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Abstract

Genetic modifiers of anemia in Plasmodium falciparum infection and sickle cell disease (SCD) are
not fully known. Both conditions are associated with oxidative stress, hemolysis and anemia. The
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CYB5R3gene encodes cytochrome b5 reductase 3, which converts methemoglobin to hemoglobin
through oxidation of NADH. CYB5R3-350C > G encoding CYB5R3T117S, the most frequent
recognized African-specific polymorphism, does not have known functional significance, but its
high allele frequency (23% in African Americans) suggests a selection advantage. Glucose-6-
phosphate dehydrogenase (G6PD) is essential for protection from oxidants; its African-
polymorphic X-linked A+ and A- alleles, and other variants with reduced activity, coincide with
endemic malaria distribution, suggesting protection from lethal infection. We examined the
association of CYB5RF-350C > G wjith severe anemia (hemoglobin <5 g/dL) in the context of
G6PD A+ and A- status among 165 Zambian children with malaria. CYB5R3-350C > G offered
protection against severe malarial anemia in children without G6PD deficiency (G6PD wild type
or A+/A- heterozygotes) (odds ratio 0.29, £=.022) but not in G6PD A+ or A— hemizygotes/
homozygotes. We also examined the relationship of CYB5R55-350C > G with hemoglobin
concentration among 267 children and 321 adults and adolescents with SCD in the US and UK
and found higher hemoglobin in SCD patients without G6PD deficiency (B = 0.29, P=.022
children; p = 0.33, £=.004 adults). Functional studies in SCD erythrocytes revealed mildly lower
activity of native CYB5R3T117S compared to wildtype CYB5R3 and higher NADH/NAD+ ratios.
In conclusion, CYB5R3-350C > G appears to ameliorate anemia severity in malaria and SCD
patients without G6PD deficiency, possibly accounting for CYB5R3F-350C > G selection and its
high prevalence.

INTRODCTION

Genetic modifiers of anemia severity in Plasmodium falciparum infection and sickle cell
disease (SCD), conditions prevalent in sub-Saharan Africa, are not fully known. Both
conditions are characterized by erythrocyte inclusions that lead to extravascular and
intravascular hemolysis, the plasmodial parasite in malaria and polymerized hemoglobin S
in SCD. The erythrocytes in both conditions also have increased oxidant stress,1=> which
may contribute to the degree of intravascular hemolysis and the degree of anemia. The
mortality of malaria-infected children®” and children with SCD®?9 correlates with degree of
anemia, and it is likely that protection from anemia contributes to positive selection of
genetic polymorphisms in malarial endemic areas. For example, a-thalassemia due to single
or double a-globin gene deletions (a.37 deletion or a*2 deletion allele frequency ~ 14% in
African-Americans) is associated with protection from severe anemia in £, falciparum
malarial® and with reduced hemolysis in SCD.11

Cytochrome b5 reductase (CYB5R3, EC 1.6.2.2) participates in the transfer of electrons to
cytochrome b5 from the NADH generated by glyceraldehyde-3-phosphate dehydrogenase
(EC 1.2.1.12).12 Recessively inherited deficiency of CYB5R3 is responsible for congenital
methemoglobinemia, with more than 40 methemoglobinemia-causing mutations reported to
date.13 The CYB5RF-350C > G yariant (rs1800457 encoding CYB5R3T117S) is an African
polymorphism4 that is not associated with methemoglobinemia. It has the highest
prevalence of genetic polymorphisms yet known among African-Americans (allele
frequency of 23%), and has not been detected in other ethnic and racial groups. It does not
have known functional significance, but its high prevalence implies a selection benefit. We
hypothesized that the possible advantage of CYB5R3-350C > G may be protection from
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severe anemia under conditions of increased erythrocyte oxidant stress. From this
perspective, we postulated that it may have parallel effects in patients with malaria and in
patients with SCD.

X-linked glucose-6-phosphate dehydrogenase (G6PD EC 1.1.1.49) is the sole enzyme in
erythrocytes that produces NADPH, the metabolic intermediate essential for maintenance of
a high ratio of reduced to oxidized glutathione that protects erythrocytes from reactive
oxygen species-mediated damage. The gene G6PD A+ (G6PDF- 376C) is an African specific
polymorphism with slightly reduced activity® but no apparent phenotype. G6PD A-
(G6PLF- 202A1376G) s 4 related polymorphism that arose on the G6PD A+ chromosome, has
decreased activity and enzyme stability, and increases the risk for oxidant-induced
hemolysis.18 The worldwide distribution of all polymorphic G6PD deficient variants
coincides with the geographic distribution of endemic malaria, suggesting protection from
lethal malaria.® Paradoxically, there is also evidence that G6PD A~ increases the risk for
severe malarial anemia.”-1” The nature of protection from malaria mortality by G6PD
deficiency remains to be established. G6PD-deficient erythrocytes infested with malaria
parasites may be phagocytized more efficiently than normal parasitized erythrocytes. Also,
G6PD-deficient erythrocytes with impaired ability to maintain a high GSH/GSSG ratio may
cause greater exposure of intra-erythrocytic parasites to reactive oxygen species. In addition,
it is possible that the high prevalence of G6PD A alleles in the African population influences
the effect of other polymorphisms that alter erythrocyte redox status.

In the present study, we examined the relationship of CYB5R3>350C > G ith the degree of
anemia in children with falciparum malaria and in children and adults with SCD, and we
examined whether the effect of this allele is influenced by G6PD A alleles.

2| METHODS
2.1| Cohorts

(a) A Zambian malarial cohort of children <5 years of age,8 (b) the Pulmonary
Hypertension and Hypoxic Response in SCD (PUSH) cohort of children and adolescents
with SCD,9 and (c) the Treatment of Pulmonary Hypertension and SCD with Sildenafil
Therapy (Walk-PHaSST) cohort of adults and adolescents with SCD?? were employed. This
was to analyze the effect of CYB5R3-350C > G on the severity of anemia, and the degree of
hemolysis in the setting of a propensity to low hemoglobin levels. Additionally, erythrocytes
from Universtiy of Illinois (UIC) SCD patients and anonymous ARUP Laboratory (Salt
Lake City, UT) hemoglobin S-positive erythrocytes were assessed for CYB5R3 activity and
for NADH and NAD+ levels in some UIC samples. The Institutional Review Boards of the
participating institutions approved the research and written informed consent was obtained
for all participants.

2.2 | Genetic testing

2.2.1| Cytochrome b5 reductase—The SNP assay (C_2986212_ 20, rs1800457)
Tagman genotyping for CYB5R35-350C > G gn genomic DNA was carried out on a
StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA), a 7900HT
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Fast Real-Time PCR system (Applied Biosystems), or an LC480 (Roche). The genotypes
were called with StepOne Software v2.3 or the Applied Biosystems SDS 2.2.2 software
package. For the Zambian cohort, DNA was isolated from dried blood spots and from frozen
serum samples and genotyping was performed using the StepOnePlus Real-Time PCR
System for DNA from blood spots and the 7900HT Fast Real-Time PCR system for DNA
from serum. There was 97.7% agreement in the genotyping between tests done on DNA
isolated from dried blood spots and DNA isolated from serum. For the PUSH, Walk-
PHaSST, ARUP and UIC samples DNA was isolated from venipuncture blood samples.

2.2.2| Alpha-globin and beta-globin—The a-thalassemia copy number genotyping
was performed as described.?! For the PUSH cohort, hemoglobin S, C and E genotyping

was conducted at ARUP Laboratories (Salt Lake City, UT) using loci-spanning probe PCR.
22

2.2.3| G6PD genotypes—For the Zambian cohort and the UIC patients, Tagman
genotyping for G6PD A+ and G6PD A- was carried out on a StepOnePlus Real-Time PCR
System using GTXpress Master Mix (Applied Biosystems) and a fast thermal cycling
protocol. The genotypes were called with StepOne Software v2.3. For the PUSH cohort
G6PD genotyping was conducted as described.23 Both the PUSH and Walk-PHaSST cohorts
had previously been genotyped on Illumina Human 610-Quad SNP array covering more than
500 k SNPs that do not include the investigated G6PD mutations.24 We therefore imputed
G6PDA378G (rs1050829) and G6PDR202A (r51050828) genotypes for the Walk-PHaSST
cohort using the array genotyped SNPs on the X chromosome. Samples with <95%
genotype rate and X chromosome SNPs with a minor allele frequency (MAF) <0.01 were
removed. Population outliers were identified based on principal components analysis?® of
autosome SNPs. Proportion of identity-by-descent was calculated pair-wise using PLINK?26
to identify related individuals (= 0.125) and potentially contaminated DNA samples (mean
1t *> 0.033). The X chromosome SNP genotypes were imputed from the African reference
panel haplotypes in the 1000 genomes project phase three data using Shapeit22’ and
Impute2.28 The imputation quality r2 for rs1050829 and rs1050828 was 0.92 and 0.90
respectively. A similar procedure was applied to impute the rs1050829 and rs1050828
genotypes for the PUSH cohort for an empirical estimation of the genotype concordance
rate. Imputed genotypes for the PUSH cohort were compared to the genotypes obtained by
TagMan analysis. The genotype concordance rate was 0.90 for rs1050829 (imputation
quality r2 = 0.91) and 0.93 for rs1050828 (imputation quality r? = 0.89).

2.3| Cytochrome b5 reductase 3 activity in erythrocytes

We measured erythrocyte CYB5R3 activity in three groups of sickle cell patients. (a) Walk-
PHaSST trial participants. Erythrocytes from Walk-PHaSST hemoglobin SS adults at
steady-state were analyzed at the University of Pittsburgh (n = 40). There were 15 CYB5R3
wild type individuals, 16 CYB5RF-350C > G heterozygotes and 9 CYB5R5-350C > G
homozygotes. (b) UIC patients. Adults with SCD at UIC were studied at steady state (n =
25; hemoglobin SS 17, hemoglobin SC 5, hemoglobin S-beta*-thalassemia 3). There were
15 CYB5R3wild type individuals, 4 CYB5R3F-350C > G heterozygotes and 5

CYB5R3-350C > G homozygotes. (c) Patient samples from ARUP laboratories. We obtained
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anonymous erythrocyte samples from ARUP Laboratories of 31 children who had
hemoglobin S present on hemoglobin fractionation and who did not have a diagnosis of
hemoglobin S trait. Three had hemoglobin SC disease and the remainder had unspecified
sickle phenotype. There were 15 CYB5R3 wildtype individuals, 15 CYB5R3-350C>G
heterozygotes and 1 CYB5R3-350C > G homozygote. The median (range) age of the ARUP
patients was 6 (0.2-17) years and 14 (45%) were females.

The CYB5R3 enzymatic activity was measured in erythrocytes using the ferricyanide
method.2® Leukocytes and platelets were depleted by filtering heparinized whole blood
through a column of a-cellulose and Avicel pH 101 (Sigma-Aldrich, 11363) followed by
three washes with cold 0.9% saline. The erythrocyte fraction was then resuspended in an
equal volume of 0.9% saline. Then 100 pL of this suspension was lysed in 900 pL of chilled
2.7 mM EDTA, pH 7.0, 0.7 mM B-mercaptoethanol, frozen in liquid nitrogen and stored at
—80 °C until assay. 20 pL of the hemolysate was mixed with 200 pL of potassium
ferricyanide and allowed to stand for 1 minute. The NADH reduction reaction was carried
out using potassium ferricyanide as a substrate using 1/10 volume of the hemolysate-
ferricyanide mixture in a 96-well quartz plate or 1 mL quartz cuvette. The final reaction
concentrations were 200 uM NADH, 200 uM potassium ferricyanide, 100 uM Tris-HCI, 5
mM EDTA pH 8.0. Enzymatic activity was calculated according to Beutler3® using 6.22 mM
~1 cm™1 as the extinction coefficient for NADH. Data was collected on a Spectramax M3
plate reader (Molecular Devices). An aliquot of the erythrocytes was used for measuring the
hemoglobin concentration by Drabkin’s solution.3!

2.4 Concentrations of NADH and total NAD in erythrocytes

These levels were measured in 19 UIC SCD patients (hemoglobin SS 15, hemoglobin SC 3,
hemoglobin S-beta*-thalassemia 1). Ten to 20 uL of leukocyte and platelet depleted
erythrocytes were lysed in 10 mM nicotinamide, 20 mM sodium bicarbonate (NaHCO03) and
100 mM sodium carbonate (Na2C0s) to a total volume of 1 mL. The lysate was immediately
flash frozen in liquid nitrogen and stored at —80° C until assay. On the day of the assay, the
hemolysate was thawed in a water bath just until all ice melted, vortexed, and immediately
split (500 pL each) to measure NADH and total NAD. The NADH was measured in
hemolysate that was heated at 60° C for 30 minutes to destroy NAD+ in a dry heating block.
During the heating process, the hemolysate for total NAD was kept on ice. After 30 minutes,
the samples were spun at 16 000 g for 5 minutes at 4 °C. Then 50 pL of hemolysate was pre-
incubated with alcohol dehydrogenase at 37 °C in Tris buffer. The reaction was initiated by
adding a mixture of spectrometric grade ethanol (catalogue number 483511, Sigma Aldrich),
WST-8 (catalogue number 18721, Cayman Chemical, MI, USA) and 1-methoxy-5-
methylphenazinium (methyl sulfate) (catalogue number 21258, Cayman Chemical, Ml,
USA). The final reaction concentrations were 0.2 mg/mL alcohol dehydrogenase (ADH,
LS001069, Worthington Biochemical Corporation, NJ), 0.1 M Tris-HCI pH 8.0, 5 mM
EDTA, 0.6 M ethanol, 0.5 mM WST-8, 70 uM 1-methoxy-5-methylphenazinium (methyl
sulfate). Absorbance was recorded at 460 nm using Spectramax M3 plate reader. For each
hemolysate, blank reactions without ADH were carried out and the absorbance was
subtracted from the reactions with ADH. Under these conditions, the rates were linear for at
least 20 minutes. The NADH or total NAD concentrations were interpolated from rates
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obtained using NADH (N20100, RPI corp, IL) between 0-1.6 uM, and NAD+ was
calculated by subtracting NADH from total NAD.

25| Statistical analysis

2.5.1| Severe malarial anemia—We examined the association of G6PD A+, G6PD A
- and CYB5R3-350C > G yith severe malarial anemia in logistic regression models. We
previously published a comprehensive analysis of the clinical features, laboratory tests and
inflammatory cytokine measurements that were associated with severe anemia in this cohort.
18 We found that weight-for-age z-score, splenomegaly, the presence of stool parasites, and
plasma concentrations of interleukin-10 and tumor necrosis factor-alpha were the most
significant independent predictors of severe anemia. Therefore, we adjusted for these
variables in the logistic regression models of severe anemia in that we developed for the
present study. Female G6PDA376G homozygotes who were G6PDF202A heterozygotes were
considered to have G6PD A+ (Table 1).

2.5.2| Degree of anemia and hemolysis in PUSH and Walk-PHaSST—In the
PUSH and Walk-PHaSST cohorts, principal components analysis of clinical site-adjusted
values for lactate dehydrogenase, aspartate aminotransferase, reticulocyte percentage and
total bilirubin was used to develop a hemolytic component. This hemolytic component
expresses the shared variability of the four markers of hemolysis that were used for its
development. We have used this variable to reflect the degree of hemolysis in sickle cell
disease in a number of publications.19:32:33 The relationship of G6PD A+, G6PD A- and
CYB5R3 genotypes with hemoglobin concentration and hemolytic component was
examined with multiple linear regression in PUSH and Walk-PHaSST SCD participants who
did not have a blood transfusion in the past 2 months. It was also examined in Walk-PHaSST
participants whose hemoglobin A percent was 0 (except for hemoglobin S-beta*-
thalassemia) and whose serum creatinine was less than 1.5 mg/dL. In these models,
hemoglobin concentration and hemolytic index were adjusted for age, sex, severe sickling
genotype, a-thalassemia genotype, and current treatment with hydroxyurea in the PUSH
cohort, and for age, sex, severe sickling genotype, a-thalassemia, and hemoglobin F% in the
Walk-PHaSST cohort.

2.5.3| Erythrocyte CYB5R3 activity and NADH to NAD+ ratio—The relationship
of CYB5R3 genotypes with erythrocyte CYB5RS3 activity and with the ratio of NADH to
NAD-+ in erythrocytes, was analyzed by multiple linear regression with adjustment for
significant co-factors: laboratory of measurement in the case of CYB5R3 activity and G6PD
A+ and A- in the case of erythrocyte NADH to NAD+ ratio.

3| RESULTS

3.1| Severe anemia in southern Zambian children <5 years of age with malaria

3.1.1| Zambian malarial anemia cohort—The study was conducted prospectively
and involved 165 children of Tonga ethnicity admitted to Macha Mission Hospital in
southern Zambia with the clinical diagnosis of malaria from 2000—-2005.18 Inclusion criteria
included age < 5 years and the presence of asexual forms of £ falciparum determined by
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light microscopic examination (1000x) of a thick smear of the peripheral blood stained with
Giemsa. The hematocrit was measured by capillary tube centrifugation on a finger stick
blood specimen and used to estimate the hemoglobin concentration by dividing by three. We
prospectively defined severe malarial anemia as hemoglobin <5 g/dL or hematocrit <15%
according to the World Health Organization definition for this condition in children.34:35
Sixty-seven children had severe malarial anemia, 66 had uncomplicated malaria defined as
hemoglobin =6 g/dL and the absence of coma as defined by a Blantyre coma score of 5, and
33 had cerebral malaria defined as a Blantyre coma score of 2 or less and hemoglobin =6
g/dL. The mean + SD age was 27 + 13 months and 82 (49.7%) were females. A little over
half of the children had been treated with chloroquine, sulfadoxine-pyrimethamine or
quinine before presentation but none had received an artemisinin derivative. The mean
corpuscular volume tended to be greater in the children with severe anemia, suggesting that
iron deficiency was not a major factor.

3.1.2| Effects of G6PD A+ and A——The G6PD genotypes are summarized in Table
1. G6PD A- hemizygosity or homozygosity increased the adjusted odds of severe malarial
anemia (OR 6.9; 95% CI 1.6-34; £=.008), confirming the results of the MalariaGEN study,
7 put a similar trend existed with G6PD A+ hemizygosity or homozygosity (OR 2.5, 95% ClI
0.76-8.6; P=.13). No association with severe anemia was found with heterozygotes for the
G6PD A alleles (P=.4). We therefore defined G6PD A allele categories as no-risk (G6PD
deficiency not present, that is. wild type or heterozygote for G6PD A alleles), mid-risk
(hemizygosity or homozygosity for G6PD A+), and high-risk (hemizygosity or
homozygosity G6PD A-). We observed an additive effect of G6PD allele categories on the
risk of severe anemia (P=.003) (Figure 1).

3.1.3| Effect of CYB5R3C350C > G__The allele frequency of CYB5RF-350C>G was
0.31 (Table 2). We found a trend to a progressive reduction in the adjusted risk of severe
anemia with heterozygosity and homozygosity for CYB5R5-350C>G (OR = 0.55, 95% Cl
0.26-1.1; P=11). In further analysis, we observed an interaction between
CYB5R3F-350C>G and G6PD A allele categories (presence or absence of G6PD risk
categories) on severe anemia (£ =.017). We therefore stratified our analysis according to the
presence or absence of G6PDrisk categories. In the children without G6PD deficiency
(G6PD wild type or heterozygote for A alleles), CYB5R3-350C > G offered protection
against severe anemia (OR 0.34, 95% CI 0.11-0.90, = .030, Figure 2A) in an additive
model. This model suggests that CYB5R3F-350C > G heterozygotes have a 2.9-fold reduction
in the odds of severe anemia and CYB5R3*-350C > G homozygotes have a 5.9-fold reduction
in the odds if G6PD deficiency is not present. In contrast, in G6PD A+ or G6PD A-
hemizygotes or homozygotes, CYB5R55350C > G did not show protection from severe
malarial anemia (Figure 2B).

3.2 | SCD Pediatric cohort (PUSH)

3.2.1| PUSH cohort—To determine if the findings observed in Zambian children with
malaria could be confirmed in another clinical setting, we studied 267 children and
adolescents with SCD who had not received a recent blood transfusion (within 2 months)
from four US centers, the PUSH cohort.1? Children were recruited as outpatients at steady
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state (without pain crisis, fever or other acute complications) when they presented for
routine care. The mean + SD age was 11 + 5 years and 123 (46.1%) were females.

3.2.2| Genotype frequencies—Hemoglobin SS was present in 179 (67.0%), SC in 69
(25.8%), S-beta*-thalassemia in 10 (3.8%), S-betal-thalassemia in six (2.3%) and other
major sickling genotypes in six (2.3%) subjects. The G6PD genotype frequencies are shown
in Table 1. The allele frequency of CYB5RF-350C > G \was 0.29 (Table 2). Single gene
deletion a-thalassemia was present in 28.5% while double deletion a-thalassemia was
present in 3.0% of the children (a-thalassemia allele frequency 0.086).

3.2.3| Association of G6PD A+ and A- with hemoglobin concentration and
hemolytic component—We previously reported an independent association of G6PD A-
with lower hemoglobin concentration in children with sickle cell anemia that did not appear
to be related to increased hemolysis.23 Given the progressive association of G6PD A+ and A
- with severe anemia that we observed in children with malaria (Figure 1), we examined the
relationship of G6PD A+ and A— with hemoglobin concentration in patients with SCD in a
multiple linear regression model that adjusted for age, sex, severe sickling genotype, a-
thalassemia, treatment with hydroxyurea and clinical site. We observed progressively lower
adjusted hemoglobin concentrations in PUSH children with G6PD A+ (hemizygotes or
homozygotes for A+) and G6PD A- (hemizygotes or homozygotes for A-) compared to
those who did not have G6PD deficiency (G6PD wild type or heterozygote for A alleles) (B
=-0.30 g/dL, P=.012, n = 256). The hemolytic component as a marker of hemolysis did
not increase with these G6PD A+ and A- categories in a multiple linear regression analysis
(P>.9, n=243).

3.2.4| Association of CYB5R3¢-350C > G with hemoglobin concentration and
hemolytic component—Given our findings in children with malaria in Zambia, we
stratified our analysis of the relationship of CYB5R3-3%0C > G with hemoglobin
concentration and hemolytic component according to G6PD status: absence of G6PD
deficiency (G6PD wildtype or A allele heterozygotes) vs G6PD A+ and A- (A+ or A-
hemizygotes or homozygotes). Among children without G6PD deficiency,

CYB5R3-350C > G heterozygotes and homozygotes had progressively higher hemoglobin
concentrations compared to CYB5R3 wildtype subjects in multiple linear regression
analysis that adjusted for age, sex, severe sickling genotype, a-thalassemia, treatment with
hydroxyurea and clinical site (p = 0.29, £=.022, n = 203) (Figure 3A). This analysis
suggests that, if G6PD A+ and A- are not present, CYB5R35-350C > G heterozygotes with
SCD have a hemoglobin concentration that averages 0.3 g/dL higher than CYB5R3-350C>G
wild type subjects and that CYB5RF-350C > G homozygotes with SCD have a hemoglobin
concentration that averages 0.6 g/dL higher than wild type subjects. Among patients with
G6PD A+ or A-, a significant association of CYB5RF-350C > G with hemoglobin
concentration was not observed (Figure 3B). Furthermore, CYB5R3*-350C > G heterozygotes
and homozygotes had progressively lower values for the hemolytic component in subjects
without G6PD deficiency (p = -0.57, £<.001 n = 193) but not in those with G6PD A+ or A
— (Figure 3C,D).
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SCD adult and adolescent cohort (walk-PHaSST)

3.3.1| Walk-PHaSST cohort?29—Subjects with SCD were recruited for the Walk-
PHaSST study32 at nine United States sickle cell centers and one United Kingdom sickle
cell center. Subjects aged =12 years and at steady state were eligible to participate. Here we
evaluated 321 participants who did not have a recent blood transfusion based on 0%
hemoglobin A on HPLC hemoglobin fractionation (for genotypes other than hemoglobin S-
beta*-thalassemia), and whose serum creatinine was less than 1.5 mg/dL. The mean + SD
age was 37 £ 13 years and 173 (53.9%) were females.

3.3.2| Genotype frequencies—Hemoglobin SS was present in 225 (70.1%), SC in 86
(26.8%), S-beta*-thalassemia in eight (2.5%) and S-beta®-thalassemia in two (0.6%)
patients. The G6PD allele frequencies are summarized in Table 1. The allele frequency of
CYB5R3-350C > G a5 0.33 (Table 2). Single gene deletion a-thalassemia was present in
33.6% while double deletion a-thalassemia was present in 1.9% of the patients.

3.3.3| Association of G6PD A+ and A- with hemoglobin and hemolytic
component—We did not observe significant trends of additive effects of G6PD A+ and A
- genotypes on lowering the hemoglobin concentration (p = -0.60, A= .7, n = 319) and
increasing the hemolytic component (B = 0.20, A= .16, n = 270) in multiple linear
regression analyses that adjusted for age, sex, severe sickling genotype, alpha-thalassemia,
and hemoglobin F percent.

3.3.4| Association of CYB5R3¢-350C >G jth hemoglobin concentration and
hemolytic component—CYB5RF-350C > G heterozygotes and homozygotes had
progressively higher adjusted hemoglobin concentrations in the subjects without G6PD
deficiency (G6PD wildtype or A allele heterozygote subjects) (B = 0.33, =.004, n = 260)
(Figure 4A) but not in the G6PD A+ or A- hemizygotes or homozygotes (Figure 4B). In
keeping with reduced hemolysis, CYB5R3-350C > G heterozygotes and homozygotes had
progressively lower values for the hemolytic component in both the patients without G6PD
deficiency (G6PD wild type or A allele heterozygote subjects) (p = —0.23, £=.038, n = 227)
(Figure 4C) and in the G6PD A+ or A— hemizygotes or homozygotes (f = -0.52, P=.036, n
= 43) (Figure 4D).

Enzymatic activity of CYB5R3 according to CYB5R3T117S genotype

Figure 5 shows that there was a trend to mildly lower enzymatic activity of CYB5R3T117S
compared to wild type CYB5R3 in the erythrocytes of three groups of SCD patients: 40
adult participants in Walk-PHaSST, 25 adult UIC patients, and 31 ARUP children with
sickle hemoglobin (P =.001 for test of trend). A lower kg4 and a higher K,(NADH) for
CYB5R3T17S than wild type CYB5R3 has been reported,36:37 compatible with a lower
substrate turnover rate and weaker affinity implying lower enzyme activity. However, the
data in reference 36 is from an artificial fusion protein of the microsomal soluble heme-
containing fragment of cytochrome b5 and the soluble flavin-containing fragment of
cytochrome b5 reductase. The fusion protein contains differences in sequence and length
compared to CYB5RS3.
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Erythrocyte NADH/NAD+ ratio according to CYB5R3¢-350C > G genotype

We measured erythrocyte NADH/NAD+ ratios in hemolysates of 19 SCD patients. Four
were heterozygotes and three homozygotes for CYB5R3F-350C > G: two had G6PD A+, two
had G6PD A-, and 15 did not have G6PD deficiency. The mean NADH/NAD+ ratio
increased progressively in CYB5R-350C > G heterozygotes and homozygotes (2= .034) and
in G6PD A+ and A- patients (P=.021). Figure 6 depicts the mean NADH/NAD+ ratio
according to CYB5R3 genotype after adjustment for G6PD A+ and A—. The NADH/NAD+
ratio increased progressively in the CYB5R5-350C > G heterozygotes and homozygotes (beta
=0.44, P=.027), compatible with lower enzyme activity of the CYB5R%-350C > G variant.

DISCUSSION

In summary, (a) we confirm an association of G6PD A- with severe malarial anemia in
southern Zambian children, (b) we observe an additive increased risk of severe malarial
anemia of G6PD A+, (c) we report amelioration of severe malarial anemia with
CYB5R3-350C > G in children with wildtype G6PD or heterozygosity for A alleles, but not
in those with hemizygosity or homozygosity for G6PD A+ or A-, (d) we observe similar
patterns in pediatric and adult SCD patients with regard to progressively higher hemoglobin
concentrations in CYB5R3-350C > G heterozygotes and homozygotes who are G6PD
wildtype or heterozygotes for G6PD A alleles, and (e) we demonstrate slightly decreased
CYB5R3 activity and increased NADH to NAD+ ratios in CYB5RF-350C > G sjckle
erythrocytes.

CYB5R3-350C>G js the most common known African polymorphism and thus is present in
a large proportion of patients with malaria and SCD. The results of the present study suggest
that, in patients with malaria or SCD, CYB5R3-350C > G may be associated with a lesser
degree of anemia in G6PD wild type individuals or those who are heterozygotes for the
G6PD A alleles. According to our models and compared to CYB5R3 wild type individuals,
heterozygotes and homozygotes for CYB5R3-350C > G have estimated 2.9-fold and 5.9-fold
reductions in the odds of severe anemia in children with malaria and estimated 0.3 g/dL and
0.6 g/dL increases in hemoglobin concentration in patients with SCD. The degree of anemia
is a determinant of mortality in children infected with £ falciparum malaria®” and the
present study suggests that CYB5R55-350C > G may protect from severe anemia in children
with P falciparum malaria, which may contribute to its high gene frequency in Africa. The
observation that CYB5RF-350C > G may ameliorate hemolysis in patients with SCD provides
a surrogate independent argument for the beneficial effect of this common African-specific
polymorphism on preventing severe malarial anemia in children. Nevertheless, with the
small cohort of patients studied and realizing that the etiology of anemia in Africa children
is complex, more studies are needed to critically establish the influence of G6PD and
CYB5R3 genotypes on severe malarial anemia.

The results of the present study indicate that CYB5R5-350C > G genotype should be
considered in future studies of risk profile for hemolysis and its complications in patients
with SCD.38 The high allele frequency points to the possibility that it could be a phenotype-
modifying factor in about a half of patients with SCD. The findings of lower hemolytic
parameters and higher hemoglobin concentration in SCD patients with the common
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CYB5RF-350C>G gllele in the present study are comparable to the effect of coexistent a.-
thalassemia.ll The lower hemolytic rate and higher hemoglobin concentration associated
with a-thalassemia in the setting of SCD are balanced by a tendency to a higher rate of
vaso-occlusive complications.3® Therefore investigations are needed to characterize potential
beneficial and detrimental effects of CYB5RF-350C > G jn patients with SCD.

If our observation of reduced CYB5R3 enzyme activity and increased NADH/NAD+ ratio in
CYB5R3-350C > G positive sickle erythrocytes is correct and also applies to malaria-infected
erythrocytes, then an anti-oxidant effect might explain a beneficial effect on hemolysis. L-
glutamine has been administered to patients with sickle cell anemia to decrease sickle
erythrocyte susceptibility to oxidative stress by increasing the NADH/NAD+ ratio,*® and
this approach has proven to have clinical benefit in a multicenter study.*! An increase in the
NADH/NAD+ ratio in CYB5RF-350C > G erythrocytes might favor less conversion of
glyceraldehyde-3-phosphate to 1,3-diphosphogycerate by glyceraldehyde-3-phophate
dehydrogenase with an accumulation of upstream metabolites including glucose-6-
phosphate, the crucial substrate for the hexose monophosphate shunt (HMP) and anti-
oxidant function of G6PD. On the other hand, with decreased activity of G6PD any such
benefit of this variant CYB5R3T117S enzyme might be lost. Hemoglobin conformation
controls the dominance of either the Embden-Meyerhof pathway (EMP) or the HMP.
Deoxygenated hemoglobin favors EMP dominance whereas oxygenated hemoglobin favors
HMP dominance.*? In sickle erythrocytes, sickle hemoglobin is hypothesized to bind to
band 3 protein, thus favoring the EMP and disfavoring the HMP, making sickle erythrocytes
vulnerable to oxidant attack.#® The enzyme that plays a key role in controlling the glycolytic
flux is glyceraldehyde-3-phophate dehydrogenase, the direct donor of NADH for the
methemoglobin-reductase pathway. Our data support the hypothesis that the increased
erythrocyte NADH/NAD+ ratio among those with the CYB5R3350C > G mytation may lead
to a dominance of HMP over EMP, thus favoring protection from hemolysis.

In summary, we provide the first evidence of a beneficial effect of CYB5R3T117 that may
contribute to its high gene frequency among Africans.
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FIGURE 1.
Zambian early childhood malaria cohort. There is a progressive increase in the proportion of

children with severe anemia in the two risk categories of G6PD A alleles: (1) hemizygosity
or homozygosity for G6PD A+ and (2) hemizygosity or homozygosity for G6PD A- (P
=.003 after adjustment for weight-for-age z-score, splenomegaly, stool parasites and plasma
concentrations of interleukin-10 and tumor necrosis factor-alpha, the most significant
independent predictors of severe malarial anemia in this cohort as we previously reported)18
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Zambian early childhood malaria cohort. We observed an interaction between
CYB5R3-350C > G genotypes (wildtype, heterozygote, hemizygote) and risk categories of
G6PD A alleles on severe anemia (P=.017). We therefore stratified our analysis according
to the presence or absence of G6PD risk categories. A, In G6PD wildtype children or
heterozygotes for A alleles, CYB5R3-350C > G offered protection against severe anemia (2
=.030 after adjustment for the covariates mentioned in Figure 1). B, In hemizygotes or
homozyogtes for G6PD A+ or G6PD A-, CYB5R5-350C > G did not show protection from

severe malarial anemia
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Children and adolescents with SCD. A, The adjusted hemoglobin concentration is higher in
PUSH CYB5R3350C > G heterozygotes and homozygotes who possess G6PD wildtype
alleles or are heterozygotes for G6PD A alleles. B, This does not apply to those who are
hemizygotes or homozygotes for G6PD A+ or A-. C, The adjusted hemolytic component
(derived by principal components analysis from reticulocytes and serum LDH, AST and
bilirubin concentrations) is progressively lower in CYB5R3-350C > G heterozygotes and
homozygotes who are G6PD wildtype subjects or heterozygotes for A alleles. D, This does
not apply to those who are G6PD A+ or A— hemizygotes or homozygotes
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Wialk-PHaSST adults and adolescents with SCD. A, The adjusted hemoglobin concentration

is progressively higher in the CYB5R3-350C > G heterozygotes and homozygotes compared

to CYB5R3wildtype subjects B, but not in the hemizygotes or homozygotes for G6PD A+

or A-. C, The hemolytic component is progressively lower in the CYB5R-350C>G
heterozygotes and homozygotes compared to CYB5R3 wildtype subjects both in subjects

who are G6PD wildtype or G6PD A allele heterozygotes and D, among those who are

hemizygotes or homozygotes for G6PD A+ or A-
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There is a progressive decrease in the erythrocyte CYB5R3 enzymatic activity in
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In multiple linear regression analysis, NADH/NAD+ ratio increases with CYB5R5-350C > G
genotype in 19 UIC SCD patients. Shown are mean and SE of the NADH/NAD+ ratio as
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TABLE 1

G6PD mutation status in the three cohorts studied. Results in number (%)

Page 20

G6PD mutation status Genotype

Zambian children with

PUSH: US SCD children/

Walk-PHaSST: USUK SCD

malaria adolescents adolescents/ adults

Males(N= Females(N= Males(N= Females(N= Males(N= Females (N =
Genotype Allele 83) 82) 144) 123) 148) 173)
Wildtype wt or wt/wt 49 (59.0%) 34 (41.5%) 98 (68.1%) 53 (43.1%) 99 (66.9%) 84 (48.6%)
Heterozygotes for A 376/wt 9 (11.0%) 38 (30.9%) - 45 (26.0%)
alleles

376-202/wt 20 (24.4%) 17 (13.8%) - 26 (15.0%)

A+ hemizygotes 376 or 376/376 17 (20.5%) 4 (4.9%) 29 (20.1%) 5 (4.1%) 37 (25.0%) 7 (4.1%)
(males) or
homozygotes (females) ~ 376/376-202 11 (13.4%) 7 (5.7%) - 8 (4.6%)
A- hemizygotes 376-202 or 17 (20.5%) 4 (4.9%) 17 (11.8%) 3 (2.4%) 12 (8.1%) 3 (1.7%)
(males) or 376-202/376—
homozyogtes (females) 202
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TABLE 2

CYB5R3 mutation status in the three cohorts studied. Results in number (%)
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Zambian children with PUSH: US SCD children/
Mutation status malaria (N = 165) adolescents (N = 267)
CYB5R3 wildtype subjects 75 (45.5%) 136 (50.9%)
CYB5R3%350C > G heterozygotes 78 (47.3%) 109 (40.8%)
CYB5R3350C > G homozygotes 12 (7.3%) 22 (8.2%)

Walk-PHaSST: US/ UKSCD
adolescents/ adults (N = 321)

148 (46.1%)
135 (42.1%)
38 (11.8%)
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