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Abstract

Metabolomics studies in sickle cell disease (SCD) have been so far limited to tens of samples, owing to technical and
experimental limitations. To overcome these limitations, we performed plasma metabolomics analyses on 596 samples
from patients with SCD enrolled in the WALK-PHaSST study (clinicaltrials gov. Identifier: NCT004925317). Clinical covariates
informed the biological interpretation of metabolomics data, including genotypes (hemoglobin [Hb] SS, hemoglobin SC),
history of recent transfusion (HbA%), response to hydroxyurea treatment (fetal Hb%). We investigated metabolic
correlates to the degree of intravascular hemolysis, cardiorenal function, as determined by tricuspid regurgitation velocity
(TRV), estimated glomerular filtration rate (eGFR), and overall hazard ratio (unadjusted or adjusted by age). Recent
transfusion events or hydroxyurea treatment were associated with elevation in plasma-free fatty acids and decreases in
acyl-carnitines, urate, kynurenine, indoles, carboxylic acids, and glycine- or taurine-conjugated bile acids. High levels of
these metabolites, along with low levels of plasma S1P and L-arginine were identified as top markers of hemolysis,
cardiorenal function (TRV, eGFR), and overall hazard ratio. We thus uploaded all omics and clinical data on a novel online
portal that we used to identify a potential mechanism of dysregulated red cell S1P synthesis and export as a contributor
to the more severe clinical manifestations in patients with the SS genotype compared to SC. In conclusion, plasma
metabolic signatures - including low S1P, arginine and elevated kynurenine, acyl-carnitines and bile acids - are associated

with clinical manifestation and therapeutic efficacy in SCD patients, suggesting new avenues for metabolic interventions
in this patient population.

acterized by hemolytic anemia, inflammation and recur-
rent vaso-occlusive episodes.? While such manifestations
tend to be more severe in patients with the SS genotype,
vaso-occlusive complications are still present in patients

Introduction

Sickle cell disease (SCD) encompasses a group of in-
herited hemoglobinopathies caused by mutations in the

gene coding for the B globin chain (HBB) in the hemoglobin
tetramer.”? These mutations result in the substitution of
single amino acid residue, E6 to V in sickle hemoglobin
(HbS) allele S, or E6 to K in HbC. Under deoxygenated
conditions, sickling of red blood cells (RBC) occurs fol-
lowing crystallization of mutant globins into macro-
fibers,** which in turn disrupts erythrocyte morphology,
rheology® and metabolism.” Clinically, these molecular
events manifest themselves in a complex disease char-

with the SC genotype.?®

Lifelong transfusion represent a mainstay in the manage-
ment of SCD in children and adults.® Increases in circu-
lating levels of heme and iron secondary to the elevated
hemolytic propensity of sickle RBC triggers recurrent epi-
sodes of vaso-occlusion and inflammation, which pro-
gressively cause damage to most organs, including the
kidneys, lungs, and the cardiovascular system, and overall
reduced life expectancy.® Interventions based on treat-

Haematologica | 108 December 2023
3418



ARTICLE - Plasma metabolome in SCD

ment with hydroxyurea (hydroxycarbamide) have shown a
certain degree of efficacy in upregulating the expression
of fetal hemoglobin (HbF) and increasing mean corpuscu-
lar volume,® while decreasing the frequency of pain epi-
sodes and other acute complications in adults and
children with sickle cell anemia of SS or Sp°thal geno-
types, reducing the incidence of life-threatening neurol-
ogical events such as primary stroke by maintaining
transcranial Doppler velocities."

The circulating metabolome offers a window not just on
chemical individuality under healthy conditions,? but also
onto dysregulation of systems homeostasis under patho-
logical conditions, such as in the case of SCD.” Studies on
the circulating metabolome in SCD have identified potential
new avenues for metabolic interventions. For example, ar-
ginine supplementation™ has been proposed as a strategy
to boost nitric oxide (NO) synthesis and NO-dependent
vasodilation, thus counteracting hemoglobin-dependent
NO scavenging secondary to intravascular hemolysis, and
release of RBC arginase which has been shown to catabol-
ize L-arginine.® Similarly, hemolysis-derived free hemo-
globin, heme and iron have been associated with increased
renal, cardiopulmonary and infectious complications in this
and other patient populations.®® An alternative metabolic
intervention, glutamine supplementation has been pro-
posed as a strategy to boost glutathione synthesis, thus
counteracting oxidant stress in the sickle RBC."*® More re-
cently, metabolomics interventions have been designed to
boost the rate of late, payoff steps enzymes of glycolysis
such as pyruvate kinase. This strategy promotes the syn-
thesis of adenosine triphosphate and energy metabolism in
the sickle cell, while depleting the reservoirs of allosteric
modulators like 2,3-diphosphoglycerate that promote sick-
ling by stabilizing the tense deoxygenated state of hemo-
globin® Other metabolomics studies have identified
dysregulated adenosine signaling?®* and sphingolipid me-
tabolism?? as potential targets for therapeutic interventions,
though studies have not progressed beyond promising pre-
clinical animal models. One major limitations of almost all
metabolomics studies of SCD plasma to date is that limited
sample size and lack of extensively curated clinical data
hampered the extrapolation of the translational relevance
of the reported findings. To bridge this gap, here we per-
formed a metabolomics study of plasma from 596 SCD pa-
tients, for which extensive information on patients’
demographics (sex, age, body mass index [BMI]), genotypes,
hematological and clinical characteristics, as well as thera-
peutic interventions (transfusion events, as inferred from
HbA%, hydroxyurea treatment) were available. Results from
analyses in plasma were compared against the recently
characterized RBC metabolome in this cohort,? identifying
compartment-specific metabolic signatures associated
with potential novel strategies for metabolic interventions
in SCD.
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Methods

An extended version of this section is provided in the On-
line Supplementary Appendix, and our previous meta-
bolomics report on RBC samples from the same cohort.?®

Ethical statement, blood collection, processing and
storage

A total of 596 SCD patients with available plasma samples
were recruited as part of the Walk-PHaSST clinical trial
(clinicaltrials gov identifier: NCT00492531 and BioLINCC
study: HLB01371676a) under protocols approved by the Uni-
versity of Pittsburgh.®?*28 Clinical covariates were collected
prior to plasma metabolomics analysis, including intravas-
cular hemolysis, tricuspid regurgitation velocity (TRV),?® par-
ameters indicative of kidney function such as estimated
glomerular filtration rate (eGFR), creatinine.®*2® Standard
high-pressure liquid chromotography (HPLC) methods
were used to determine the percentage of sickle HbS,
HbC, HbF and normal HbA %2428

Ultra-high pressure liquid chromatography-mass
spectrometry metabolomics

Metabolomics extractions,®*** analyses®** and elabora-
tions** were performed as previously described.

Statistical analyses

Multivariate and multivariable analyses, including principal
component analyses (PCA), hierarchical clustering ana-
lyses, two-way ANOVA, correlation analyses (Spearman)
and calculation of receiver operating characteristic curves
were performed using MetaboAnalyst 5.0.°° For survival
analysis, we used time to right censorship (including death
or last follow-up) as time to event and vital status (death
or alive) was the studied outcome. PCA was used to derive
a hemolytic component from lactate dehydrogenase, as-
partate aminotransferase, total bilirubin and reticulocyte
percent.??%3 We applied Cox proportional hazard models
to calculate the hazard ratios and P value for each me-
tabolite. Cox analysis and adjusted regressions of metab-
olites to clinical outcomes were performed in R (R Core
Team (2022), https:/www.r-project.org/).

Sickle cell disease ShinyApp portal
A portal for online sharing of all the data generated in this
study, based on code from the COVID-Ome Explorer portal.®

Results

Metabolomics of the WALK-PHASST sickle cell disease
cohort

Metabolomics analyses were performed on plasma
samples from 596 sickle cell study participants in the
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screening phase of Walk-PHASST cohort (Figure 1A). Re-
sults are extensively reported in the Online Supplementary
Table S1, which also includes anonymized patients’ bio-
logical data, including genotype, sex, age, BMI (Figure 1A).
An unsupervised analysis of the plasma metabolomics re-
sults is provided in the Online Supplementary Figure ST.
PCA and hierarchical clustering analyses (HCA) of all the
metabolomics data showed a significant separation of
plasma samples from individuals with SS genotypes com-
pared to the other groups (Online Supplementary Figure
S1A, B). As previously noted,* despite double randomiza-
tion of the samples and blinding of the analytical team,
plasma creatinine levels measured via mass spectrometry
significantly correlated with clinical measurement for this
metabolite (Online Supplementary Figure S1C).

Plasma metabolic profiles in SS versus SC patients who
have not been recently transfused

Individuals with SS genotypes represented approximetely
73% of the cohort in this study and showed distinct clini-
cal®**?® and metabolic phenotypes (Online Supplementary
Figure S7) compared to patients with other genotypes. As
such, the first analysis we performed focused on the SS
patient population. Clinically, many of these patients are
routinely transfused, which could be herein assessed by
screening of HbA percentages. We used this intervention
to all for an in vivo assessment of the metabolome of
plasma from patients with high levels of HbS compared
with patients with SS genotype who have very high levels
of transfused AA blood as a control. For this first analysis,
other treatments (e.g., hydroxyurea - see below) were ex-
cluded. HCA of plasma metabolites significantly affected
by HbA and HbS levels in SS patients identified a signifi-
cant increase in the levels of free fatty acids (palmitoleic,
myristoleic, myristic, stearic, docosapentaenoic, arachi-
donic, dihomogammalinolenic and adrenic acid) as a func-
tion of high levels of HbA, as opposed to declines in a
series of acyl-carnitines (5:0, 5:0 OH, 14:0, 16:1; Figure 1B).
Elevated HbS levels were correlated (Spearman; P<0.05)
with increases in urate, gluconolactone phosphate (a me-
tabolite of the oxidative phase of the pentose phosphate
pathway [PPP]) and cystine, with decreases in the levels
of pyruvate, choline and acetylcholine, on top of the afore-
mentioned free fatty acids (Figure 1C). In order to further
evaluate the impact of recent transfusion events on the
plasma metabolome of SS patients, data were binned into
extremes HbA phenotypes, with two groups identified
based on “no recent transfusion events” (HbA <5%) or “re-
cent transfusion events” (HbA >80%) that showed distinct
metabolic phenotypes by partial least square-discriminant
analysis (PLS-DA; Figure 1D). Volcano plots of significant
metabolites in these two groups further identified trans-
fusion-associated elevation in pyruvate and other pentose
or hexose phosphate compounds (fructose bisphosphate
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and ribose phosphate) - usually associated with hemolysis
when observed in plasma, since they should only be de-
tected in intracellular compartments - and decreases in
indoles, acyl-carnitines (especially those derived from
branched chain amino acid catabolism - 5:0 and 5:0 OH)
and pyridoxamine (Figure 1E).

Impact of hydroxyurea treatment on the plasma
metabolome

Of the 433 patients with SS genotypes enrolled in this
study, 306 had not been recently transfused (HbA <20%),
of which 147 had received treatment with hydroxyurea
(Online Supplementary Figure S2A). Unsupervised analyses
including PCA and HCA identified a modest impact of hy-
droxyurea treatment on the plasma metabolome, with the
strongest impact on the levels of acyl-carnitines, urate, L-
arginine and amino acids (lower in treated patients com-
pared to untreated ones; Online Supplementary Figure
S2B, C). These effects were corroborated by correlation
with HbF %, which increased after hydroxyurea treatment
and was also positively associated with elevated tryptop-
han and indole metabolites (indole, indole acetate; Online
Supplementary Figure S2D). Linear models, unadjusted or
adjusted by HbF% confirmed a strong impact of hydroxy-
urea on plasma L-arginine, acyl-carnitines and amino
acids (Online Supplementary Figure S2E). Acknowledging
the limited signal emerged from this analysis, perhaps as
a result of uncertain adherence to the hydroxyurea
regimen, we performed an additional analysis by focusing
on SS patients on hydroxyurea with mean corpuscular vol-
umes >105 (Online Supplementary Figure S2F), owing to
the well-established effect on this hematological par-
ameter of hydroxyurea treatments.©® This analysis un-
masked a signal related with hydroxyurea-dependent
decrease in circulating levels of some long-chain acyl-car-
nitines, but not conjugated bile acids - still elevated in
this subgroup of patients compared to the untreated
group (Online Supplementary Figure S2G).

Comparison of SS patients to less clinically severe SC
genotypes show trends consistent with beneficial
effects of transfusion and hydroxyurea

We then performed a direct comparison of non-recently
transfused SS patients to the metabolome of patients
with less clinically severe genotype of SC (Figure 2A). Lin-
ear models identified alterations of sphingolipid metab-
olism (especially sphingosine 1-phosphate [S1P] and
sphinganine 1-phosphate), methionine sulfoxide, phospho-
creatine and PPP metabolites (gluconolactone phosphate
and ribose diphosphate) as the top markers distinguishing
SS and SC patients, even upon adjustment for HbA% (Fig-
ure 2B). These findings were corroborated by HCA, which
also showed enrichment in SS plasma of acyl-carnitines,
taurine- and glycine-conjugated bile acids (taurodexycho-
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late, taurocholate, taurochenodeoxycholate, taurolith-
ocholate, glycocholate, glycochenodeoxycholate), car-
boxylic acids (succinate, malate, oxaloacetate), purine
deamination products (urate, hydroxisourate), as opposed
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to depletion in L-arginine and S1P (Figure 2C). These find-
ings were further highlighted by the identification of meta-
bolic correlates to HbC % (Figure 2D), the top of which
presented in the form of violin plots in Figure 2E.
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Figure 1. Plasma metabolomics of the WALK-PHASST SCD cohort. (A) The plasma metabolome of patients with SS genotype -
who did not receive other treatment (e.g., hydroxyurea) was evaluated as a function of recent transfusion events, as determined
by hemoglobin A (HbA)% (N=123 males and N=120 females). In (B), hierarchical clustering analysis of plasma metabolomics data
as a function of HbS and HbA% (top 50 significant metabolites are shown). In (C), smile plot of plasma metabolic correlates to
HbS%. In (D), partial least-square discriminant analysis of plasma metabolomics data in SS patients with recent (HbA >80%) or
non-recent (HbA <5%) transfusion events. In (E), volcano plot of plasma metabolites significantly higher in patients with no
recent transfusion event (HbA <5%) or with recent exchange transfusion (HbA >80%). PC: principal component; FC: fold change;
UHPLC-MS: ultra-high pressure liquid chromatography-mass spectometry.
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Plasma metabolic markers of intravascular hemolysis in

the SS sickle cell disease population

Degree of intravascular hemolysis was most elevated in
SS patients with the more severe clinical manifestations.
Analysis of metabolomics data as a function of the degree
of hemolysis were thus performed in non-recently trans-
fused (HbA <20%) SS patients via PCA, HCA and correla-
tion analysis (Figure 3A-C). Results indicate a strong
positive correlation of hemolysis with circulating levels of
conjugated bile acids, urate, acyl-carnitines, free fatty
acids, pentose and hexose phosphate metabolites, car-
boxylic acids (succinate, malate) and a negative correla-

A c

Sphingosine 1P
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tion with free amino acids, especially L-arginine and tryp-
tophan metabolites (e.g., kynurenine). Similar results were
even more evident in the Online Supplementary Figure S3,
in which we focused on the top 30 patients with highest
and lowest overall hemolysis, without constraining for pa-
tients’ genotypes nor for recent transfusion events.

Plasma metabolic correlates to Doppler-
echocardiographic tricuspid regurgitation jet velocity

in the WALK-PHaSST cohort

Cardiorenal dysfunction secondary to elevated hemolysis
are common comorbidities in SCD, especially in patients
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Figure 2. Plasma metabolic differences between sickle cell disease patients with SS and SC genotypes. (A) Plasma
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with SS genotypes.>?® Altered TRV is a hallmark of pul-
monary dysfunction in this patient population, though

A. D’Alessandro, et al.

4. Focusing on non-recently transfused (HbA <20%) SS
patients, PCA, HCA, linear models (unadjusted, or ad-

plasma metabolic markers of aberrant TRV have not yet justed for relevant covariates of patients’ age and sex)

been reported, and is the focus of the analysis in Figure
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Figure 3. Plasma metabolic markers of hemolysis in SS sickle cell disease patients who were not recently transfused
(hemoglobin A <20%). In (A), principal component analysis (PCA) of the plasma metabolomics data from this cohort, color-coded
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relation to TRV for plasma levels of S1P, L-arginine and
tryptophan (depleted with high TRV) and their catabolites
(citrulline, creatinine, kynurenine), acyl-carnitines (elev-
ated with high TRV; Figure 4A-D). Similar results were
even more evident in the Online Supplementary Figure S4,

A B

Metabolism and TR Jet Velocity in SS patients

A. D’Alessandro, et al.

in which we focused on the top 30 patients with highest
and lowest overall TRV, without constraining for patients’
genotypes nor for recent transfusion events. A snapshot
of this analysis is provided in the volcano plot in Figure
4E, which focuses on SS patients with high versus low

Impact of TR jet velocity on plasma metabolism of SS
patients not recently transfused (HbA<20%)
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Figure 4. Plasma metabolic markers of cardiovascular dysfunction as gleaned by tricuspid jet velocity in SS patients. In (A),
principal component (PC) analysis of the plasma metabolomics data from sickle cell (SS) patients with no recent transfusion
event (hemoglobin A [HbA] <20%), color-coded based on the tricuspid regurgitation velocity (TRV). In (B-D), heat map, linear
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associated with tricuspid regurgitation velocity (TRV). In (E),

volcano plot and heat map of the most significant metabolic

changes between the 25 patients with the highest and lowest degree of TRV.
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TRV - further highlighting depletion of glutamine and 5-
oxoproline (a product of the y-glutamyl-cycle) in patients
with elevated TRV

Plasma metabolic correlates to renal function in the
WALK-PHaSST cohort

Plasma metabolic markers of renal function in SS patients
who had not been transfused recently (HbA <20%) were
here evaluated as a function of eGFR, via PCA, HCA, linear
models (unadjusted, or adjusted by patients’ sex and age)
and correlation analyses (Figure 5A-D). Results confirmed
a significant negative correlation between eGFR and cre-
atinine, with concomitant accumulation of acyl-carni-
tines, depletion of arginine and accumulation of its
catabolites (creatinine, citrulline), elevation in the levels
of pyridoxal, n-acetylneuraminate, pro-inflammatory car-
boxylic acids (succinate), kynurenine, choline, acetyl-cho-
line, urate, indoles. Similar results were even more
evident in the Online Supplementary Figures S5 and S6,
in which we focused on the top 25 patients with highest
and lowest overall eGFR as a function of patients’ age in
SS patients only with no recent transfusion event (HbA
<20% - volcano plot in Figure 5E and heat map in the On-
line Supplementary Figure S5) or the top 30 patients by
high versus low eGFR overall, without constraining for pa-
tients’ genotypes nor for recent transfusion events (On-
line Supplementary Figure S6).

Plasma metabolic markers of mortality, time to event
and hazard ratio in the WALK-PHaSST cohort

Finally, we performed biomarker analyses to identify
plasma metabolites associated with signatures of mor-
tality, as gleaned by volcano plot of dichotomy outcomes
(dead vs. alive; Figure 6A), receiver operating character-
istics curve determination (Online Supplementary Figure
S7) and a more formal hazard ratio of metabolomics data
adjusted by patients’ age (Figure 6B). Results confirmed
a strong association between conjugated bile acids, argi-
nine and tryptophan metabolism (creatinine, citrulline,
kynurenine, anthranilate, indoles), carboxylic acids (2-hy-
droxyglutarate, succinate), acyl-carnitines and untoward
clinical outcomes. Correlation of clinical and metabolic
covariates were thus plotted in the form of a network
analysis in Figure 6C, which identified hubs of conjugated
bile acids, free fatty acids (especially very-long chain
poly- and highly-unsaturated fatty acids), glutamine me-
tabolites (glutamine, glutamate, 2-oxoglutarate), pan-
tothenate and acyl-carnitines associated with
hematological (HbS, HbA, HbC, HbF %; RBC, white blood
cell [WBC] counts) and cardiorenal function parameters
(eGFR, creatinine, siten, BMI, cardiovascular risk, hemoly-
sis). Further correlation analyses are reported for these
clinical covariates to plasma metabolite levels in Online
Supplementary Figure S8.

A. D’Alessandro, et al.

The sickle cell disease online portal for real time
processing of plasma and red blood cell metabolomics
data in sickle cell disease against clinical covariates,
and cross-matrix correlations: impact on pain crises
Clinical and plasma metabolomics data in this study, and
RBC metabolomics data from our previous study?® were
collated into an online portal for real time data process-
ing and figure generation. The portal, open and access-
ible at https:/mirages.shinyapps.io/SCD2023/ serves as
a repository for the data generated as part of this study,
and as a tool to perform real time analyses and export of
results upon correlation analyses between metabolites
and clinical covariates, with the opportunity to modify
filters (e.g., age, sex) or cross-matrix (plasma vs. RBC)
correlations. The portal offers the opportunity to correct
for covariates of interest, for example by adjusting by
HbS, HbA, HbF and HbC% (Online Supplementary Figure
S9). Leveraging this portal we performed cross-matrix
analysis of plasma and RBC metabolomics data from the
Walk-PHASST study. An overview of the matrix of plasma
and RBC intra- and cross-matrix metabolic correlates is
provided in Figure 6D, where metabolite pairs (x axis) are
sorted by Spearman correlation coefficients (from lowest
to highest). These analyses are further presented in the
correlation matrix in the Online Supplementary Figure
S70. Notably, most metabolic markers of cardiorenal dys-
function (especially creatinine, citrulline and tryptophan
metabolites, serotonin and kynurenine) showed signifi-
cant (P<0.0001) positive correlations (r>0.5) between
plasma and RBC levels. Arginine and ornithine levels, like
pyruvate, poorly correlated between plasma and RBC,
suggesting cell-intrinsic mechanisms affecting the levels
of these metabolites in SCD. However, these analyses
also identified a discrepancy between elevation of intra-
cellular RBC S1P levels and depletion of circulating S1P
in plasma of patients with SS genotype compared to any
other genotype tested in this study (Figure 6E; Online
Supplementary Figure S71). Similarly, increased arginine
uptake from plasma to RBC could explain the observed
compartment and genotype-specific (SS vs. SC) changes
in arginine levels (Figure 6E; Online Supplementary Figure
ST17).

Compartment-specific responses result in differential
matrix-specific correlations to clinically-relevant out-
comes, such as self-reported pain crises events in the
year preceding the analysis. Correlation analysis of
plasma and RBC metabolomics data to clinical measure-
ments of pain perception showed a limited number of
metabolites significantly associated with this parameter,
mostly plasma metabolites that were positively associ-
ated (Online Supplementary Figure S12A). Of note, AcCa
10:1 in plasma and AcCa 2:0 in RBC were the top positive
and negative correlates to pain crisis events (Online Sup-
plementary Figure S12B, C, respectively). In keeping with
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compartment-specific levels of ornithine and S1P, plasma
- but not RBC - ornithine ranked amongst the top posi-
tive correlates to pain (Online Supplementary Figure
S12D). Plasma S1P and RBC S1P were positively and
negatively associated to pain, respectively (Online Sup-
plementary Figure S12E).
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Discussion

Here we performed an extensive plasma metabolomics
analysis of a clinically well-curated cohort of 596 SCD pa-
tients. Availability of detailed clinical measurements of
HbS, A, C and F percentages allowed us to identify the im-

Impact of renal function (eGFR) on plasma metabolism of SS
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pact of recent transfusion events, genotype (with an em-
phasis on the more severe SS vs. the less clinically severe
SC genotype). As a result, we identified multiple signatures
associated with cardiorenal dysfunction and hazard ratios,
including alterations in tryptophan/kynurenine/indole me-
tabolism, bile acid deconjugation, acyl-carnitine and S1P
metabolism, glutaminolysis and mitochondrial dysfunction

A. D’Alessandro, et al.

and L-arginine metabolism to citrulline and creatinine
(Figure 7). Results are relevant in that they confirm and
expand upon previous findings in the literature, linking
metabolic differences® to clinically relevant outcomes and
providing a metabolic window on clinical efficacy of com-
mon interventions like transfusion of packed RBC and
treatment with hydroxyurea.®®* For example, previous
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smaller scale studies had documented a beneficial effect
of transfusion events in SCD in the circulating plasma and
RBC metabolome,*® though the scale of these studies was
limited to a handful of recipients with no characterization
of clinical relevant covariates.

Previous studies had identified dysregulated arginine me-
tabolism* via hemolysis-triggered increases in arginase
activity as factor limiting nitric oxide synthesis and vasodi-
lation in SCD patients, ultimately contributing to endothe-
lial and cardiovascular dysfunction.” Here we expand on
these findings identifying a role for transfusion events or
hydroxyurea treatment in the amelioration of dysregulated
metabolic signatures in these pathways, effects that result
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in the mitigation of arginine consumption and accumula-
tion of creatinine, ornithine, citrulline and guanidinoace-
tate. Of note, arginine catabolism to ornithine by arginase
1 was here associated with higher incidence of pain crises
events in the year preceding the analysis. Altogether, our
findings are supportive of a role for the modulation of this
pathway in the management of clinical manifestations in
SCD, from pain crises to hemolysis-associated cardiovas-
cular and renal dysfunction.

Similarly, previous studies had focused on glutamine con-
sumption in the context of SCD, and glutamine supple-
mentation as a therapeutic strategy to fuel de novo
glutathione synthesis as a strategy to counteract oxidant
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Figure 7. Summary of the main metabolic pathways affected in plasma of sickle cell disease patients that correlate with
relevant clinical outcomes. Plasma metabolomics analyses identified dysregulation of (A) tryptophan/kynurenine/indole
metabolism, (B) conjugated bile acids, (C) elevation of acyl-carnitines, (D) mitochondrial dysfunction, (E) arginine metabolism as
critically altered metabolic pathways associated with cardiorenal dysfunction and hazard ratios in this patient population.
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stress in the sickle RBC, though findings are controversial
as to whether glutamine supplementation aggravates or
mitigates the incidence of pain and vaso-occlusive crises
in this patient population.™®*? Qur findings show that ac-
cumulation of carboxylic acids - especially succinate and
malate - are observed in plasma concomitantly to gluta-
mine consumption and generation of 5-oxoproline, a by-
product of glutathione catabolism via the y-glutamyl-cycle
and a metabolic endproduct of this cycle in the mature
RBC, owing to the lack of the enzyme oxoprolinase. This
observation is relevant in light of the role of these car-
boxylic acids, especially succinate, in the stabilization of
hypoxia inducible factor 1a,** and activation of its tran-
scriptional targets, including interleukin 18.** Of note, ac-
cumulation of amino and carboxylic acids downstream to
glutamine catabolism (glutamate, 2-oxoglutarate, 2-hy-
droxyglutarate, succinate - in particular) was linked to sig-
natures of cardiorenal dysfunction and overall hazard
ratio, suggesting that fueling of glutathione synthesis via
oral supplementation not only promotes anaplerotic re-
actions, but also likely fuels catabolism towards the ac-
cumulation of pro-inflammatory small molecule
mediators. Further studies with stable isotope-labeled
tracers will be necessary to further test this hypothesis
and the ensuing clinical ramifications.

Glycine and taurine conjugated bile acids are synthesized
in the liver and deconjugated by the gut microbiome, and
their accumulation in plasma is consistent with micro-
biome dysbiosis.***® These metabolites have been impli-
cated in the pro-inflammatory activation of
macrophages,*” as well as in coagulopathic complications
(e.g., after trauma and hemorrhage),”® both common co-
morbidities in sickle cell patients. Conjugated bile acids
had been previously identified as markers of cholecystec-
tomy in sickle cell patients,*? though the impact of pa-
tients’ genotypes, transfusion events or hydroxyurea
treatment on the circulating levels of these metabolites
had not been reported. Of note, indole metabolites de-
rived from tryptophan catabolism are also derived from
microbial catabolism,*® and participate in systems homeo-
stasis.®® Like kynurenines,® other endogenous tryptophan
metabolites, indoles participate in immunomodulatory ef-
fects on macrophages through triggering of aryl hydrocar-
bon receptors.’? Of note, kynurenine was here associated
with high hemolysis, increased TRV and hazard ratios. This
finding is interesting in that elevated kynurenine was pre-
viously reported in individuals suffering with elevated car-
diopulmonary dysfunction, pulmonary hypertension and
lung fibrosis, such as subjects with Down syndrome.®?
Elevation of circulating levels of kynurenine is a hallmark
of viral infection with pulmonary complications, such as
COVID-19, whereby this metabolite correlates with inter-
leukin 6 levels, clinical severity of SARS-CoV-2 infection
and, ultimately, clinical outcomes.**** Of note, in both

A. D’Alessandro, et al.

cases elevation of kynurenine is associated with the acti-
vation of the interferon-indoleamine 2,3-dioxygenase axis,
in the latter case stimulated by sensing of viral nucleo-
sides by the cGAS-STING system.®® It is interesting to note
that mitochondrial DNA and RNA (e.g., in the context of
aging) have been reported to contribute to activation of
the cGAS-STING responses.’’ Since mature sickle RBC
have been reported to contain up to five to six residual
mitochondria per cell,*®* in light of the elevated degree
of sickle RBC hemolysis, it is tempting to speculate that
the elevated kynurenine levels as a function of high degree
of hemolysis reported here participate in a similar circu-
lating mitochondrial DNA sensing cascade, which could
pave the way for potential novel therapeutic interventions.
Finally, it is worth noting that elevation of kynurenine and
indoles subtracts a substrate for the synthesis of seroto-
nin, which is an essential component of platelet dense
granules® and a neurotransmitter that could contribute
to counteracting nociceptive signaling.®’

Here we performed network analyses of combined meta-
bolomics and clinical data, which showed a strong associ-
ation between hematological (e.g., HbS%) and clinical
parameters with all metabolites mentioned in this dis-
cussion, as well as free fatty acids and acyl-carnitines. Of
note, elevated kynurenine levels had been previously as-
sociated with increased susceptibility to hemolysis in the
context of obesity,’? whereby depletion in circulating free
fatty acids (previously also reported in pediatric patients
with SCD®) and elevation acyl-carnitines had been ident-
ified as a marker of increased membrane RBC lipid dam-
age and remodeling. This observation was in keeping with
previous reports on the activation of the so-called Lands
cycle in the context of SCD® (or even just sickle cell
trait),®® or other osmotic, mechanical or oxidative stressors
to RBC, such as blood storage,®® exercise,®” chronic®® or
acute kidney dysfunction.®® Of note, our findings expand
on these observations, by identifying acyl-carnitine ac-
cumulation (and correction thereof by transfusion more
than hydroxyurea treatment) as a hallmark of cardiorenal
dysfunction in the sickle cell patient population. Interven-
tions with carnitine supplementation in the context of
SCD™ may thus be beneficial - especially in combination
with hydroxyurea” - to fuel the Lands cycle and contribute
to prevent or mitigate RBC membrane lipid damage.

Here we report a significant association between S1P de-
pletion in plasma and genotypes with distinct severity of
clinical manifestations (SS vs. SC), including pain crisis
events. In previous studies, we and others had reported
an elevation of RBC levels of the sphingolipid S1P in as-
sociation with disease severity® or increased (normal and
sickle) erythrocyte susceptibility to extravascular hemoly-
sis.”” While the mechanism of action is unclear, it has been
posited that S1P may contribute to 2,3-diphosphoglycer-
ate-dependent modulation of oxygen off-loading.?? By
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contributing to deoxyhemoglobin stabilization, hypoxia-in-
duced elevation of S1P™® may cooperate with DPG to im-
pact the so-called oxygen-dependent metabolic
modulation that involves glycolytic enzyme sequestration
to the membrane via binding to band 3, which in turn
regulates RBC capacity to activate the PPP to generate re-
ducing equivalents to sustain antioxidant challenges.”"
However, here we observe a significant depletion of circu-
lating S1P in plasma from subjects with SS genotypes, es-
pecially upon correction for transfusion events or
hydroxyurea treatment. These results are suggestive of a
role for decreased export, rather than (or in combination
with) elevated synthesis may be responsible for dysregu-
lated S1P metabolism in SCD. These results could be per-
haps explained by polymorphisms in the S1P transporter
Mfsd2b™ - previously associated with elevated suscepti-
bility to osmotic fragility in healthy blood donor volunteers
and sickle cell patients.®

In brief, while focusing only on central carbon and nitrogen
metabolism with limited coverage of the lipidome or ex-
posome,’”” our study expands on existing literature and
provides an extensive overview of the plasma metabolome
in SCD and its clinical correlates, to the extent they are
affected by common interventions like blood transfusion
or treatment with hydroxyurea. The generation of a novel
online portal as a repository for all the data described in
this study will facilitate further dissemination and elab-
orations of the data presented herein in the future.
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