounced in the vasa recta. More than two-thirds of the renal medulla
vessels were occluded in HbSS mice (70.830 £4.17% vs. 5.000 £2.87%, p < 0.0001), but this was

nearly absent in HbAA mice (Figure 18; 19E).

Glomerulosclerosis was observed in HbSS mice with 25% to 50% of glomeruli being sclerotic

while this was absent in HbAA mice (1.800 = 0.20 score vs 0.000 £ 0.000 score, p = 0.008) (Figure
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17; 19C). On average, HbSS mice exhibited mild thickening of the bowman’s capsule, but this was
insignificant compared to HbAA controls (0.917 + 0.08 score vs 0.625 + 0.24 score, p = 0.4000)
(Figure 16; 19B). Also, individual sickle cell mice showed mild-to-moderate loss of epithelium
brush border thickness; but on average, this was also statistically insignificant compared to HbAA
mice (2.917 £ 0.49 score vs. 3.500 = 0.29 score, p = 0.5810) (Figure 16; 19F). There was no
difference in the estimated number of glomeruli per mm? between HbSS and HbAA. Iron
deposition within the cortical tubules was nearly absent in HbAA mice. However, tubular iron
deposition was a remarkable feature in the kidneys of HbSS mice where 25.83 + 0.49% of HbSS
cortical tubules had iron accumulated in them versus 1.25 + 0.75% in HbAA mice (p = 0.0095)
(Figure 18; 19G). The positive iron stain intensity was also significantly higher in HbSS mice
compared to HbAA mice (42.35 = 12.77 vs 4.167 £ 0.83 x 10° pixels/mm?, p = 0.0304) (Figure
19H). The accumulation of iron deposits within cortical tubules reflects excess uptake of heme
proteins. This is a risk factor for developing tubular injury (Nath et al., 2022; Ofori-Acquah et al.,
2020). These findings underscore the relevance of sickle cell mice to develop natural course
kidney damage without external manipulations as a good model for studying critical aspects of
renal disease. The marked vascular congestion observed in HbSS provides compelling evidence

that it is a key contributor to the development of spontaneous nephropathy in sickle cell disease.
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Figure 14 Multi-organ structural changes in Townes humanized mice.

Representative images of organs harvested from Townes sickle cell (HbSS) mice and control (HbAA) mice at 12 weeks old. A) Depicts
unremarkable organs from a representative HbAA mouse. B) Depicts hypertrophic heart, congested lung, enlarged liver and spleen,

congested and hypertrophic kidneys, and edematous brain from a vepresentative HbSS mouse.
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Figure 15 Glomerular ed sickle mice (HbSS)

compared to heathy

Panels A and C display IbAA mouse, stained with

Hematoxylin—and— green arrowheads
indicating normal glomerulus wi : - representative renal
cortex sections fr(;m HbSS mouse, : 77' 1 vﬁﬁmﬁm (Paﬁ-é% B) and Masson's
trichrome (Panel D), highlighting areas of glomerular congestion (black arrowheads). Each panel
represents Townes humanized sickle cell mice and healthy HbAA controls (n = 7 — 8 per group) at

12 weeks old. Original magnification x 40.
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Figure 16. Bowman’s ¢
of Townes humanized

Each panel represents |
controls (n = 7 — &8 per g
display representati indicating normal
fi‘om HbSS mouse,

heads). Panel C displays

Bowman's capsule - 5] representative

highlighting a thickened om@égﬁrlﬁ rﬁembr%ﬁ@mo

representative renal cortex from HbAA mouse with green arrowheads indicating presence of

tubular brush borders. Panel D displays representative renal cortex from HbSS mouse,

highlighting loss of tubular brush borders (black arrowheads). Original magnification x 40.

94



University of Ghana http://ugspace.ug.edu.gh

Figure 17 Glomerulosc

mice (HbSS) compared
to heathy HbAA mice.

Panels A and C displc 14 mouse, stained with

Hematoxylin—and—eosin ), with green arrowheads
indicating normal rulus. Pane : “cortex sections from

I
HbSS mouse, stain ichrome (Panel D),

highlighting areas of scle sifm'z-ﬁggmlus (black arrow'h panel represents Townes

bAA CD.;;EO s (n

humanized sickle cell mice and healthy =7 — 8 per group) at 12 weeks old.

Original magnification x 40
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Figure 18 Renal tubula
humanized sickle mice

> kidney of Townes
Each panel represents k mice and healthy HbAA
controls (n =7 — 8 per g ative renal cortex section

from HbAA mouse stained wi 1 deposits. Panel B displays

representative rerm-__-cm}rjex section from 10US€ stained wiglf__m& Prussian blue,
— ‘ =
highlighting iron deposits in cortical tubules (black ads). Panel C displays

representative kidney sectioﬁ'wg-ni;m wﬁﬂ[@ﬂ&ﬁ%ﬁjﬁmson& trichrome, indicating
absence of congestion in medulla (blue double-headed arrow region). Panel D displays
representative kidney section from HbSS mouse, highlighting severe congestion (black

arrowheads) within the medulla (blue double-headed arrow region). Original magnification x 40.
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Figure 19 Spontaneous histopathologic manifestations in the kidney of Townes humanized
(HbSS) sickle cell mice compared to healthy HbA A controls.

Histopathologic analysis of kidney sections from humanized sickle cell mice and healthy controls
(n =7 - 8 per group) at 12 weeks old. HbSS naturally developed mild to moderate pathologic
changes, which are represented by semi-quantitative scoring of (A) glomerular congestion, (B)
thickening of the Bowman § capsule basement membrane, (C) glomerular sclerosis, (D) number of
glomeruli (E) congestion of the vasa recta (F) thickness of the tubular epithelium brush border
and (G -H). Iron deposition in the tubular epithelium. Data is represented by Mean + SEM. The 2-
tailed, unpaired Student t-test was performed. P-values are denoted as follows: p < 0.05 (*),
p <0.01 (**), p<0.00] (***) and p < 0.001 (****),
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4.2.2 Neuregulin-1 treatment reduces glomerular damage in Townes humanized sickle cell
mice.

To evaluate the beneficial effect of neuregulin-1 (NRG-1) on SCD glomerulopathy,
histopathologic changes associated with glomerular injury were examined after two weeks of
administering NRG-1 to humanized sickle cell mice (HbSS) and non-sickle HbAA genetic
controls. Hydroxyurea was concomitantly administered to sickle cell mice. These results provide
preliminary evidence demonstrating that neuregulin-1 treatment improves glomerular damage in

SCD.

Vehicle-treated HbSS mice exhibited significant glomerular damage compared to vehicle-treated
HbAA control mice. Glomeruli from the HbSS mice had pronounced glomerular congestion
(51.250 + 6.02% vs 3.750 = 1.57%, p = 0.0002), thickened Bowman’s capsule membrane (2.250
+ 0.21 score vs 0.500 = 0.18 score, p = 0.0007), and were sclerotic (1.500 = 0.19 score vs 0.167 =

0.01 score, p = 0.0003) (Figures 20-22).

Neuregulin-1 treatment significantly reduced congestion within glomerular capillaries in HbSS
mice (Spg/kg/dose; 15.00 + 9.82% vs 51.250 + 6.02%, p = 0.0025) (25ng/kg/dose; 7.50 = 1.64%
p = 0.0003) compared to vehicle-treated HbSS mice. Hydroxyurea treatment also reduced
congestion, which was nearly significant compared to HbSS controls (35.00 + 5.70% vs 51.250 +
6.02%, p = 0.0875) (Figure 20). The glomerulus undergoes ischemic stress because of vessel
congestion, resulting in injury. These findings indicate that neuregulin treatment protects the

glomerulus by reducing congestion.

The thickening of the Bowman’s capsule membrane is a notable sign of nephropathy. HbSS mice
treated with neuregulin-1 (Spg/kg/dose; 1.500 £ 0.13 score vs 2.250 £ 0.21 score, p = 0.0228) and

hydroxyurea (1.313 £ 0.27 score vs 2.250 £ 0.21 score, p = 0.0365) exhibited mild thickening of
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their Bowman’s capsule membrane compared to the moderate thickening seen in HbSS control

mice (Figure 21).

Injured glomeruli without effective cellular repair become sclerotic. The study observed that over
25% of the glomeruli in the vehicle-treated HbSS mice kidneys had developed severe sclerosis.
However, treatment with neuregulin-1 or hydroxyurea significantly reduced glomerulosclerosis.
Less than 25% of the glomeruli in mice treated with NRG-1 (5ug/kg/dose; 0.563 £ 0.06 score, p
=0.0002, 25png/kg/dose; 0.688 + 0.06 score, p = 0.0011), and hydroxyurea (0.87 = 0.16 score, p =
0.0139) exhibited mild sclerosis compared to HbSS controls (Figure 22). There was no significant
loss in glomeruli number between HbAA mice and all HbSS mice groups.The findings suggest
that combined neuregulin and hydroxyurea treatment may have enhanced effects in attenuating

glomerular damage in SCD patients.
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Figure 20 Neuregulin-1 treatment reduces gl 7 stion in Tc \ ‘ ickle cell mice.

Kidney sections stained with Masson's trichc YAA) mice treated with vehicle, neuregulin-1,
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Figure 22 Neuregulin-1 and hydroxyurea tre s humanized sickle cell mice.

Kidney sections stained with Masson's triche YAA) mice treated with vehicle, neuregulin-1,

and hydroxyurea over two weeks from 12 wee i-quantitative scoring of glomerulosclerosis.

Representative images: B Normal glomeruli HbAA mouse (green arrowheads), C. Severe

glomerulosclerosis in vehicle-treated HbSS mouse, D-E. erosis in neures ulin-1 and hydroxyurea-treated HbSS mouse

(black arrowheads). Statistics involved two-tai ec aired t-tests and one-way ANOVA with Tukey's post hoc test. Data reported as
- - . - . ‘.ci
Mean + SEM. P-values are denoted as follows: p é%g??@'ﬂ L 5 HM*@%'H’OJ (***) and p < 0.001 (****). Magnification X40
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4.2.3 Hydroxyurea treatment significantly reduces medullary vascular congestion
compared to neuregulin-1 treatment in Townes humanized sickle cell mice.

Renal medulla blood vessels are susceptible to sickle cell erythrocyte occlusion because of the
hypoxic, acidotic, and hyperosmolar environment within the medulla. Congestion within the
medulla blood vessel, vasa recta, when persistent and pronounced, causes ischemic-induced renal
injury. (Bissonnette et al., 2016). Medulla congestion was assessed in humanized sickle mice
(HbSS) and healthy control (HbAA) treated with vehicle, neuregulin-1, and hydroxyurea for two
weeks beginning at 12 weeks of age was examined (Figure 23). Congestion in the vasa recta was
significantly severe in vehicle-treated HbSS mice compared to the HbAA controls (82.500 +2.83%
score vs 13.330 + 6.03 score, p < 0.0001). Neuregulin-1 treatments did not significantly improve
vasa recta congestion (75.000 £ 1.34, p = 0.0875 vs HbSS). Interestingly, hydroxyurea-treated
mice exhibited a notable significant reduction in the proportion of congested vasa recta compared
to vehicle-treated HbSS controls. (46.250 + 8.80 score vs 82.50 + 2.83 score, p = 0.0023) (Figure

23).
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B. HbAA + Vehicle C. HbSS + Vehicle

D. HbSS + Neuregulin-1 E. HbSS + Hydroxyurea

Vasa recta congestion
(% of vasa recta with congestion)

Figure 23 Hydroxyurea treatment significantly reduces vasa recta congestion compared to neuregulin-1 treatment in humanized sickle
cell mice.

Gross appearance of kidney halves from sickle cell (HbSS) and healthy control (HbAA) mice treated with vehicle, neuregulin-1, and
hydroxyurea over two weeks from 12 weeks of age (n = 7-8 per group) are shown. A. Semi-quantitative scoring of glomerulosclerosis.
Representative images: B Medulla with mild congestion in vehicle-treated HbAA mouse (green arrowheads), C-D. Severe medulla
congestion in vehicle and neuregulin-treated HbSS mouse, respectively (black arrowheads)., E. Medulla with mild congestion in
hydroxyurea-treated HbSS mouse (black arrowheads). Statistics involved two-tailed unpaired t-tests and one-way ANOVA with Tukey's
post hoc test. Data reported as Mean £ SEM. P-values are denoted as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.001
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4.2.4 Neuregulin-1 mitigates severe tubular brush border loss and iron accumulation in
humanized sickle cell mice.

The cytoprotective effects of Neuregulin-1 (NRG-1) against heme-mediated histopathological
changes in the renal tubules of humanized sickle mice HbSS and genetic HbAA controls was
assessed. Hydroxyurea (HU) treatment in HbSS mice was done concomitantly. Heme-mediated
renal tubular epithelial injury is characterized by histopathological changes, including excessive

iron accumulation and reduced epithelial brush border thickness.

Both treated and untreated sickle cell mice exhibited marked iron accumulation within the tubular
walls, and the number of cortical tubules showing iron deposition did not differ significantly
among the HbSS groups (Figure 24). However, neuregulin-1 treatment significantly reduced the
intensity of iron staining in the tubules (Spg/kg/; 32.820 + 11.22 vs 165.000 + 26.79, x 10° pixels
intensity/mm?, p = 0.0012). While treatment with 25pg/kg NRG-1(77.720 + 32.34 vs 165.000 +
26.79, x 103 pixels intensity/mm?, p = 0.0566) and hydroxyurea (117.400 + 36.17 vs 165.000 +
26.79, x 10° pixels intensity/mm?, p = 0.3098) also resulted in reduced iron deposition, these

changes were not statistically significant compared to HbSS controls (Figure 24).

Loss of the renal epithelial brush border is a histopathological feature indicative of tubular
necrosis. More than half of the cortical tubules in the kidneys of vehicle-treated HbSS mice
exhibited marked loss of brush borders compared to vehicle-treated HbAA controls (1.625 £0.16
score vs 3.33 £ 0.11 score, p < 0.0001). Treatment with neuregulin-1 and hydroxyurea improved
the extent of tubular brush border loss compared to vehicle-treated sickle cell mice. Mice treated
with NRG-1 (Spg/kg/dose) had less than 25% of their tubular cells losing their brush borders
(3.125 £ 0.08, p < 0.0001). Additionally, mice treated with HU (2.813 + 0.13, p < 0.0001) and

NRG-1 (25pg/kg/dose; 2.625 + 0.20, p = 0.0019 exhibited loss of brush borders in over 25% of
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their cortical tubules. However, this effect was significantly less severe than in untreated HbSS

controls (Figure 25).
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Figure 24 Neuregulin-1 treatment reduces intensity of iron deposits in kidneys of Townes
humanized sickle cell mice.

Kidney sections stained with Perl’s Prussian blue from sickle cell (HbSS) and control (HbAA) mice
treated with vehicle, neuregulin-1, and hydroxyurea over two weeks from 12 weeks of age (n = 7-
8 per group) were examined for tubular iron deposits. Semi-quantitative scoring of: A. Percentage
of tubules with iron deposition, and B. Quantification of the intensity of iron deposits. Statistical
analysis involved two-tailed unpaired t-tests and one-way ANOVA with Tukey's post hoc test. Data
reported as Mean + SEM. P-values are denoted as follows: p < 0.05 (*), p < 0.01 (**), p <0.001
(***) and p < 0.001 (¥**%*).
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4.3 Specific aim 3 - To evaluate the impact of neuregulin-1 treatment on the expression
and distribution of heme oxygenase-1 in the Kidneys of humanized sickle cell mice.

4.3.1 Neuregulin-1 treatment increases the expression of heme oxygenase-1 in the renal
tubules of Townes humanized sickle cell mice.

Heme oxygenase-1 (HO-1), the rate-limiting enzyme that catalyzes heme degradation is
upregulated during acute haemolytic stress, serves as a critical nephroprotective factor that
mitigates heme-mediated oxidative and inflammatory pathways (Grunenwald et al., 2021). To
evaluate the capacity of neuregulin-1 (NRG-1) to induce renal HO-1 expression, humanized sickle
cell (HbSS) mice and healthy HbAA controls were treated with NRG-1 for two weeks;
hydroxyurea was administered concomitantly to HbSS mice. Notably, NRG-1 treatment markedly

increased renal HO-1 expression in HbSS mice relative to untreated HbSS cohorts.

In both HbSS and HbAA mice, HO-1 positive stains were mostly located in the renal cortical
tubules (Figure 26). Also, weak and isolated positive stains were observed in the glomeruli of some
HbSS mice but were absent in the glomeruli of HbAA mice. HO-1 positive stains were not
observed in the inner medulla of both HbSS and HbA A mice. Prior treatment, sickle cell mice had
increased HO-1 expression with a higher positive stain count (1.893 £ 0.45 vs 0.206 £ 0.08 x 10°
pixels count/mm?, p = 0.0302) and stain intensity (0.157 = 0.04 vs 0.016 + 0.01, megapixels/mm?,

p =0.0406) compared to HbAA mice (Figure 26).

Remarkably, mice treated with neuregulin-1 exhibited a significant increased HO-1 positive stain
(12.060 + 7.35 vs 4.97 £ 1.945 x 10° pixels count/mm?, p = 0.0070) and stain intensity (3.257 +
0.57 vs 0.191 + 0.02, megapixels/mm?, p = 0.0002) compared to HbSS controls (Figure 27).
Hydroxyurea treatment did not have any significant effect on positive pixel count (1.586 + 0.42 vs
2.261 pixels count/mm?, p = 0.9905) and stain intensity (0.450 + 0.32 megapixels/mm?, p =
0.7552) compared to vehicle-treated HbSS mice (Figure 27).
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Figure 26 Increased heme xyger e-1 expression in the kidne}:j) Townes humanized sickle cell
mice compared to healthy controls. = L0 2

Anti-heme oxygenase-1 immunohistochemical analysis of kidney sections from sickle cell (HbSS)
and healthy control (HbAA) mice at 12 weeks of age (n = 7-8 per group) are shown. A-B.

Quantification of renal heme oxygenase-1 expression in HbAA versus HbSS mice, C — E.
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Representative cortex images of anti-heme oxygenase-1-stained renal sections of HbAA and HbSS

mouse, with dark arrowheads showing increased expression of heme oxygenase-1 in HbSS (Panel

E) cortical tubules compared to HbAA (Panel D). Statistics involved two-tailed unpaired t-tests.

Data reported as Mean = SEM. P-values p < 0.05 (*). Original magnification X40.
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Figure 27 Neuregulin-1 treatrnent 1ncrea ﬁer@é‘-ox-y na;t'se express1on in the kidney of Townes

humanized sickle cell mice.
Anti-heme oxygenase-1 immunohistochemical analysis of kidney sections from sickle cell (HbSS)

and control (HbAA) mice treated with vehicle, neuregulin-1, and hydroxyurea over two weeks from
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12 weeks of age (n = 7-8 per group) are shown. A-B. Quantification of renal heme oxygenase-1
(HO-1) expression and intensity among treatment groups, Representative images: Panel C shows
nearly absent HO-1 expression in vehicle-treated HbAA mouse, Panels D-F displays HO-1
expression among HbSS groups with neuregulin-1-treated HbSS mouse showing a higher
expression (black arrowheads). Statistics involved two-tailed unpaired t-tests and one-way ANOVA
with Tukey's post hoc test. Data reported as Mean + SEM. P-values are denoted as follows: p <
0.05 (*), p<0.01 (**), p<0.001 (***) and p < 0.001 (****). Original magnification X40.
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4.3.2 Increased expression of neuregulin-1 receptor ErbB4 localized to the apical surfaces
of renal tubules in Townes humanized sickle cell mice.

Given the observed upregulation of renal heme oxygenase-1 (HO-1) expression by neuregulin-1
(NRG-1), it was important to identify the kidney cell types that NRG-1 may influence through
ligand-receptor interactions. NRG-1 is known to directly bind and activate the receptor tyrosine
kinase ErbB4, a member of the epidermal growth factor receptor family. To characterize its renal
distribution, ErbB4 expression and localization were examined in the kidneys of humanized sickle
cell (HbSS) and healthy (HbAA) mice using immunohistochemistry. The results revealed that
ErbB4 is abundantly expressed in the kidneys of HbSS mice, predominantly localized to the apical

surface of renal tubular epithelial cells.

ErbB4 expression and localization exhibited a similar pattern in both sickle (HbSS) and normal
(HbAA) mice (Figure 20A). ErbB4 was predominantly detected in the tubular segments of the
outer medulla, encompassing the proximal straight tubules, thick ascending limbs, thin limbs of
the loop of Henle, and collecting ducts (Figure 28). The receptor was mainly localized to the apical
surface of tubular epithelial cells, with weak intracellular staining observed in cortical tubules and

glomeruli (Figure 28).

Interestingly, increased Erb4 positive stains (253.50 + 41.51 vs 99.87 + 12.81 x 10° pixels
count/mm?, p = 0.0164) with higher intensity (18.33 + 4.43 vs 8.14 £ 1.25 megapixels/mm?, p =
0.0442) was observed in the sickle cell mice compared with HbAA controls (Figure 29). ErbB4
expression did not significantly differ in HbSS mice groups after treatment (Appendix 2). Taken
together, the increased expression of ErbB4 on sickle cell mice’s kidney tubules suggests a critical

role of ErbB4 signaling in protecting against ongoing tubular injury.
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Figure 29 Increased exp

‘ kidneys of Townes sickle
cell mice compared to healt

Anti-ErbB4 immunohistochemical analy lucted on kidney sec ] from Townes sickle
cell (HbSS) and control (Hi . iceat 12 wee of age (n=7-8). i A-B depicts quantification
of renal ErbB4 expression, a"ﬂ.(’ F&ﬁé@ﬂﬁmu% s illustrating differences in
expression intensity between HbSS and HbAA mice, indicated by black arrowheads. Statistical
analyses employed two-tailed unpaired t-tests, with data expressed as Mean = SEM. Significant
differences were noted at P-values < 0.05 (*).
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5.0 CHAPTER FIVE: DISCUSSION.

Neuregulin-1 (NRG-1), a versatile signaling molecule, plays a critical role in cytoprotection
through the induction of anti-inflammatory, anti-cytotoxic, and pro-survival mechanisms
(Cespedes et al., 2018). This project investigated NRG-1’s therapeutic potential to attenuate
haemolysis-mediated kidney injury in the Townes humanized sickle cell murine model. The
study’s rationale was based on evidence from human and experimental studies suggesting that
NRG-1 could provide renal protective benefits in sickle cell disease (SCD) (Chambliss et al., 2023;
Daniels et al., 2021; Gao et al., 2010; Harbuzariu et al., 2019, 2022; Jabbour et al., 2011; Liu et
al., 2018; Solomon et al., 2014). Concurrently, hydroxyurea (HU), the standard treatment for SCD,
was administered to HbSS mice, comparing an established therapy with NRG-1’s novel

intervention.

The dosages used for NRG-1 and HU treatment were based on previous studies in murine models.
The study findings showed that a high dose of NRG-1 (25 pg/kg/day) did not produce enhanced
effects compared to the low dose (5 pg/kg/day). Most of the renal protective effects of NRG-1
were observed in the low-dose group, though the reason for this is unclear. Similar observations
have been reported in studies where higher doses of NRG-1 did not yield greater effects compared
to lower doses in experimental cerebral malaria models (Liu et al., 2018; Solomon et al., 2014). In
a clinical trial, a low dose of NRG-1 (0.6 pg/kg) improved heart function in patients, while no
improvement was seen with the high dose (1.2 pg/kg). Various NRG-1 doses have been used to
modulate inflammation and cell death in murine models, including 1 pg/kg/day (Shahsavani et al.,
2021), 3ug/kg/day (Li et al., 2015; Wang et al., 2021), Sug/kg/day (Liu et al., 2018; Vega-Torres
et al., 2022), 10pg/kg/day (Guo et al., 2012; Liu et al., 2020; Zhou et al., 2016), and 35ug/kg/day
(Xu et al., 2017). The effective concentration of NRG-1 appears to vary depending on the cell type

and disease model (Gui et al., 2007; Rohrbach et al., 2005; Xu et al., 2012). For example, high
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doses of NRG-1 have been found to be detrimental to neural function in experimental
studies(Guertin et al., 2005; Syed et al., 2010; Xu et al., 2012; Zanazzi et al., 2001). The
observation that most effects of NRG-1 occurred at the low dose likely reflect dose-dependent
regulatory feedback rather than toxicity. Excessive ErbB4 receptor activation can trigger feedback
mechanisms to prevent pathway overstimulation. Thus, the higher dose may have activated
negative feedback mechanisms that limited the therapeutic response (Fry et al., 2009). Further
research is needed to establish the optimal NRG-1 dose in humanized sickle cell mice. A maximum
tolerable dose of 50 mg/kg/day of HU was used, based on previous dose-finding experiments
(Lebensburger et al., 2010). This dose has been shown to mitigate kidney damage in humanized
sickle cell mice and confer disease-modifying benefits, similar to results seen in humans (Park et
al., 2019; Taylor et al., 2019). In humans, hydroxyurea treatment is typically initiated at a low dose
and gradually increased to the maximum tolerated dose to confer clinical benefits while

minimizing treatment-related toxicity (Akingbola et al., 2019).

The sickle cell mice used in this study spontaneously developed kidney damage features before
treatment initiation. The natural progression of renal disease in humanized sickle cell mice closely
resembles that of human renal disease. In humans, renal disease typically begins in early childhood
with a phase of hyperfiltration, followed by a progressive decline in kidney function (Aygun et al.,
2013; Nath & Hebbel, 2015; Vazquez et al., 2014; Wang et al., 2011; Ware et al., 2010). Similarly,
in sickle cell mice, renal manifestations typically begin around 12 weeks of age, starting with
glomerular hyperfiltration and progressing to a loss of renal function (Kasztan et al., 2017, 2019).
Glomerular hyperfiltration 1s common in children and young SCD patients and is associated with
elevated renal injury biomarkers (Alvarez et al., 2008; Aygun et al., 2011; Becton et al., 2010;

Heimlich et al., 2018). The HbSS mice in this study displayed early renal damage features that
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paralleled those seen in humans, as indicated by increased levels of injury biomarkers at 12 weeks
old. This confirmed that, prior to treatment, HbSS mice had renal tubular injury. These findings
are consistent with previous studies (Kasztan et al., 2017, 2019; Taylor et al., 2019). The
understanding is that hyperfiltration increases the filtration of heme proteins, which are then taken
up by tubular epithelial cells (Ghosh et al., 2017; Saraf et al., 2015). Endocytosed heme proteins
mediate cytotoxicity within these cells, causing injury. Although tubular injury is often associated
with glomerular injury (Sundaram et al., 2011), serum cystatin C, a glomerular injury marker, was
not significantly different between HbSS and HbA A mice. However, mild histopathologic changes
were noted in the glomeruli of HbSS mice, suggesting the onset of glomerular damage. Serum
cystatin C may therefore not be a sensitive biomarker for detecting early glomerular injury. Sickle
cell nephropathy progresses through a tubuloglomerular mechanism, where tubular injury
precedes significant glomerular injury (Kasztan et al., 2019). The 12-week-old Townes sickle cell
mice used in this study served as a good model for investigating the therapeutic potential of NRG-

1 in modulating early kidney injury, as seen in humans.

A positive correlation was established between urinary tubular injury markers (NGAL and cystatin
C) and serum haemolysis markers (heme and lactate dehydrogenase) in HbSS mice. This finding
agrees with previous studies in humans and mice, emphasizing the central role of intravascular
haemolysis in SCD-related kidney injury (Avondt et al., 2019; Ghosh et al., 2017; Hamideh et al.,
2014; Ofori-Acquah et al., 2020; Tolosano et al., 1999). Acute haemolysis results in excess
amounts of heme proteins released into circulation, which are then filtered by the kidneys,

exposing renal tubular cells to the toxic effects of heme (Avondt et al., 2019).

The study demonstrated that renal tubular injury, characterized by elevated levels of NGAL in

serum or plasma and urine cystatin C, can be reduced by hydroxyurea treatment in SCD mice. This
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observation is consistent with prior studies in which hydroxyurea improved renal tubular injury
(Park et al., 2019; Taylor et al., 2019). Although the exact renal tubular protective mechanism of
hydroxyurea is yet to be fully understood, the study findings suggest that its ability to reduce
tubular injury is likely linked to its primary benefit of reducing haemolysis. This is supported by
studies in humans and mice, where elevated levels of lactate dehydrogenase or heme are
significantly associated with kidney injury or impaired function (Aygun et al., 2013; Gurkan et al.,
2010; Hamideh et al., 2014; Haymann et al., 2010; Laurin et al., 2014; Maier-Redelsperger et al.,

2010).

Though the exact mechanism by which inflammatory cytokines trigger kidney injury in SCD is
unclear, anti-inflammatory strategies have been proposed as protective for SCD kidneys (Obadina
et al., 2023). The literature on hydroxyurea’s anti-inflammatory effects is limited and conflicting
(Conran et al., 2004; Keikhaei et al., 2013; Lanaro et al., 2009; Penkert et al., 2018; Zahran et al.,
2020). For example, IL-6, a kidney injury—associated cytokine, was elevated in hydroxyurea-
treated HbSS mice, consistent with Keikhaei et al. (2013), but contradicts with the findings by

Zahran et al., (2020) where hydroxyurea therapy decreased IL-6 serum levels.

This is the first study demonstrating the renal beneficial effects of NRG-1 in SCD, using the
Townes sickle cell model. After two weeks of treatment, neuregulin-1 moderately attenuated the
severity of tubular injury by reducing urinary NGAL and cystatin C levels compared to vehicle-
treated HbSS mice. In a similar novel finding, NRG-1 treatment reduced NGAL urine levels in a
diabetic nephropathy mouse model (Vandekerckhove et al., 2016). These findings on the
renoprotective ability of NRG-1 in mice models are supported by a study identifying NRG-1 as a
predictive renal biomarker. Higher circulating levels of neuregulin-1 are strongly associated with

kidney recovery and survival in acute kidney injury patients (Daniels et al., 2021). Drawing from
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observations that early initiation of hydroxyurea treatment in SCD children results in better renal
protection (Zahr et al., 2019), it would be valuable to investigate early NRG-1 treatment in a sickle

cell mice model before the onset of renal disease.

Although the precise mechanism of NRG-1’s renal tubular protection in SCD remains to be
determined, the observed reduction in plasma heme and lactate dehydrogenase levels together with
decreased inflammatory cytokine expression in NRG-1-treated HbSS mice suggests that its
protective effect is mediated, at least in part, through enhanced heme clearance and suppression of
inflammation.. NRG-1 significantly reduced haemolytic markers such as plasma heme and lactate
dehydrogenase in HbSS mice. Similarly, neuregulin markedly reduced plasma lactate
dehydrogenase in a rat model of myocardial ischemia (Fang et al., 2010). In a mouse model of
cerebral malaria, which shares a similar haemolytic milieu with SCD, exogenous NRG-1
administration attenuated organ damage and mortality related to heme-mediated pathways (Liu et
al., 2018; Solomon et al.; 2014). The effect of NRG-1 on plasma heme clearance is likely linked
to its downstream signaling via nuclear factor erythroid 2-related factor 2 (Nrf2) (Park et al., 2021).
Nrf2 activation in sickle cell mice increases the expression of heme-neutralizing proteins such as
hemopexin and heme oxygenase in the liver and blood (Belcher et al., 2017; Krishnamoorthy et

al., 2017).

Haemolysis is a key mediator of vascular inflammation in SCD (Ofori-Acquah, 2020). Serum
levels of pro-inflammatory cytokines are associated with acute kidney injury and repair (Mulay et
al., 2016). Thus, reducing serum pro-inflammatory cytokines was anticipated as a strategy for
mitigating renal injury in the sickle cell kidney. As expected, neuregulin-1 significantly reduced
serum pro-inflammatory markers. Importantly, NRG-1 reduced IL-6 cytokine, an acute kidney

injury biomarker. This observation aligns with studies where NRG-1 treatment reduced serum IL-
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6 levels in other disease models (Dreymueller et al., 2014; Kang et al., 2019; Liu et al., 2020; Zhou
et al., 2016). Additionally, NRG-1 significantly reduced serum levels of IFN-y, IP-10, VEGFA,
CCL19, and MCP-5 in HbSS mice. It has been previously demonstrated that NRG-1 suppresses
the release of pro-inflammatory cytokines including MCP-1 (the human/rat ortholog of mouse
MCP-5) expression in a rat model of ischemic stroke (Simmons et al., 2016). Alizadeh et al. (2018)
also demonstrated that chronic NRG-1 administration reduced IP-10 levels in a rat model of spinal
cord injury (Alizadeh et al., 2018). These anti-inflammatory effects of NRG-1 are particularly
relevant to SCD-related kidney injury, as high levels of IL-6, MCP-1, IP-10, and other cytokines
contribute to the emergence or persistence of albuminuria in sickle cell children (Belisario et al.,
2020). Also, IL-6, IFN-y, and MCP-1 (human ortholog of MCP-5) have been identified in other
studies as renal biomarkers associated with poor outcomes in acute kidney injury (Burne et al.,
2001; Chen et al., 2020; Moledina et al., 2019; Nechemia-Arbely et al., 2008; Wu et al., 2016).
While pro-inflammatory cytokine levels were elevated in untreated HbSS mice, the anti-
inflammatory cytokine IL-10 was at normal levels compared to HbAA mice, indicating a lack of
effective regulation of inflammation in sickle cell mice. Remarkably, NRG-1 treatment
significantly increased serum IL-10 levels. This increase is relevant to renal protection, as IL-10
deficiency has been shown to lead to elevated inflammatory cytokines and is associated with
kidney inflammation and fibrosis in mice (Jin et al., 2013). Taking it together, the results support
the hypothesis that dysregulated inflammatory processes in SCD worsen kidney injury, and NRG-

1 treatment, through its anti-inflammatory effects, has the potential to attenuate this damage.

The study observed that renal injury repair and regeneration biomarkers were reduced in HbSS
mice compared to HbAA controls. Specifically, low urinary levels of clusterin (CLU) and

epidermal growth factor (EGF) were detected, reflecting decreased renal expression. Contrary to
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the study findings, Belisario et al. (2021) reported that urinary CLU and EGF were elevated in
sickle cell anaemia children with albuminuria compared to healthy controls (Belisario et al., 2020).
However, the study findings are consistent with those from studies on critically ill children with
acute kidney injury (Askenazi et al., 2016) and adult patients with acute kidney injury, where
urinary EGF levels were significantly reduced (Ono et al., 2024). Since urinary CLU and EGF
levels reflect the repair and recovery response following acute kidney injury, it would be relevant
to assess these levels in a cohort of SCD patients with acute kidney injury and relate the findings
to this study. More importantly, this finding raises interest in understanding the role of renal
cytoprotective, repair, and recovery factors following AKI in SCD. It is increasingly recognized
that complete recovery from AKI is not uniform among patient populations (Coca et al., 2009;
Goldberg & Dennen, 2008). Sickle cell patients, who are vulnerable to frequent episodes of acute
kidney injury, may have an impaired renal recovery response, which could explain the increased
prevalence of chronic kidney disease in SCD. Investigating the renal recovery and repair response
to AKI in hospitalized SCD patients would be a worthwhile pursuit. This idea is supported by a
previous observation where sickle cell mice failed to upregulate pro-survival signaling proteins

and cytoprotective genes in response to renal ischemia (Juncos et al., 2010).

Remarkably, NRG-1 treatment significantly increased urinary CLU and EGF levels in HbSS mice,
suggesting that upregulating renal injury repair and restorative mechanisms could be explored to
improve AKI recovery in SCD. While induction of individual renoprotective factors, such as heme
oxygenase-1, has shown some improvement in kidney injury (Toda et al., 2002), a concerted
approach involving multiple factors remains unexplored. Future studies should determine the
impact of NRG-1 on other renoprotective factors not assessed in this study. Urinary CLU and EGF

are relevant biomarkers for studying acute kidney injury because they are kidney-specific.
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Clusterin is not filtered by the glomerulus, so its presence in urine is of kidney origin (Rodriguez-
Rivera et al., 2021). Similarly, EGF is expressed in the loop of Henle and distal tubules and is
present in the urine of healthy individuals but is barely detectable in plasma (Cortvrindt et al.,
2022). Clusterin overexpression in glomeruli and tubules after kidney injury plays roles in anti-
apoptosis, anti-inflammation, cell proliferation, and cell debris clearance (Jung et al., 2012; Weng
etal., 2021). Insufficient renal clusterin expression has been linked to worsened renal inflammation
(Weng et al., 2021), kidney tissue fibrosis (Guo et al., 2016; Jung et al., 2012), oxidative stress-
induced podocyte apoptosis (He et al., 2020), progressive glomerulopathy (Rosenberg et al., 2002),
apoptosis following ischemia-reperfusion renal injury (Zhou et al., 2010) as well as impaired renal
tissue repair (Nguan et al., 2014). EGF, on the other hand, activates repair and regeneration
pathways after renal injury and plays a critical role in recovery following acute tubular injury.
Genetic deletion of EGF in renal tubules has been shown to delay recovery from AKI (Chen et al.,
2012). Decreased urinary EGF levels, which reflect intrarenal EGF expression, are correlated with

an increased risk of kidney damage (Mejia-Vilet et al., 2021; Norvik et al., 2021).

The study’s findings, consistent with prior clinical and murine studies have shown that
hydroxyurea therapy increases circulating fetal haemoglobin containing red blood cells (F-cells)
and reduces neutrophil and platelet counts. Also, it has an adverse effect that can worsen anaemia
if not monitored (Lebensburger et al., 2010; Steinberg et al., 1997; Strouse & Heeney, 2012). To
manage this adverse effect, frequent blood monitoring is required, but this is challenging in
resource-limited settings like Africa, where frequent blood tests are not feasible (Akingbola et al.,
2019). This limitation in using hydroxyurea, especially in Africa, underscores the need to evaluate

new drugs that can provide similar benefits without the associated risks.
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A novel observation in this study is that NRG-1 treatment mimicked the hematological benefits of
hydroxyurea but did not worsen anaemia. The induction of fetal red blood cell production by NRG-
1 may be linked to its downstream signaling effector, nuclear factor erythroid 2-related factor 2
(Nrf2) (Park et al., 2021). In erythroid progenitors, Nrf2 induces fetal haemoglobin expression by
directly binding to the y-globin promoter and modifying the chromatin structure in the B-locus (Li
etal., 2019; Macari & Lowrey, 2011; Zhu et al., 2017, 2018, 2019). Similar to this study’s findings,
chemical molecules that activate Nrf2 have been shown to increase fetal haemoglobin in sickle
cell mice (Krishnamoorthy et al., 2017; Xi et al., 2024). NRG-1 treatment did not exacerbate
anaemia in the mice, as observed in hydroxyurea-treated mice. Krishnamoorthy et al. (2017)
demonstrated that activating the Nrf2 pathway increases red blood cell count and total
haemoglobin, improving anaemia in sickle cell mice (Krishnamoorthy et al., 2017). This suggests
that the Neuregulin-1-Nrf2 signaling pathway could be a potential therapeutic target for SCD,
promoting HbF production, improving hematological profiles, and activating cytoprotective
factors. Additionally, NRG-1 reduced leukocyte and platelet counts, which has not been previously
reported. As shown by Krishnamoorthy et al., Nrf2 also regulates leukocyte function, where the
genetic deletion of N7/2 in HbSS mice increases total white blood cells in blood (Zhu et al., 2018).
Future studies linking neuregulin-induced Nrf2 activation with improvements in anaemia, heme
detoxification, and decreased production of leukocytes and platelets, as well as reduced vascular

inflammation, will be essential to fully understand its multifaceted therapeutic potential.

Severe renal medulla congestion was a prominent histopathological change observed in untreated
HbSS mice. Medulla congestion is a well-established feature in sickle cell disease and is central
to the onset of renal damage (Bissonnette et al., 2016; Khalighi et al., 2014; Nath et al., 2005). The

unique environment of the renal medulla, characterized by hypoxia, acidosis, hyperosmolality, and
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reduced blood flow, promotes erythrocyte sickling in the vasa recta, leading to congestion (Nath
& Hebbel, 2015). This congestion and resultant ischemia damage the vasa recta and impair the
kidney’s ability to concentrate urine, a common issue in SCD patients (Miller et al., 2010).
Additionally, renal medulla ischemia can cause significant damage to the glomeruli and tubular
cells (Nath & Hebbel, 2015). Hydroxyurea treatment significantly reduced renal medulla
congestion, consistent with previous observations in sickle cell mice following acute hydroxyurea
treatment (Park et al., 2019). Hydroxyurea’s ability to reduce vascular congestion has been linked
to its effects on increasing nitric oxide bioavailability, reducing endothelial adhesion molecule
expression, decreasing leukocyte adhesion, and inducing fetal haemoglobin (Agrawal et al., 2014;
Taylor et al., 2021). The reduction in medullary congestion may be a mechanism by which
hydroxyurea protects against severe tubular injury and glomerular damage (Han et al., 2020;
Laurin et al., 2014; Park et al., 2019; Taylor et al.; 2019). NRG-1 treatment did not significantly
reduce renal medulla congestion. However, in a cerebral malaria mouse model, NRG-1 was shown
to reduce vascular congestion in brain tissues (Solomon et al., 2014). Future studies will need to
explore whether long-term NRG-1 treatment could reduce renal medulla congestion, given the

unique conditions in the medulla that promote severe occlusion.

Significant iron deposition was observed in the renal cortical tubules of all HbSS mice, consistent
with several other studies reporting iron accumulation in the kidneys of sickle cell patients and
mice (Falk et al., 1992; Lusco et al., 2016; Nguyen et al., 2014; Ofori-Acquah et al., 2020; Taylor
etal.,2019; Zahr et al., 2019). Acute haemolysis leads to increased uptake of filtered heme proteins
by renal tubular cells, resulting in heme-dependent iron overload, particularly in the proximal
tubules (Denton et al., 2021; Schein et al., 2008; Vasavda et al., 2012). Labile cellular iron causes

direct tubular injury through oxidative stress-dependent ferroptosis and mitochondrial dysfunction
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(Fortuna et al., 2024). Hydroxyurea did not significantly reduce iron accumulation compared with
untreated HbSS mice, which is consistent with findings by Taylor et al. (2020), who demonstrated
that short-term hydroxyurea treatment did not reduce renal iron accumulation in sickle cell mice
(Taylor et al., 2019). However, in one sickle cell patient, long-term hydroxyurea therapy resulted
in the disappearance of iron deposits in the kidney (Stehlé et al., 2016). This suggests that further
research is needed to determine whether long-term hydroxyurea treatment can significantly reduce

iron deposition in the kidneys of humanized sickle cell mice.

Interestingly, two weeks of neuregulin-1 treatment significantly reduced iron accumulation, as
indicated by lower pixel intensity in iron stains compared with untreated HbSS mice. This is the
first report of neuregulin-1 therapy attenuating tissue iron deposition. In the literature, protective
mechanisms against heme-dependent iron accumulation involve heme degradation by the heme
oxygenase-1 (HO-1) enzyme and the increased synthesis of iron-binding (ferritin) or iron-
exporting proteins, which safely sequester labile cellular iron within tissues (Nath, 2010; Shi et al.,
2016). The expression of HO-1 is regulated by Nrf2. Belcher ef al. demonstrated a 4.6-fold
increase in HO-1 expression in the kidneys of HbSS-Townes mice through Nrf2 activation
(Belcher et al., 2017). Similarly, the genetic deletion of Nrf2 in sickle cell mice significantly
decreased HO-1 levels in the spleen (Zhu et al., 2018). Thus, it is believed that the reduction in
iron accumulation observed with neuregulin-1 treatment may be linked to Nrf2 activation and
subsequent upregulation of HO-1, contributing to improved iron detoxification and protection

against renal injury.

Histopathologic changes in the glomerulus are common manifestations of renal damage in sickle
cell disease (Ataga et al., 2014). The severity of glomerular congestion, Bowman’s capsule

basement membrane thickening, and glomerulosclerosis in HbSS mice was significantly improved
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by both neuregulin-1 and hydroxyurea treatments. Consistent with these findings, Taylor et al.
(2019) showed that hydroxyurea treatment reduced glomerulosclerosis in sickle cell mice (Taylor
et al., 2019). The attenuation of glomerular injury by hydroxyurea is further supported by clinical
studies, where indicators of glomerulopathy—such as reduced glomerular filtration rates,
albuminuria, or proteinuria—improved with hydroxyurea therapy (Aygun et al., 2013; Laurin et
al., 2014; McKie et al., 2007; Zahr et al., 2019). Similarly, the observation that neuregulin-1
administration significantly protects against severe glomerulopathy in sickle cell mice is also
reported in other disease murine models. In a diabetic model of kidney damage, neuregulin-1
treatment attenuated glomerulosclerosis (Vandekerckhove et al., 2016). NRG-1 treatment also
reduced glomerular enlargement and renal fibrosis in both a chronic kidney disease model and a
nitric oxide-deficient mouse model (Sarkézy et al., 2023; Shakeri et al., 2018). While the
glomerular-protective mechanism of hydroxyurea remains unclear, and the mechanism of NRG-1
has yet to be fully elucidated, several studies have identified factors such as renal endothelial
dysfunction (Ataga et al., 2010, 2016; Caughey et al., 2015; Chen et al., 2024), oxidative stress
(Roy et al., 2013), nitric oxide deficiency (Baylis, 2008) and haemolysis (Day et al., 2012; Gurkan
et al., 2010; Kato et al., 2007; Maier-Redelsperger et al., 2010) as key contributors to
glomerulopathy in sickle cell disease. Both hydroxyurea and NRG-1 have been independently
shown to reduce haemolysis, decrease oxidative stress, increase nitric oxide bioavailability, and
improve endothelial function in murine models and human patients (Chenou et al., 2021; Johnson
& Telen, 2008; Shakeri et al., 2021; Siegert et al., 2024; Taylor et al.; 2019; Torres et al., 2012;
Vinhaes et al., 2020; Wang et al., 2021). Carefully designed clinical studies are required to establish

the glomerular-protective mechanisms of both hydroxyurea and NRG-1 in sickle cell disease,
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linking the roles of endothelial dysfunction, oxidative stress, nitric oxide bioavailability, and

haemolysis.

HO-1 is an indispensable cytoprotectant, neutralizing the harmful effects of heme and other
circulating stressors on organ function (Belcher et al., 2006; Gbotosho et al., 2020). HO-1
expression was increased in the kidneys of HbSS mice, consistent with earlier reports where the
HbSS mouse kidney expressed HO-1 at 10-fold higher levels than normal kidneys (Belcher et al.,
2017; Ghosh et al., 2011; Nath, Grande, et al., 2001). Likewise, in kidney biopsies from sickle cell
patients, HO-1 expression was significantly higher compared to healthy kidneys (Nath, Grande, et
al., 2001; Nath, Vercellotti, et al., 2001). This phenomenon reflects the HO-1 response in defending
the kidney against heme stress (Nath et al., 2001; Ofori-Acquah et al., 2020). HO-1 was primarily
expressed in the cortical tubular epithelium, which may relate to the differential exposure,
sensitivity, and response of renal tubules to heme and other stressors. Proximal tubules, in
particular, are more susceptible to damage and rely on increased HO-1 expression for protection
(Yang et al., 2003). Kidney biopsies from patients with proteinuria have also shown high HO-1
expression in renal epithelial cells (Shimizu et al., 2005). In a rare case of human HO-1 deficiency,
tubular injury and massive iron deposition were prominent pathological features, highlighting the

vulnerability of renal tubules in the absence of HO-1 (Ohta et al., 2000).

Endothelial cells are the first line of defense against heme exposure, and HO-1 expression is
essential for their survival (Kim et al., 2011). Surprisingly, HO-1 expression was nearly absent in
the glomeruli of HbSS mice and undetectable in normal mice. A similar lack of glomerular HO-1
expression has been observed in kidney biopsies from patients with various renal diseases
(Morimoto et al., 2001). In sickle cell patients, glomeruli sometimes show weak and focal HO-1

expression, primarily located within cells identified as infiltrating macrophages or mesangial cells
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(Nath et al., 2001). Despite the increased exposure of glomerular endothelial cells to heme, it
remains unclear why HO-1 expression is nearly absent in the glomerulus. Studies suggest that
glomerular endothelial cells may lack the capacity to induce HO-1 expression. For example, under
heme exposure or haemolytic conditions, microvascular endothelial cells, particularly of the
glomeruli, fail to express HO-1, which is upregulated in macrovascular endothelial cells (May et
al., 2018). The vulnerability of glomerular endothelial cells to heme exposure and their capacity
for HO-1 induction requires further investigation. This study also found that HO-1 expression was
negative in the inner medulla of HbSS mice, which contrasts with reports of higher HO-1
expression in the medulla of hypertensive rats (Zou et al., 2000). Overall, data on HO-1 expression
in different renal cell populations in both sickle cell patients and mice models remain limited.
Further research is needed to identify which renal cell populations can upregulate HO-1 and under

what conditions, as this information is crucial for therapeutic design.

The protective effect of up-regulated HO-1 expression in the kidney has been demonstrated in
various renal diseases (Grunenwald et al., 2021; Zhai et al., 2023). Of particular interest are reports
on the beneficial effects of HO-1 induction against kidney injury mediated by heme proteins
(Grunenwald et al., 2021; Lever et al., 2016). Sickle cell patients with specific GT tandem repeat
polymorphisms in the HO-1 gene promoter, which are associated with increased HO-1 expression,
have a reduced risk of developing kidney injury (Saraf et al., 2015, 2018). Unfortunately, renal
tubular epithelial cells (RTECs) show a decline in HO-1 expression when persistently exposed to
heme, rather than an increase (Yang et al., 2003). This suggests that in chronic haemolytic
conditions like sickle cell disease, the HO-1 response to heme may be insufficient to counteract

ongoing haemolytic events.
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For the first time, this study demonstrates that exogenous neuregulin-1 can significantly increase
both the number of cells expressing HO-1 and the intensity of that expression in Townes sickle
cell mice. This is a novel finding, as neuregulin-1 has not previously been shown to increase HO-
1 expression in any mouse model. Although this observation is intriguing, it aligns with the known
role of neuregulin-1, which acts through the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway (Park et al., 2021; Zhang et al., 2018). Nrf2 is the primary regulator of HO-1 expression
(Grunenwald et al., 2021), and its activation has been shown to increase HO-1 expression in sickle
cell mice, leading to attenuation of organ damage (Belcher et al., 2017; Ghosh et al., 2018). This
novel finding is highly relevant, as neuregulin-1 could serve as a potential therapeutic strategy
against kidney injury in sickle cell disease, particularly for RTECs during acute haemolysis.
Hydroxyurea (HU) treatment, however, did not have a significant effect on HO-1 expression
compared to untreated HbSS mice. In vitro studies have shown that HU does not affect HO-1
expression, with or without heme challenge, in human peripheral blood mononuclear cells and
human umbilical vein endothelial cells (Santana et al., 2020). However, the effect of HU on HO-
1 expression is worth paying attention to in future studies. HU in the presence of heme groups is
metabolized to nitric oxide, and nitric oxide is potent activator of antioxidant enzymes gene
transcription including HO-1 (Cho et al., 2010; Santana et al., 2020). While this study did not
assess heme content in the kidneys, it is possible that hydroxyurea therapy reduces the levels of
heme exposure to renal tubules, which could explain the lower number of tubular cells expressing
HO-1. Hydroxyurea's primary benefit in sickle cell disease lies in its ability to increase the
percentage of fetal haemoglobin (HbF) cells (Chenou et al., 2021). Despite hydroxyurea's reported
ability to improve renal dysfunction in sickle cell disease, its direct effects on renal cells,

independent of HbF induction, deserve further exploration.
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This study also demonstrates that the ErbB4 receptor is expressed in the kidneys of the Townes
mice model. Expression of ErbB4 in the kidney, along with other tissues such as the brain, heart,
and muscles, has been previously documented (Segers et al., 2020). Among the epidermal growth
factor receptor family (EGFR, ErbB2, ErbB3, ErbB4), ErbB4 is the main receptor expressed in the
kidney, suggesting it plays a key role in signaling necessary for maintaining kidney function
(Veikkolainen et al., 2012a). The observed expression of ErbB4 in the outer medulla is consistent
with previous findings in both humans and mic hybridization and immunohistochemistry analyses
show that ErbB4 is expressed in renal epithelial structures, including the proximal tubules, thick
ascending limbs, descending and ascending thin limbs of the loop of Henle, and the collecting
ducts (Elenius et al., 1997; Veikkolainen et al., 2012; Zeng et al., 2018). Similar to the observed
localization of ErbB4 to the apical surfaces of tubular cells, ErbB2, which forms heterodimers with
ErbB4, is primarily localized to the apical surfaces of renal epithelial cells in human polycystic
kidneys (Nakanishi et al., 2001). Based on the expression pattern of ErbB4 in Townes mice kidney,
it is predicted that neuregulin-1 activation of its receptor will induce cytoprotective signals,
particularly in kidney epithelial cells. This finding may explain the observed upregulation of
cytoprotective biomarkers, clusterin and EGE in NRG-1 treated mice. Future studies should
investigate the impact of the NRG-1/ErbB4 interaction on renoprotective factors expressed and
secreted by the tubules. Similar to the observations in this study, perinuclear staining of ErbB4 in
proximal tubule and mesangial (glomerular) cells has been reported previously (Vandekerckhove
et al., 2016; Veikkolainen et al., 2012). This is attributed to the report that only the ErbB4 JM-a
isoform exists in the kidney (Veikkolainen et al., 2012). The ErbB4 JM-a isoform is cleavable,
producing a soluble intracellular domain that translocates to the nucleus to regulate transcription

(Williams et al., 2004). Future research should aim to link the attenuation of glomerular damage
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and the upregulation of cortical tubule heme oxygenase-1 levels by NRG-1 to the expression and

activation of ErbB4 in these cells.

Of note, ErbB4 expression is increased in sickle cell mice compared to normal mice. This finding
is consistent with other studies. Activated ErbB4 expression increases with tubular injury in a
mouse model of ischemia-reperfusion injury (Zeng et al., 2018). Similarly, ErbB4 expression
increases with the progression of chronic kidney disease in mice (Zeng et al., 2014). In humans,
ErbB4 expression inversely correlates with the degree of renal fibrosis, regardless of the
underlying cause (Zeng et al., 2018). These findings suggest that renal ErbB4 expression may
reflect a compensatory response to tubular injury, underscoring the importance of ErbB4 signaling
in maintaining kidney function. /» vitro studies have demonstrated that ErtbB4 expression promotes
tubule formation and proliferation in kidney-derived epithelial cells (Veikkolainen et al., 2012).
Likewise, ErbB4 expression regulates and maintains renal epithelial formation, size, and cellular
functions in mice (Veikkolainen et al.; 2012). The importance of renal ErbB4 expression is further
confirmed in mouse models of tubular injury, where the global deletion of ErbB4 worsened tubular
injury, increased levels of renal cell death, and accelerated the progression of renal fibrosis

compared to wild-type mice (Zeng et al.; 2014, 2018).

Reproducing the outcomes of this project in human sickle cell disease could be feasible, as the
recombinant human neuregulin-1 used in this study (which has undergone safety and efficacy
testing in clinical trials) is known to activate mouse ErbB4. The mouse ErbB4 receptor is highly
homologous to the human version, differing by only one out of sixty-nine nucleotides (Elenius et

al., 1997; Veikkolainen et al., 2012).
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6.0 CHAPTER SIX: CONCLUSION, RECOMMENDATION AND LIMITATIONS.

6.1 SUMMARY

Using the clinically relevant Townes sickle cell mouse model, this study evaluated the renal effects
of neuregulin-1 (NRG-1) and hydroxyurea (HU) in the context of haemolysis and inflammation
mediated kidney injury. Both agents reduced kidney injury and ameliorated renal histopathologic
changes. NRG-1 lowered levels of inflammatory cytokines and improved haematologic indices,
including circulating fetal haemoglobin containing red blood cells (F-cells). Urinary clusterin
(CLU) and epidermal growth factor (EGF) were lower in HbSS mice than in HbAA controls, and
NRG-1 treatment increased CLU and EGF, indicating enhancement of renal repair/regeneration
markers. Renal heme oxygenase-1 (HO-1) expression was higher in HbSS kidneys, predominantly
within cortical tubules. NRG-1 further increased the number of HO-1 positive tubular cells and
staining intensity and coincided with reduced renal iron staining. ErbB4, the receptor for NRG-1,
was detected on the apical surface of renal epithelial structures in Townes mice.

6.2 CONCLUSION

Taken together, these findings support further exploration of neuregulin-1 (NRG-1) as a kidney-
targeted therapeutic candidate in sickle cell disease. The recombinant human NRG-1 used here has
undergone clinical safety evaluation, supporting its translational relevance in SCD. The
complementary renoprotective effects observed with NRG-1 and hydroxyurea support further

evaluation of their combined use to improve kidney outcomes in SCD.
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6.3 RECOMMENDATIONS

1.

The preliminary data reported in this study demonstrate that NRG-1’s pleiotropic effects
can be beneficial in mitigating organ damage in SCD. It is recommended that further
studies be conducted on other organs to establish the protective role of neuregulin-1 in
addressing SCD-related organ damage.

Neuregulin-1s activation of nuclear factor erythroid 2-related factor 2 (Nrf2) represents a
promising therapeutic pathway. Future studies should explore its potential in inducing fetal
haemoglobin expression, either alone or in combination with hydroxyurea.

The findings in the Townes HbSS mice suggest a possible impaired renal recovery response
in sickle cell patients with AKI, a phenomenon that has yet to be fully investigated. It is
recommended that carefully designed prospective, longitudinal cohort study of SCD
patients with AKI to assess renal repair and regeneration biomarker levels at presentation
and through recovery, testing whether their trajectories predict renal recovery and CKD
progression.

Based on this study’s preliminary data, it is recommended that future research investigate
neuregulin-1 as a potential intervention to activate multiple renal recovery biomarkers,
improving kidney recovery following AKI in SCD patients.

There is limited data on HO-1 expression in different renal cell populations from kidney
biopsies. Future research should focus on identifying which renal cell populations can
upregulate HO-1 and under what conditions, as this will be important for developing
targeted therapies.

Future studies should also establish the mechanistic relationship between the attenuation
of renal damage, the upregulation of cortical tubule HO-1 levels by NRG-1, and the

expression and activation of ErbB4 in these cells.
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6.4 LIMITATION

1.

The Townes sickle cell mouse model has been instrumental in preclinical testing of various
therapeutics for sickle cell disease. While it shares many relevant pathophysiological
similarities with human SCD, it does not fully capture the complexity of the disease in
humans. As a result, the data presented in this study have limitations when it comes to
translating these findings to clinical practice in humans.

Sex differences influence the manifestation of sickle cell disease in Townes mice. This
study did not report on sex-dependent differences in renal disease severity and therapeutic
response.

Further research is needed to establish the optimal NRG-1 dose in humanized sickle cell
mice, particularly to determine the threshold at which pathway activation transitions from

therapeutic to self-limiting.
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8.0 APPENDIX.

8.1 Appendix I: Representative Aperio ImageScope image analysis of sample kidneys
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8.2 Appendix II: Expression of neuregulin-1 receptor, ErbB4 in the kidneys of Townes sickle cell mice.
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Figure 30 Expression of neuregulin-1 receptor, ErbB4 in the kidneys of Townes sickle cell mice.

Anti-ErbB4 immunohistochemical analysis was conducted on kidney sections from sickle cell (HbSS)and control (HbAA) mice treated
with vehicle, neuregulin-1, and hydroxyurea over two weeks from 12 weeks of age (n = 7-8 per group). Quantification of renal ErbB4
expression stain intensity among treatment groups. Statistics involved two-tailed unpaired t-tests and one-way ANOVA with Tukey's post

hoc test. Data reported as Mean = SEM. P-values are denoted as follows: p <0.05 (*).
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