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Abstract

Objective: Chronic hemolysis is a hallmark of sickle cell disease (SCD) and a driver of
vasculopathy; however, the mechanisms contributing to hemolysis remain incompletely
understood. While xanthine oxidase (XO) activity has been shown to be elevated in SCD, its role
remains unknown. XO binds endothelium and generates oxidants as a byproduct of hypoxanthine
and xanthine catabolism. We hypothesized that XO inhibition decreases oxidant production
leading to less hemolysis.
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Approach and Results: Wild-type mice were bone marrow (BM) transplanted with control
(AA) or sickle (SS) Townes BM. After 12 weeks, mice were treated with 10 mg/kg/day of
febuxostat (Uloric®), FDA-approved XO inhibitor, for 10 weeks. Hematological analysis
demonstrated increased hematocrit, cellular hemoglobin, and red blood cells, with no change in
reticulocyte percentage. Significant decreases in cell-free hemoglobin and increases in haptoglobin
suggest XO inhibition decreased hemolysis. Myographic studies demonstrated improved
pulmonary vascular dilation and blunted constriction, indicating improved pulmonary
vasoreactivity, whereas pulmonary pressure and cardiac function were unaffected. The role of
hepatic XO in SCD was evaluated by BM transplanting hepatocyte-specific XO knockout mice
with SS Townes BM. However, hepatocyte-specific XO knockout, which results in >50%
diminution in circulating XO, did not affect hemolysis levels or vascular function, suggesting
hepatocyte-derived elevation of circulating XO is not the driver of hemolysis in SCD.

Conclusions: Ten weeks of febuxostat treatment significantly decreased hemolysis and
improved pulmonary vasoreactivity in a mouse model of SCD. Although hepatic XO accounts for
>50% of circulating XO, it is not the source of XO driving hemolysis in SCD.

Keywords

xanthine oxidase endothelium; sickle cell disease; hemolysis; endothelium; oxidant stress;
Vascular Biology; Oxidant Stress

INTRODUCTION

Sickle cell disease (SCD) is a major global hemoglobinopathy that affects approximately
300,000 newborns worldwide each year.! It is estimated that there are approximately
100,000 affected individuals in the United States; however, in other parts of the world, such
as Sub-Sahara Africa, SCD is endemic with ~230,000 new incidences in 2010,2~4 leading
the World Health Organization and United Nations to classify SCD as a global public health
problem.1: 3

SCD presents as multi-organ dysfunction that is the consequence of a single genetic
mutation in the B-subunit of hemoglobin (Hb).2 > Under low pH or deoxygenation
conditions, the point mutation in the Hb gene triggers Hb polymerization due to the
hydrophobicity change of the amino acid substitution and subsequent sickling of red blood
cells (RBCs).2 6.7 Sickled RBCs cause vasooclusive crises and RBC hemolysis, releasing
cell free Hb and heme into circulation.2 8 Free Hb and heme generate a pro-inflammatory
environment that results in endothelial dysfunction, hyperviscosity, and RBC-leukocyte-
platelet interaction on the endothelial surface.5: 8-10 Despite having a direct impact on Hb
structure, function, and RBC shape, the mutation also causes complications such as
pulmonary and systemic vasculopathy,” pulmonary and relative systemic hypertension,®
acute chest syndrome,8 heart failure,19 and renal failure,6 which result in accelerated
mortality.1? Treatment options for SCD remain limited, with only four FDA-approved drugs:
hydroxyurea,® 9 12.13 |_glutamine,® 14 crizanlizumab,® and voxelotor.16: 17 This is due in
part to the poor understanding of the molecular drivers of hemolysis in SCD and therefore
lack of small molecule drugs that can inhibit hemolysis in SCD patients. Chronic blood
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transfusions are also used to treat SCD; however, benefits for patients with pulmonary
hypertension remain inconclusive.18: 19

Xanthine oxidase (XO) has been shown to be increased in several studies involving human
SCD patients and mouse models of SCD;29-22 however, the role of XO in SCD is yet to be
established. XO and xanthine dehydrogenase (XDH) are two forms of the enzyme
collectively known as xanthine oxidoreductase (XOR).23: 24 XOR is transcribed and
translated as XDH which catalyzes the oxidation of hypoxanthine to xanthine and xanthine
to uric acid at the Mo-cofactor while reducing NAD+ to NADH at the FAD-cofactor. During
inflammation, oxidation of critical cysteine residues and/or limited proteolysis converts
XDH to XO which catalyzes the same reactions at the Mo-cofactor, yet reduces oxygen to
superoxide (O,") and hydrogen peroxide (H,05).20

XDH is transcribed and translated primarily in the liver; however, following hepatic stressors
such as ischemia, hypoxia, or inflammation, XDH is released from the liver and enters
circulation where it is rapidly converted to XO by plasma proteases.20 25 XO binds with
considerable affinity (Ky= 6 nM) to distal endothelial surfaces via electrostatic interactions
with glycosaminoglycans (GAGS), thus increasing XO concentration in organs with low
basal levels of the enzyme and amplifying O,*" or H,O, production at the endothelial
surface.28: 27 While XO directly produces O," or H,0,, other reactive species such as
peroxynitrite and hydroxyl radical can also be generated via reactions with nitric oxide (NO)
and iron respectively.20 This oxidative milieu at the endothelial surface can lead to
endothelial and tissue damage, altered signaling, and diminished NO bioavailability.2> ROS
produced on the endothelial surface or in circulation can cause RBC membrane fragility,
resulting in hemolysis.28 Therefore, we hypothesized that XO inhibition would decrease
hemolysis in a mouse model of SCD.

MATERIAL AND METHODS

Please see the Major Resources Table and extended methods in the Supplemental Materials.

Animals

C57BL/6J (58 wild type; stock #000664;) mice were ordered from The Jackson Laboratory
(Bar Harbor, ME). Colonies of Xdhfloxed/floxeda .1 Cre/Wt (7 hepatocyte specific Xdh
knockout)29, Xdhfloxed/floxed p |1 WUWL (g Jittermate FLX controls)29, and Townes knock-in
sickle (SS) and their control (AA) mice, were bred and maintained at the University of
Pittsburgh. All Xdhfloxed/floxed mice were bred on a C57BL/6J background. All Townes mice
were bred on a C57BL/6J and 129S background.3? Only 6-13-week-old male mice were
used for experiments because there is currently no indication that male and female mice
have major differences in hemolysis in SCD. In the AA control Townes mice, both murine
alpha globin genes are knocked out and replaced by human alpha and beta globin (Hb)
transgenes in the mouse locus. The SS sickle mice contain two copies of the human beta
sickle globin transgene.3! All animal experiments were approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh. All mice were supplied standard
laboratory diet (#5234) and drinking water according to the “Guide for the Care and Use of
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Laboratory Animals” of the Department of Laboratory Animal Research at the University of
Pittsburgh. All mice were housed in pathogen-free conditions.

Bone Marrow (BM) Transplanted Chimeric Mice

The genotype of the Xdhfloxed/floxed mjce was confirmed by PCR analysis of DNA obtained
from tail tissue using a Cre-specific probe. Genotypes of the Townes mice were confirmed
by peripheral blood Hb electrophoresis. Hb electrophoresis was performed using the
reagents provided in the Hemoglobin (E) and Hemoglobin (E) Acid Kits (Sebia Capillary
System; Lisse, France), in accordance with the manufacturer’s guidelines. Briefly, 5 pL of
the red blood cell (RBC) pellet was lysed in 65 pL of Sebia hemolysis solution. Samples
were run on an agarose gel and stained for identification of hemoglobin fraction by band
location. Phoresis software was used to quantify the density of the bands. Four different
groups of BM chimeras were generated: C57BL/6J/AA, C57BL/6J/SS,
Xdhfloxed/floxed pJp1 Cre/WY S S and Xdhfloxed/floxed pl-1 WUWYSS, C57BL/6J/AA mice
received BM cells from Townes AA donor mice and C57BL/6J/SS,
Xdhfloxed/floxedp |n_1 Cre/W/sg and Xdhfloxed/floxed a1 WUWYSS mice received BM cells
from Townes SS donor mice. BM transplants were performed as previously described.32
Briefly, BM cells were isolated from the femurs and tibias of Townes AA or SS donor mice.
C57BL/6J (8 weeks old), Xdhfloxed/floxed p[p-1Cre/Wt (6_13 weeks old), or
Xdhfloxed/floxed p|h_1 WYWE (6_13 weeks old) recipient mice were lethally irradiated (two
500-550 rad doses, 3 hours apart) and AA or SS BM (1.5-2.5x10° cells) was injected retro-
orbitally immediately following the second irradiation. Following BM transplant, chimeras
were housed in autoclaved cages and provided 0.2% neomycin drinking water for 2 weeks,
followed by normal autoclaved drinking water for the remainder of the experiment. At 12
weeks post-BM transplant, 50-100 uL of blood was collected via retro-orbital eye bleed to
assess BM engraftment of the chimeric mice by Hb electrophoresis using the Sebia Hb
Electrophoresis kit described above. Only chimeras with =80% of the donor Hb phenotype
were used for subsequent experiments. At 12 weeks post-BM transplant C57/AA and
C57/SS mice were given the clinically relevant dose of febuxostat in drinking water (0.05
mg/mL or ~10mg/kg/day) for 10 weeks. BM engraftment was confirmed 0, 3- and 10-weeks
post-initiation of febuxostat treatment. Ten weeks post-BM engraftment, mice were weighed
and euthanized via heart puncture following right heart catheterization. Blood was collected
via heart puncture (200-500 pL) in 5% EDTA. Mice were perfused with 5 mL of PBS and
organs were collected and flash frozen in liquid nitrogen. Mice were then perfused with 5
mL of 4% paraformaldehyde (PFA) in PBS and organs were weighed and fixed in PFA
overnight, then transferred to 70% ethanol for paraffin embedding.

Blood Collection and Hematological Phenotyping

Blood samples were obtained at 0, 3, 6, and 10 weeks post-engraftment via retro-orbital eye
bleed. Blood samples were obtained immediately following euthanasia via heart puncture.
For retro-orbital eye bleeds, mice were anesthetized with 1% isoflurane and heparin-coated
microcapillary tubes were used to collect 50-100 uL of blood. Blood was collected in sterile
tubes containing 5% EDTA and maintained at room temperature until analysis of complete
blood count (within 2-4 hours). Complete blood counts were measured using a Heska
(HemaTrue Inc.; Miami Lakes, FL, U.S.A.) according to manufacturer instructions.
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Reticulocytes were measured from whole blood using flow cytometry. Thiazole Orange (80
pM in 1xPBS) was used to stain reticulocytes. Samples were incubated overnight at 4°C and
protected from light. The samples were analyzed using flow cytometry, and FACSDIVA
software was used for data collection. Whole blood was spun down at 2500xg for 10
minutes at 4°C. Plasma was separated from the RBC pellet, aliquoted for additional
experiments, and stored at —80°C. Plasma haptoglobin (Hp) levels were measured by
enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions
(Crystal Chem; Elk Grove Village, IL). Plasma hemopexin (Hx) levels were measured by
ELISA according to the manufacturer’s instructions (AssayPro; St. Charles, MO). Heme-
containing species and their metabolites including methemoglobin, oxyhemoglobin, and
hemin were measured in plasma using UV-visible spectral deconvolution as previously
described.33

Xanthine Oxidase (XO) Activity

Human blood samples from healthy controls (non-SCD pediatric patients undergoing
surgery) or SCD patients were obtained from Children’s of Alabama Hospital according to
University of Alabama at Birmingham Institutional Review Board approved protocols.33
Blood from AA, AS, and SS chimeric mice was collected via heart puncture. Blood from
AA and SS chimeric mice treated with febuxostat was collected via retro-orbital eye bleed at
0 and 3 weeks of treatment and via heart puncture at 10 weeks of treatment. Whole mouse
blood was spun down at 2500xg for 10 minutes to collect plasma. Liver, lung, and kidney
tissue was collected after perfusion with 5 mL of PBS. Plasma and tissue XO activity was
measured as previously described.2? Briefly, XO activity was evaluated by electrochemical
detection (ESA Coul-Array System) of uric acid via reverse-phase high-performance liquid
chromatography.

Purine Metabolite Analysis by LC/MS-MS

Purine metabolite analysis was done as previously described.3* Briefly, 20 uL of plasma was
combined with 80 pL of methanol on ice for 15 minutes to precipitate proteins. The plasma/
methanol mixture was centrifuged at 13,300 rpm at 4°C for 15 minutes, followed by
lyophilization of the supernatant. To reconstitute the metabolites, 200 pL of 5 mM
ammonium acetate in 95% water, 5% acetonitrile, and 0.5% acetic acid was passed through
a 0.45-um PDVF filter. The extracts were analyzed by a Shimadzu LC Nexera X2 UHPLC
coupled with a QTRAP 5500 LC MS/MS (AB Sciex). An ACQUITY UPLC BEH Amide
analytic column (2.1 X 50 mm, 1.7 um, Waters) was used for chromatographic separation.
The extracted MRM peaks were integrated using MultiQuant 3.0.2 software (AB Sciex).34

Statistics

Outliers were identified using a ROUT analysis with a Q=1% and excluded from the data
presented. When two groups were included, an unpaired Student’s t test was used unless
otherwise noted. An unpaired Student’s t test with a Welch’s correction was used if the
standard deviation of the two groups was significantly different. Normality was assessed
using the Shapiro-Wilk normality test. If the two groups were not normally distributed, a
Mann-Whitney test was performed. When three or more groups were included, a one-way
ANOVA with Dunnett’s multiple comparison test was used when comparing multiple groups
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to a control group or Sidak’s multiple comparison test was used when making multiple
comparisons. When comparing two groups over time or across several doses a two-way
ANOVA with Sidak’s multiple comparison test was used. Significance was defined as a P-
value less than 0.05.

RESULTS

Febuxostat Treatment Significantly Decreases Plasma and Tissue XO Activity

Previous reports have shown a significant increase in XO activity in human patients with
SCD compared to healthy controls, as well as in the Townes mouse model of SCD.2° To
confirm these findings, we obtained plasma samples from pediatric patients with or without
SCD and observed a significant increase (8-fold) in the plasma XO activity of patients with
SCD compared to the healthy controls (Figure 1A). We also measured plasma XO activity in
WT mice transplanted with bone marrow from AA control, AS sickle trait, and SS sickle
Townes mice and observed a 1.3-fold increase in the AS sickle trait and a 1.5-fold increase
in the SS sickle mice (Figure 1B). In order to evaluate the role of XO in SCD, 8-week-old
wild-type (WT) mice were bone marrow transplanted with AA control or SS sickle bone
marrow from Townes mice (Figure 1C, Supplemental Figure 1A). After 12 weeks, mice were
fully engrafted with the Townes bone marrow (Supplemental Figure IB). The mice were then
split into four groups: AA, AA + febuxostat, SS, and SS + febuxostat. They were treated
with a clinically relevant dose of febuxostat (10 mg/kg/day) in their drinking water for 10
weeks. Blood was collected at 0, 3, 6, and 10 weeks post initiation of febuxostat treatment,
with 10 weeks being the endpoint of the study (Figure 1C, Supplemental Figure 1A).
Febuxostat treatment resulted in significant decreases in plasma, liver, lung, and kidney XO
activity in the AA control (Supplemental Table 1) and in the SS sickle mice (Figure 1D,
Supplemental Table I1). XO inhibition was confirmed by measuring hypoxanthine, xanthine,
and urate levels. No change in hypoxanthine or xanthine, and a significant decrease in urate
was observed in the AA control (Supplemental Figure IC) and a significant increase in
hypoxanthine, no change in xanthine, and a significant decrease in urate was observed in the
SS sickle mice (Figure 1E-G) treated with febuxostat. Oxidant load was also assessed via a
coumarin boronate assay (CBA). There was a significant decrease in oxidant load in the
febuxostat treated SS sickle mice compared to the SS sickle mice (Figure 1H). No difference
in body weight between the SS and SS + febuxostat groups was observed (Figure 11);
however, there was a significant 2.4 g weight loss in the AA + febuxostat group compared to
the AA control mice (Supplemental Figure ID). There was approximately a 7-fold difference
in spleen weight between the AA and SS mice; however, febuxostat treatment did not alter
the AA or SS spleen weight (Supplemental Figure IE).

XO Inhibition Decreased Hemolysis in Chimeric Sickle Mice

Key hematological parameters altered in SCD were measured as a delta change from 0 to 10
weeks of febuxostat treatment (Figure 2A). In the SS sickle mice, significant increases in
hematocrit, cellular hemoglobin, RBCs, and platelets were observed over the ten weeks of
treatment (Figure 2B-E). A complete analysis of blood parameters is included for the AA
control and SS sickle mice in Supplemental Table 111 and Supplemental Table 1V,
respectively, at 0, 3, 6, and 10 weeks of febuxostat treatment. Additionally, the febuxostat-
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treated AA mice demonstrated significant diminution in white blood cells at three weeks and
a significant increase in red blood cell distribution width (RDW) at 6 and 10 weeks of
treatment compared to the AA mice (Supplemental Table I11). No additional differences
were observed in the hematology between SS and febuxostat treated SS mice (Supplemental
Table 1V). Despite these hematological improvements, there was no difference in
reticulocytes, the RBC precursors (Figure 2F). To further assess hemolysis, cell free
hemoglobin and cell free hemin were measured along with acute phase proteins that
scavenge these species, haptoglobin and hemopexin, respectively, after 10 weeks of
febuxostat treatment (Figure 3A, Supplemental Figure 11A). In the SS sickle mice,
febuxostat treatment resulted in a significant decrease in cell free hemoglobin concentration
(Figure 3B) which was primarily due to a loss in methemoglobin levels rather than a loss in
oxyhemoglobin levels (Supplemental Figure 11B—C). There was no difference in plasma cell
free hemin concentration or hemopexin concentration in the SS sickle mice (Figure 3D-E).
In the AA control mice, no difference in methemoglobin, oxyhemoglobin, cell free
hemoglobin, cell free hemin, haptoglobin, or hemopexin were observed (Supplemental
Figure 11B-G).

XO Inhibition Improves Pulmonary Vasoreactivity in Chimeric Sickle Mice

Wire myography was used to assess isolated pulmonary, mesenteric, and thoracodorsal
(TDA) vasoreactivity in SS sickle (Figure 4A) and AA control mice (Supplemental Figure
I11A). Febuxostat treatment significantly decreased constriction in pulmonary, mesenteric,
and TDA arteries of SS sickle mice (Figure 4B-D). In the AA control mice, febuxostat
treatment significantly reduced constriction in pulmonary vessels, but no differences in
mesenteric or TDA constriction were observed (Supplemental Figure [1I1B-D). A cumulative
acetylcholine dose response was used to assess endothelium dependent dilation of the three
vascular beds. In the SS sickle mice, febuxostat treatment significantly improved the dilation
of the pulmonary vessels and decreased the ECsy compared to the untreated vessels (Figure
4E); however, this effect was not observed with vessels from the systemic circulation as no
difference was observed in the mesenteric or TDA vessel dilation (Figure 4F-G). No
differences in dilation were observed in the AA control mice (Supplemental Figure I1IE-G).

Improvements in Pulmonary Vasoreactivity Did Not Manifest into Cardiac Changes

We hypothesized that improved pulmonary vasoreactivity would also result in decreased
pulmonary artery pressure and improved cardiac function. To assess cardiac function, closed
chest right heart catheterization, right ventricle (RV) weight, and left ventricle + septum (LV
+ S) weight were measured after ten weeks of treatment. Additionally, echocardiograms
were performed at 0 and 10 weeks of treatment and changes in parameters are shown as a
delta change from baseline to ten weeks of treatment (Figure 5A). Febuxostat treatment did
not alter the RV maximum pressure or heart rate of the SS sickle mice (Figure 5B-C). A
complete list of parameters from the RV catheterization is included in Supplemental Table V.
No differences were observed in the AA control or SS sickle mice when treated with
febuxostat; however, significant increases in RV maximum dP/dt and RV contractile index
were observed in the SS mice in comparison to the AA mice (Supplemental Table V). The
RV was separated from the LV + S and weighed and normalized to tibia length in order to
assess hypertrophy of the ventricles. No significant differences in RV or LV + S weight were
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observed in the SS sickle (Figure 5D-E) or the AA control (Supplemental Figure IVA-B)
mice. Trichrome staining was also performed to measure fibrosis of the right and left
ventricles. Fibrosis was observed in the SS sickle and SS sickle mice treated with febuxostat;
however, when quantified no difference in fibrosis was observed in the RV or LV + S
(Supplemental Figure IVC-E). Echocardiograms were performed before and after 10 weeks
of febuxostat treatment in order to assess the effects of febuxostat treatment on cardiac
function. No differences were observed in end systolic volume, end diastolic volume, stroke
volume, or cardiac output in the SS sickle mice (Figure 5F-I). A complete list of right
ventricle echocardiogram parameters is included in Supplemental Table V1. Febuxostat
treatment significantly increased the tricuspid valve peak velocity of early diastolic
transmitral flow to peak velocity of early diastolic mitral annular motion ratio (TV E/e’) in
the SS sickle mice but did not affect any other measurement (Supplemental Table V1). In
comparing the SS sickle to the AA control mice, the SS sickle mice had significantly
increased tricuspid valve peak velocity of early diastolic transmitral flow (TV E) and the
ratio of tricuspid valve peak velocity of early diastolic transmitral flow to peak velocity of
late transmitral flow (TV E/A) (Supplemental Table V). A complete list of left ventricle
echocardiogram parameters is included in Supplemental Table VII. Febuxostat treatment did
not significantly alter any left ventricle parameters assessed in the AA control or SS sickle
mice (Supplemental Table VII). SS febuxostat treated mice had significantly decreased
isovolumic contraction time (IVCT) and significantly increased cardiac output, LV mass, LV
mass corrected, and left ventricle anterior wall thickness during systole and diastole
(LVAW;s, and LVAW;d) compared to AA febuxostat treated mice (Supplemental Table VII).

Hepatic XO is not the Driver of Hemolysis in Chimeric Sickle Mice

In order to evaluate the role of hepatic derived XO during hemolysis in SCD mice, 6-13-
week old, Xdhfloxed/floxed o |n_1 Cre/Wt (1 x5/~ hepatocyte-specific XO KO) and
Xdhfloxed/floxed p\|n_ g WUWE ( xgAfl/fl Jittermate control) mice were bone marrow transplanted
with SS sickle bone marrow from Townes mice (Figure 6A, Supplemental Figure VA). After
12 weeks, the mice were fully engrafted with the SS sickle Townes bone marrow
(Supplemental Figure VB). The mice were aged an additional 10 weeks to match the
experimental timeline of the febuxostat treated groups. Blood was collected at 0, 3, 6, and 10
weeks post-engraftment with 10 weeks being the final endpoint of the study (Figure 6A).
Hepatocyte-specific XO KO (H.Xal™/~) significantly decreased plasma and liver XO activity
but did not impact lung or kidney XO activity levels (Figure 6B, Supplemental Table VIII).
XO inhibition was further evaluated in plasma via measurement of hypoxanthine, xanthine,
and urate concentrations. Consistent with pharmacological XO inhibition the HXa/™/~ mice
had no change in hypoxanthine, and a significant decrease in xanthine and urate
concentration compared to the Xa/f/fl mice (Supplemental Figure VC). Hepatocyte-specific
XO KO did not alter the body weight of the mice compared to the Xa/#V/fl mice
(Supplemental Figure VD). In contrast to the febuxostat treated SS sickle mice, there was no
significant difference in hematocrit, hemoglobin, RBCs, platelets, or any hematological
parameter measured between the HXa/7™/~ and Xa/Vfl mice (Figure 6C—F, Supplemental
Table 1X). Additional measurements of hemolysis confirmed hepatocyte-specific XO KO
has no effect on hemolysis. No differences were observed in haptoglobin, cell free
hemoglobin (methemoglobin and oxyhemoglobin), cell free hemin, or hemopexin (Figure
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6G-H, Supplemental Figure VE-G). Wire myography was again used to asses pulmonary,
mesenteric, and TDA vasoreactivity in the Xa//fl and H.Xa/~ mice. Despite the
improvement in pulmonary artery dilation observed in the febuxostat treated mice, the
X" and HXal™'~ pulmonary arteries had comparable dilation (Figure 61). There was no
difference in pulmonary, mesenteric, or TDA constriction or mesenteric or TDA dilation
(Supplemental Figure VIA-F). Finally, we evaluated changes in cardiac function and
pulmonary pressure between the Xa/#/fl and H.Xa/~ mice. No difference was observed in
RV or LV + S weight normalized to tibia length (Supplemental Figure VIH-I) and closed
chest RV catheterization parameters (Supplemental Table V). Echocardiograms of Xa/f!/!
and H.Xa#~ mice showed a significant increase in fractional area change (FAC) in the
H.Xad™~ mice (Supplemental Table V1), but no other differences in RV or LV parameters
(Supplemental Tables VI-VII). FAC is a measure of the percent RV area change between
systole and diastole, and an increase in the HXa/™~ mice could suggest improved RV
function.

DISCUSSION

SCD affects approximately 300,000 new patients worldwide each year;1 however, treatment
options are limited, with no FDA-approved drugs specifically inhibiting hemolysis. The
molecular drivers of hemolysis are not well understood, leaving a gap in the overall
understanding of the disease and a target for therapeutics that could improve sickle
pathologies. We have identified XO as a key driver of hemolysis in a chimeric mouse model
of sickle cell disease. Bone marrow transplanted SS sickle mice treated with febuxostat, an
FDA-approved XO inhibitor, have increased hematocrit, cellular hemoglobin, and RBC
number (Figure 2B-D), with no impact on reticulocyte percentage (Figure 2F). Since there
is no difference in reticulocyte percentage, the improvements in hematocrit, cellular
hemoglobin, and RBCs is likely due to less hemolysis, rather than increased RBC
production; however, it is also possible that RBC storage sites such as the liver, are releasing
red cells in response to the hepatocellular damage mediated by SCD. Decreased hemolysis is
further supported by an increase in haptoglobin concentration and a decrease in cell free
hemoglobin (Figure 3B—C). Less cell free hemoglobin and an increase in haptoglobin, a
hemoglobin scavenging protein, suggest less hemoglobin is being released from RBCs, thus
less haptoglobin is required for clearance. No difference was observed in hemopexin or cell
free hemin concentration (Figure 3D-E). We hypothesize that only changes in haptoglobin/
cell free hemoglobin occurred as inhibition of circulating XO decreases reactive oxygen
species (ROS) production, thus limiting the oxidation of heme molecules and preventing
their release from hemoglobin. This is crucial as H,O, and O,*, both products of XO, are
noted to be intimately involved in degrading hemoglobin and oxidizing histidine and
cysteine heme binding residues, resulting in heme dissociation.3%: 36 It has been shown that
ferric heme interacts with H,0O5 to produce biliverdin IXa and carbon monoxide, similar to
the canonical heme degrading enzyme, heme oxygenase-1.37 ROS play a critical role in
hemoglobin modulation as O,* can react with hemoglobin to form methemoglobin or
oxyhemoglobin and under certain conditions may lead to release of heme molecules;
however, it has not yet been determined if XO-derived ROS directly act on hemoglobin.37
Thus, we have identified XO as a specific target capable of mediating hemolysis in chimeric
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SCD mice. The exact mechanism in which XO inhibition decreases hemolysis was not
identified in this study; however, we hypothesize a reduction in oxidant production from XO
activity protects RBCs from ROS-induced damage and hemolysis. Further studies will
explore this hypothesis.

Vascular injury and pulmonary hypertension are major complications experienced by SCD
patients.b: 10 By inhibiting XO activity, we were able to significantly reduce constriction in
three vascular beds (pulmonary, mesenteric, and TDA) of chimeric SCD mice (Figure 4B—
D). Less constriction of the vessels will allow for larger vessel diameter and therefore,
improved blood flow in the febuxostat treated mice. Additionally, XO inhibition was able to
significantly improve endothelium-dependent pulmonary artery dilation, while having no
effect on mesenteric or TDA arteries (Figure 4E-G). This suggests that XO inhibition was
able to specifically protect the endothelium in the pulmonary vasculature. It is also important
to note the two key physiological differences in the pulmonary vasculature compared to
other vascular beds that may impact our results: 1) pulmonary circulation has a lower
pressure than systemic circulation and 2) pulmonary artery dilation is primarily NO
dependent, while systemic circulation has multiple mechanisms of dilation.38

XO is released into circulation and binds to the surface of endothelial cells via electrostatic
interactions with GAGs, specifically heparin sulphate (HS) and chondroitin sulfate (CS).
26,39, 40 Therefore, endothelial bound XO concentration is dependent on the composition of
the glycocalyx of each vascular bed. GAG composition varies depending on the vascular bed
and can also be altered under disease conditions. For example, HS and CS composition
percentage is affected in human patients with lung cancer;** however, to our knowledge
GAG composition in SCD remains unexplored. We posit that differences in GAG
composition between vascular beds is responsible for the pulmonary-specific improvement
in endothelial-dependent vasodilation. Alternatively, XOR produced in lung endothelial cells
could be released and adhere to the endothelium resulting in endothelial damage. Despite
improved pulmonary vasoreactivity, there was no indication of improved pulmonary
pressure or cardiac function (Figure 5). Based on our results, 10 weeks of XO inhibition has
no effect on pulmonary pressure or cardiac function in sickle mice. It is possible that a
longer treatment time may be required in order to impact pulmonary pressure and cardiac
output or that the vessels become tolerant to the febuxostat treatment requiring more acute
studies. Hematologic improvements did not occur prior to 10 weeks of treatment
(Supplemental Table 1V), also affirming the potential value of a long-term model.

A hepatocyte-specific XO knockout mouse model demonstrated that ~50% of circulating
XO is released from the liver.2% Therefore, we bone marrow transplanted

Xq/floxed/floxed p |1 WUWt ( thﬂ/ﬂ, littermate control) and Xqffloxed/floxed p | -1 Cre/Wt
(HXah =, hepatocyte-specific XO KO) mice with SS sickle Townes bone marrow in order
to evaluate the effects of hepatic-derived XO in SCD. Global pharmacologic inhibition of
XO resulted in marked improvements in hematology and ex vivo pulmonary vasoreactivity;
however, HXa/™'~ mice showed no indications of reduced hemolysis or alteration in
pulmonary vasoreactivity compared to Xa//fl mice (Figure 6). This suggests hepatic-
derived XO is not the driver of hemolysis in SCD or there are compensatory effects due to
the loss of hepatic XO from birth. An alternative source of XO, such as endothelial-derived
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X0, may be responsible for causing hemolysis in SCD. The presence and activity of XOR in
endothelial cells has been confirmed by numerous studies.#2-44 Endothelial-derived XOR
could be an important driver of hemolysis and vascular dysfunction in SCD because
endothelial XO could produce oxidants that damage endothelial cells and when released into
circulation generate oxidants that induce hemolysis. Exploring this hypothesis is warranted.
One limitation to our febuxostat studies is the possibility that febuxostat could have off-
target effects. Although febuxostat has a high affinity for XO (K;= 0.12 nM), it has also
been shown to bind and inhibit ATP binding cassette transporter (ABCG2), which has
significant expression in the small intestine and kidney.*° 46 ABCG?2 inhibition could be
important in our model as it can control protoporphyrin IX (PPIX) efflux from cells.> PPIX
is an important intermediate in the heme biosynthesis pathway;*’ therefore, interference
with PPIX efflux via off-target effects of febuxostat could potentially play a role in our
model.

In conclusion, we identified XO as a key driver of hemolysis in SCD. Febuxostat, an FDA-
approved drug, is able to improve hematological parameters and pulmonary vascular
function by decreasing hemolysis in chimeric SCD mice. We propose that modulation of XO
activity could be used alone or in combination with current SCD therapies to improve the
hemolysis-driven pathologies of SCD patients. While we determined hepatic XO is not the
driver of hemolysis in SCD, future studies will define the role of endothelial-derived XO.
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HIGHLIGHTS
. XO is a key driver of hemolysis in SCD
. XO inhibition improved ex-vivo pulmonary vasoreactivity

. Hepatic-derived XO is not the driver of hemolysis in SCD
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Figure 1. Febuxostat treatment inhibits XO activity in chimeric SCD mice.

XO activity was assessed in A) human sickle cell disease patients compared to healthy

controls and B) chimeric AA control, AS sickle trait, and SS sickle mice. C) Experimental

design. D) XO activity of plasma, liver, lung, and kidney after 10 weeks of febuxostat
treatment. LC/MS-MS was used for purine metabolite analysis of E) hypoxanthine, F)
xanthine, and G) urate. H) A CBA assay was used to measure plasma oxidant load. 1)

Febuxostat treatment did not alter body weight. Values are mean + SEM using an unpaired
Student’s t test unless otherwise noted. *Values are mean + SEM using an unpaired
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Student’s t test with Welch’s correction. $Values are mean + SEM using a one-way ANOVA
with Dunnett’s multiple comparisons test. *Values are mean + SEM using a Mann-Whitney
test. XO, xanthine oxidase; SCD, sickle cell disease; CBA, coumarin boronate acid; WT,
wild type; febux, febuxostat.
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Figure 2. XO inhibition improves hematological parameters.
A) Experimental design. B-E) Complete blood counts shown as a delta change from 0 to 10

weeks of treatment. F) Flow cytometry was used to measure the delta change of reticulocyte
percentage from 0 to 10 weeks of treatment. Values are mean + SEM using an unpaired
Student’s t test. WT, wild type; febux, febuxostat; RBCs, red blood cells.
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Figure 3. XO inhibition decreases hemolysis.
A) Experimental design. B) UV-visible spectral deconvolution was used to measure plasma

cell free hemoglobin, a combination of oxyhemoglobin and methemoglobin, after 10 weeks
of treatment. C) An ELISA was used to measure plasma haptoglobin concentration after 10
weeks of treatment. D) UV-visible spectral deconvolution was used to measure plasma cell
free hemin concentration after 10 weeks of treatment. E) An ELISA was used to measure
plasma hemopexin concentration after 10 weeks of treatment. Values are mean = SEM using
an unpaired Student’s t test unless otherwise noted. *Values are mean + SEM using an
unpaired Student’s t test with Welch’s correction. #Values are mean + SEM using a Mann-
Whitney test. WT, wild type; febux, febuxostat; ELISA, enzyme-linked immunosorbent
assay.
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Figure 4. XO inhibition decreases constriction across multiple vascular beds, but only improves
dilation in pulmonary arteries.
A) Ex vivo wire myography was used to asses vasoreactivity of pulmonary, mesenteric, and

TDA arteries. B) Pulmonary (n=8), C) mesenteric (n=12), and D) TDA (n=6) constriction
was measured by normalizing to maximum KCI response. Values are mean + SEM using an
unpaired Student’s t test. An acetylcholine dose response was used to measure dilation of E)
pulmonary, F) mesenteric, and G) TDA arteries. Values are mean + SEM using a two-way
ANOVA with Sidak’s multiple comparisons test. **P<0.01. TDA, thoracodorsal; KPSS;
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potassium physiological salt solution; PSS, physiological salt solution; febux, febuxostat;
max, maximum; PGF, prostaglandin F2a; XO, xanthine oxidase.
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Figure 5. XO inhibition did not affect pulmonary pressure or cardiac function.
A) Experimental design. Closed chest right heart catheterization was used to measure B) RV

maximum pressure and, C) heart rate after 10 weeks of treatment. D) RV weight and E) LV
+ septum weight was normalized to tibia length. Echocardiogram was used to asses cardiac
function as a delta change from 0 to 10 weeks of febuxostat treatment: F) systolic volume,
G) diastolic volume, H) stroke volume, and 1) cardiac output. Values are mean + SEM using
an unpaired Student’s t test. WT, wild type, febux, febuxostat; RV, right ventricle; max,
maximum; LV, left ventricle; XO, xanthine oxidase.
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Figure 6. Hepatocyte-specific XO knockout did not decrease hemolysis or alter pulmonary
vasoreactivity.

A) Experimental design. B) HPLC was used to measure plasma, liver, lung, and kidney XO
activity. Complete blood counts show the hematological parameters C) hematocrit, D)
hemoglobin, E) RBCs, and F) platelets, as a delta change from 0 to 10 weeks post-
engraftment. G) An ELISA was used to measure plasma haptoglobin concentration 10
weeks post-engraftment. H) UV-visible spectral deconvolution was used to measure plasma
cell free hemoglobin, a combination of oxyhemoglobin and methemoglobin, 10 weeks post-
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engraftment. Values are mean + SEM using an unpaired Student’s t test unless otherwise
noted. +Values are mean + SEM using an unpaired Student’s t test with Welch’s correction.
#Values are mean £ SEM using a Mann-Whitney test. 1) An acetylcholine dose response was
used to measure dilation of pulmonary arteries 10 weeks post-engraftment (XaA™" n=8,
Xdh™~n=7). Values are mean + SEM using a two-way ANOVA with Sidak’s multiple
comparisons test. XDH, xanthine dehydrogenase; XO, xanthine oxidase; RBCs, red blood
cells; max, maximum; HPLC, high performance liquid chromatography ELISA, enzyme
linked immunosorbent assay.
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