ARTICLE l

Red Cell Biology & its Disorders P

Impairment of neutrophil oxidative burst in children with sickle
cell disease is associated with heme oxygenase-1

Ceri Evans,™ Katharine Orf,"* Erzsebet Horvath,** Michael Levin,** Josu De La Fuente,** Subarna Chakravorty**

and Aubrey J. Cunnington*®

*Section of Paediatrics, Imperial College, London; 2Department of Immunology and Infection, London School of Hygiene and Tropical
Medicine; *Department of Paediatric Infectious Diseases, St Mary’s Hospital, Imperial College Healthcare NHS Trust; “Department of
Paediatric Haematology, St Mary’s Hospital, Imperial College Healthcare NHS Trust, London, UK

*CE and KO contributed equally to this work.

ABSTRACT

Sickle cell disease is a risk factor for invasive bacterial infections, and splenic dysfunction is believed to be the main
underlying cause. We have previously shown that the liberation of heme in acute hemolysis can induce heme oxy-

enase-1 during granulopoiesis, impairing the ability of developing neutrophils to mount a bactericidal oxidative
%urst, and increasing susceptibility to bacterial infection. We hypothesized that this may also occur with the chron-
ic hemolysis of sickle cell disease, potentially contributing to susceptibility to infections. We found that neutrophil
oxidative burst activity was significantly lower in treatment-naive children with sickle cell disease compared to
age-, gender- and ethnicity-matched controls, whilst degranulation was similar. The defect in neutrophil oxidative
burst was quantitatively related to both systemic heme oxygenase-1 activity (assessed by carboxyhemoglobin con-
centration) and neutrophil mobilization. A distinct population of heme oxygenase-1-expressing cells was present
in the bone marrow OF children with sickle cell disease, but not in healthy children, with a surface marker profile
consistent with neutrophil progenitors (CD49d"™ CD24" CD15™ CD16™ CD11b"). Incubation of promyelocytic
HL-60 cells with the heme oxygenase-1 substrate and inducer, hemin, demonstrated that heme oxygenase-1 induc-
tion during neutrthilic differentiation could reduce oxidative burst capacity. These findings indicate that impair-

ment of neutrophi

oxidative burst activity in sickle cell disease is associated with hemolysis and heme oxygenase-

1 expression. Neutrophil dysfunction might contribute to risk of infection in sickle cell disease, and measurement
of neutrophil oxidative burst might be used to identify patients at greatest risk of infection, who might benefit

from enhanced prophylaxis.

Introduction

Sickle cell disease (SCD) is an autosomal recessive disorder
caused by point mutation of the B-globin gene, resulting in
abnormal forms of hemoglobin that cause increased red
blood cell rigidity and hemolysis. Over the next 40 years, it is
estimated that 14 million births will be affected by SCD, with
over 80% in Africa.' SCD causes considerable morbidity and
premature death’® and is estimated to be one of the top 10
causes of life-years lost in West Africa.* Among its many com-
plications, individuals with SCD demonstrate dramatically
increased susceptibility to specific bacterial infections,*includ-
ing non-typhoid Salmonella (NTS), Streptococcus pneumoniae
and Haemophilus influenzae.’® Infection is a major cause of
SCD-associated mortality worldwide,”” and splenic dysfunc-
tion is thought to be the major cause of this susceptibility.” By
12 months of age, three-quarters of individuals with SCD
exhibit either asplenism or hyposplenism, leaving them less
able to mount an effective immune response to encapsulated
bacteria.” Prior to the introduction of Pneumococcal conjugate
vaccines and widespread penicillin prophylaxis, S. prneumoniae
was the most common pathogen isolated from children with
SCD presenting with invasive bacterial disease in higher
income countries.”” In Africa, S. prneumoniae is also frequently
isolated in bacteremic children with SCD,’but other studies
have found NTS, S. aureus and Klebsiella are common,'

per-

haps indicating that splenic dysfunction is not the only cause
of susceptibility to infection in SCD.

The severity of hemolysis in HbSS SCD is partially deter-
mined by the relative proportions of HbS and HbE"
Hydroxyurea treatment increases the proportion of HbE
decreases HbS and hemolysis,'”'and reduces the risk of infec-
tions,” suggesting that hemolysis may contribute to suscepti-
bility to infection in SCD. We have recently shown that both
acute and progressive hemolysis can cause impairment of
neutrophil oxidative burst capacity, which results in suscepti-
bility to bacteremia in a mouse model.” This was true
whether hemolysis was induced by a chemical hemolytic
agent or malaria infection, and was dependent on both
hemolysis-derived heme and induction of the heme catabo-
lizing enzyme, heme oxygenase-1 (HO-1), during granu-
lopoiesis in the bone marrow. A similar defect in neutrophil
oxidative burst activity, which correlated with the extent of
hemolysis, was demonstrated in children with malaria.” The
extent of hemolysis and HO-1 induction in SCD can be
greater than that seen in malaria,” and so we hypothesized
that hemolysis-related neutrophil dysfunction might occur in
SCD.* If this is the case, it may provide an additional expla-
nation for susceptibility to infection. In the current study, we
investigated whether neutrophil function is impaired in treat-
ment-naive children with SCD, and whether any such impair-
ment is related to hemolysis and HO-1 activity.
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Table 1. Characteristics of study subjects.

Control Sickle cell disease P
(n=25) (n=26)

Age, years (median (IQR)) 8 (6-12.3) 8 (4-12.8) 0.52
Male gender, n (%) 15 (60) 14 (53.8) 0.87
Ethnic group, n

White 5 0 2.9x10°

Black African/Black British 11 24

Asian/Asian British 3 2

Mixed/Multiple 0

Other 1 0
Hemoglobin genotype NA

Assumed HbAA (proven HbAA) 25(10) 0

HbAS 0 0

HbSS 0 26
Hemoglobin level, g/l (median (IQR)) 129 (124-137)* 786 (71.5-83.8) 1.0x10*
White cell count, x107L (median (IQR)) 5.5 (4.7-14)* 14.3 (12.0-17.1)* 1.2x10*
Neutrophil count, x10%/L (median (IQR)) 33 (1.9-42)* 5.9 (5.0-8.2)* 9.9x10*
Reticulocyte count, x107uL (median (IQR)) ND 276 (227-361)*
LDH, Ul/mL (median (IQR)) ND 624 (568-675)
Total bilirubin, pmol/L (median (IQR)) ND 49 (37-81)*
Methemoglobin, % (median (IQR)) 0.8 (0.78-0.9)* 1.3 (12-1.6)% 3.2x10°
Carboxyhemoglobin, % (median (IQR)) 14 (1.1-1.6)* 2.6 (2.2-3.0)% 1.1x10°
Plasma haptoglobin, mg/L. (median (IQR)) 623 (353-1490)* 172 (87.7-272)1 1.2x10°
Plasma hemopexin, mg/L (median (IQR)) 740 (610-850)* 83 (53-159)" 3.8x10"
Plasma heme, pM (median (IQR)) 0 (0-5.4)* 26.2 (8.2-66.0)" 2.3x10*

IQR: interquartile range; NA: not applicable; ND: not done; LDH: lactate dehydrogenase. *n=21; 'n=24, 'n=25;n=16; $n=20 ,'n=22.

Methods

Patients and controls

Ethical approval was granted by the NRES Committee London
- City & East (Ref. 136415). Samples were obtained after written
informed consent from the parent or legal guardian of children
(aged 1 to 15 years inclusive) attending clinics at St Mary’s
Hospital, Imperial College Healthcare NHS Trust. Eligible SCD
patients had previously confirmed HbSS, were not on hydrox-
yurea therapy, no blood transfusion within 120 days, no evidence
of infection, and had a clinical requirement for blood tests. Control
subjects having routine blood tests (e.g. before elective surgery),
without hemoglobinopathy, significant comorbidity, or symptoms
of infection or inflammation, were frequency matched to SCD
patients by age, gender and ethnicity (in respective order of prior-
ity). Up to 2.5 mL venous blood was collected for co-oximetry
(GEM4000 analyzer, Instrumentation Laboratory), whole blood
oxidative burst, plasma separation, and HO-1 expression (sodium
heparin Vacutainer, BD). Bone marrow (< 2 mL) was collected
from a limited number of subjects during “back-up” (SCD) or
donation (controls) harvests.

Flow cytometry assays

Neutrophil oxidative burst and degranulation assays were per-
formed, as described previously” with the following antibodies:
Brilliant Violet-421 conjugated anti-CD11b (Biolegend) and allo-
phycocyanin conjugated anti-CD15 (eBioscience). Samples were
analyzed using a BD LSRFortessa flow cytometer and FlowJo v.
X.07 (Tree Star). The oxidative burst was assessed by the rho-
damine fluorescence intensity [(calibrated between samples using
rainbow fluorescent particles (Biolegend)], which we have previ-

ously shown to be unimpaired by the presence of heme.”
Degranulation was assessed by fold change in CD11b expression.
HO-1 expression in blood was determined as described previous-
ly," with the following antibodies: Alexa647 conjugated anti-
CD16, phycoerythrin-Cy7 conjugated anti-CD14 and anti-
CD49d, Alexa700 conjugated anti-CD15, Brilliant Violet421 con-
jugated anti-CD24, anti-CD11b conjugated to each of these fluo-
rophores (all Biolegend except Alexa700 anti-CD11b from
AbDSerotec), polyclonal rabbit anti-HO-1 (Enzo LifeSciences), and
FITC conjugated goat anti-rabbit IgG (Santa Cruz).

ELISAs

Human hemopexin SimpleStep ELISA and haptoglobin ELISA
kits (both Abcam) were used according to the manufacturer’s
instructions.

Plasma heme
Protein-bound plasma heme concentrations were determined
by spectrophotometry.”

Cell culture

HL-60 cells (PHE European Collection of Cell Cultures) were
maintained at 1-9x10° cells /mL in RPMI with 10% fetal bovine
serum (Gibco), penicillin, streptomycin and 2 mM L-glutamine
(Sigma) at 37°C and 5% CO,. Neutrophilic differentiation with 10
"M all-trans retinoic acid (ATRA, Sigma) for five days®™ was con-
firmed by microscopy of hematoxylin and eosin stained smears
using a Nikon Eclipse 50i microscope. Viability was assessed by
trypan blue exclusion (Countess automated system, Life
Technologies). Ferriprotoporphyrin IX dichloride (hemin) (Frontier
Scientific) was prepared and used as described previously.'®*
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Table 2. Generalized linear model of the effect of carboxyhemoglobin concentration and blood neutrophil count on neutrophil oxidative burst in

subjects with sickle cell disease.

Estimate Standard error t-value P
Neutrophil count, x10%L 21109 3769 2427 0.0274
Carboxyhemoglobin, % 9149 8512 2.787 0.0132
Interaction of neutrophil count with carboxyhemoglobin -3906 1398 -2.793 0.0130
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Statistical analysis was undertaken in R (version 3.0.3).
Categorical variables were compared using the 7’ test; continuous
data were compared using Student’s r-test or the Mann-Witney
test. A generalized linear model was used to assess simultaneous
effects and interaction of neutrophil count and carboxyhemoglo-
bin on oxidative burst after validation of model assumptions. The
relationship was graphically represented by plotting the magni-
tude of the oxidative burst at every combination of 50 equal divi-
sions in each of neutrophil count and carboxyhemoglobin.

Results

We examined neutrophil oxidative burst activity in 26
children with HbSS-SCD and 26 control subjects, frequen-
cy matched for age, gender and ethnicity (in respective
order of priority). One subject from the control group was
excluded after diagnosis of clinically asymptomatic HbCC

were similar in terms of age and gender, although the con-
trol group had a smaller proportion of Black African/Black
British subjects (Table 1). All markers of hemolysis were
significantly higher in the subjects with SCD than in the
control subjects. White blood cell count and neutrophil
count were also significantly higher in subjects with SCD.

All subjects, whether SCD or controls, showed a uni-
modal distribution of neutrophil oxidative burst response
to PMA-stimulation (Figure 1A). Unstimulated and PMA-
stimulated rhodamine fluorescence were both significant-
ly lower in subjects with SCD than in controls, indicating
lower basal production of reactive oxygen species, and
impairment of the oxidative burst (Figure 1B and C). This
defect was specific, because upregulation of surface
CD11b expression in response to PMA, a marker of neu-
trophil activation and degranulation, was similar between
groups (Figure 1D). The defect in oxidative burst remained
when analysis was restricted to subjects of




Black African/Black British ethnicity only (P=0.048 for
unstimulated, and P=0.00018 for stimulated rhodamine
fluorescence).

The extent of hemolysis in SCD is very variable (Table
1), and directly quantifying hemolysis is challenging. For
this reason, many indirect measures of hemolysis are used
in clinical practice. Carbon monoxide is one of the prod-
ucts of heme catabolism by HO enzymes (along with iron
and biliverdin), and because carbon monoxide avidly
binds to hemoglobin, carboxyhemoglobin is a systemic
marker of HO-mediated heme catabolism and hemoly-
sis.”** One way to capture the inter-individual variation in
hemolysis is to combine information from multiple indi-
rect measures to generate a hemolytic index (or hemolytic
component) using principal component analysis.”” Using
this approach we derived a hemolytic component based
on hemoglobin concentration, reticulocyte count, plasma
lactate dehydrogenase concentration, and total plasma
bilirubin concentration, which explained 35.5% of the
inter-individual variation. Carboxyhemoglobin was sig-
nificantly correlated with this hemolytic component (r=
0.55, P=0.014), providing additional evidence that it is an
important marker of hemolysis in our study population, as
well as an indicator of the extent of heme degradation by
HO-1.

We previously demonstrated in a mouse model that the
effects of hemolysis and HO-1 induction on neutrophil
oxidative burst are complex, because hemolysis-derived
heme can activate the oxidative burst and contributes to
the mobilization of neutrophils from the bone marrow,
whilst simultaneously inducing HO-1 in neutrophil pro-
genitors during granulopoiesis. It is this induction of HO-
1 in bone marrow which impairs the oxidative burst
capacity of the subsequently-produced mature neutrophils
(Figure 2A)."° As expected from this mechanism, the mag-
nitude of the PMA-stimulated neutrophil oxidative burst
did not correlate directly with the hemolytic component
(r=-0.0063, P=0.98). We, therefore, assessed the relation-
ship between neutrophil oxidative burst, neutrophil count
(as a marker of neutrophil mobilization) and carboxyhe-
moglobin (as a systemic marker of HO-1 activity) in SCD
subjects using a generalized linear model with an interac-
tion term between carboxyhemoglobin and neutrophil
count (allowing for the effect of each to be conditional on
the value of the other). All terms, including the interaction
between neutrophil count and carboxyhemoglobin, were
significantly associated with the magnitude of the PMA-
stimulated oxidative burst (Table 2). To illustrate this rela-
tionship, including the interaction of terms, we plotted the
model-predicted effect of joint variation in carboxyhemo-
globin and neutrophil count on oxidative burst (Figure 2B
and C). Consistent with our mechanistic biological
model,"® this statistical model predicts that the greatest
impairment of oxidative burst occurs when carboxyhemo-
globin and neutrophil count increase simultaneously, as
may be the case during an episode of bacterial infection.

In order to confirm the relevance of our mechanistic
model of HO-1-dependent impairment of the oxidative
burst in human neutrophils, we examined HO-1 expres-
sion directly. In healthy donor blood, incubation with
hemin results in robust upregulation of HO-1 protein
expression in monocytes, but not in neutrophils (Figure
3A). Similarly, there was no evidence that chronic expo-
sure to hemolysis in subjects with SCD resulted in a
marked increase in HO-1 expression in circulating neu-
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trophils when compared to healthy controls (Figure 3B).
However, HO-1 expression was clearly increased in a
CD16" ™= cell population in bone marrow from subjects
with SCD when compared with healthy child donors
(Figure 4A). During granulopoiesis there is a continuous
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Figure 2. Interacting effects of hemolysis, heme-oxygenase-1 (HO-1)
induction, and neutrophil mobilization, on neutrophil oxidative burst.
(A) Working model of the interactions between hemolysis, HO-1
induction, and neutrophil oxidative burst. Hemolysis has three inter-
acting effects: stimulating the oxidative burst of mature neutrophils;
inducing HO-1 expression in neutrophil progenitors in bone marrow
(BM) which leads to impaired oxidative burst capacity during neu-
trophil maturation; and mobilization of neutrophils from BM to the
blood. (B) Interaction between measured carboxyhemoglobin %
(COHb, an indicator of hemolysis and HO-1 activity), neutrophil count
in peripheral blood, and PMA-stimulated oxidative burst (rhodamine
MFI) of neutrophils in patients with sickle cell disease. The fitted sur-
face shows the predicted oxidative burst response (using a general-
ized linear model), and overlying black dots show individual patient
data (n=20). (C) Predicted change in PMA-stimulated oxidative burst
with neutrophil count at different levels of COHb [(representing the
25" (dashed line), 50" (dotted line), and 75" centiles (dash-dot line)
in subjects with sickle cell disease)]. The horizontal line represents
the lowest value observed in control subjects.
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Figure 3. Heme oxygenase-1 (HO-1) is not induced in mature human neutrophils by hemin treatment or hemolysis (A) lllustrative flow cytom-
etry analysis of the effect of incubation of human whole blood with varying concentrations of hemin for 18 h on expression of HO-1 in mono-
cytes and neutrophils. Results shown from one healthy adult donor, representative of 5 independent experiments. (B) HO-1 expression in neu-
trophils of healthy control subjects (n=3) compared with subjects with sickle cell disease (n=5). The Mann-Witney test was used for compari-

son.

gradient of increasing CD16 expression,” suggesting that
these CD16™ ™% cells may be neutrophil progenitors or
immature neutrophils. Additional surface staining demon-
strated that these cells had high expression of CD49d, low
expression of CD24, intermediate expression of CD15,
and variable expression of CD11b (Figure 4B), an expres-
sion pattern which would be consistent with the transi-
tion stage between proliferating and non-proliferating
neutrophil progenitors, and unlikely to include monocytes
or erythroid lineage cells.”*** Together these findings sup-
port our mechanistic model in which SCD hemolysis
induces HO-1 in neutrophil progenitors, but not in mature
neutrophils, similar to our previous findings in mice and in
children with malarial hemolysis."*"

To test whether HO-1 induction during human neu-
trophil granulopoiesis could be responsible for impairment
of the oxidative burst, we used the HL-60 promyelocytic
leukemia cell line as a model system.” Incubation of HL-
60 cells with 50 uM hemin (a concentration exceeded in
the plasma of one-third of our SCD subjects) during their
differentiation into neutrophil-like cells resulted in
increased expression of HO-1 (Figure 5A), but did not alter
morphological maturation (Figure 5B) or cell viability
(which was consistently greater than 90%). Hemin treat-
ment impaired the PMA-stimulated oxidative burst of dif-
ferentiated HL-60 cells, indicating that HO-1 induction
during maturation of neutrophil-like HL-60 cells was asso-
ciated with impairment of the oxidative burst. These find-
ings support a causal role for the hemolysis-induced HO-
1 expression in the bone marrow of SCD subjects in
impairment of the oxidative burst of circulating neu-
trophils.

Discussion

Children with SCD are prone to bacteremia and over-
whelming sepsis, risks that have been reduced, but not
entirely eradicated, by antibiotic prophylaxis and modern
conjugate vaccines.”*In African children with SCD, infec-
tion is thought to be the most common cause of death,
and neither penicillin prophylaxis nor current vaccination
regimes offer protection against one of the most common

causes of NTS bacteremia.’ Splenic dysfunction has long
been considered the most important cause of susceptibili-
ty to encapsulated bacterial infection in SCD.” However,
children with SCD are also susceptible to infections with
other organisms, including S. aureus and Klebsiella," ™ sug-
gesting that splenic dysfunction may not be the only cause
of susceptibility in this population. NTS bacteremia is
strongly associated with other diseases which also cause
severe hemolysis, particularly malaria and Oroya fever.®
Hydroxyurea treatment of children with SCD reduces lev-
els of hemolysis,” all-cause mortality,” and infection-relat-
ed mortality,” suggesting a role for hemolysis in promot-
ing susceptibility to infection in this population. We, and
others, have previously shown that hemolysis increases
susceptibility to NTS sepsis in a mouse model,**** where-
as anemia due to blood loss alone does not.* We demon-
strated that this susceptibility to infection was dependent
on hemolysis-derived heme causing induction of HO-1
during granulopoiesis, which resulted in the production of
neutrophils with reduced oxidative burst capacity.”® This
neutrophil defect was found in the acute and progressive
hemolysis that occurs in malaria infections in both mice
and humans,®” and we predicted that a similar defect
might be seen in SCD.*

The results of our current study demonstrate that
impairment of the neutrophil oxidative burst occurs in
children with SCD. Importantly, we assessed this in chil-
dren who had never received hydroxyurea therapy, who
had not received a blood transfusion within the last four
months, and who did not have intercurrent infection. We
found that the extent of impairment of neutrophil func-
tion was extremely variable, with many children with
SCD having values within the “normal” range, but some
showing less than 50% of the average in healthy controls.
Whilst the magnitude of this defect is substantially less
than that seen in chronic granulomatous disease,” when
combined with hyposplenism and poor humoral immuni-
ty in young children it may still be sufficient to increase
susceptibility to some pathogens such as NTS.*** Unlike
S. pneumoniae, NTS are well adapted to intracellular sur-
vival through virulence mechanisms which specifically
perturb the phagocyte oxidative burst,* and may have
an additive effect with any defect induced by hemolysis.
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Thus, impairment of neutrophil oxidative burst capacity
may be a key factor explaining the well recognized, but
poorly understood, phenomenon of susceptibility to NTS
bacteremia and osteomyelitis in SCD.

We found evidence to support our working model
(Figure 2A) of the interacting effects of hemolysis, HO-1
activity, neutrophil mobilization and oxidative burst. Cell-

free heme, released during hemolysis, promotes neu-
trophil mobilization from the bone marrow and can prime
the oxidative burst, but also induces HO-1 in developing
neutrophils which subsequently have reduced oxidative
burst capacity.”* The net effect on the oxidative burst of
circulating neutrophils depends on the relative balance of
these influences, such that the oxidative burst is most
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Figure 4. Flow-cytometry analysis of heme oxygenase-1 (HO-1) expression in bone marrow (BM) from subjects with sickle cell disease and
healthy donors. (A) Comparison of staining with anti-HO-1 antibody and control antibody in subjects with sickle cell disease (n=2) and healthy
child BM donors (n=2, one HbAS, one HbAA), plotted against CD16 expression as a marker of neutrophil maturation. The gated population is
CD16 intermediate, and is proposed to represent developing neutrophils. (B) Expression of surface markers which define the maturational
stage of developing neutrophils in BM. For each subject with sickle cell disease, the expression of surface markers on the HO-1*CD16™emed=t
population (gated in A) is presented in comparison with the expression of the same markers in total BM (upper panels). The HO-1* cells express
high levels of CD49d, low levels of CD24, intermediate-to-high levels of CD11b, and intermediate levels of CD15, suggesting they are around
the point of transition from proliferating to non-proliferating neutrophil progenitors.

haematologica | 2015; 100(12) -




C. Evans et al.

A P=0.01 B

N

w

MFI ratio
N

=

W
@
.

HO-1 : control antibody

0

ATRA - - + +
Hemin =- + - +

’ ¢
. ] . ‘

C
iii P =0.009
4 -
= |
' X 3 -
®e ° =
; 2 2 -
iv £
©
e
=
4
0
. ATRA - + +
Hemin h - +

Figure 5. Heme oxygenase-1 (HO-1) induction during maturation impairs the oxidative burst of neutrophil-like differentiated HL60 cells (A)
Comparison of HO-1 expression in the promyelocytic HL-60 cell line incubated with or without the HO-1 substrate and inducer, hemin (50 uM),
for five days in the presence or absence of 107 M all-trans retinoic acid (ATRA) (n=3 per group), which stimulates differentiation into neutrophil-
like cells. (B) Representative morphology of hematoxylin and eosin stained HL-60 cells: (i) undifferentiated; (ii) differentiated cells following
five days with 107 M ATRA; (iii) undifferentiated, hemin treated; (iv) differentiated, hemin treated. (C) Comparison of PMA-stimulated oxidative
burst of HL-60 cells, undifferentiated or differentiated into neutrophil-like cells in the presence or absence of hemin (50 uM) (n=3 per group).
Results representative of 3 independent experiments. Images were obtained at x60 magnification using a Nikon Eclipse 50i microscope, all
cells shown at the same scale. Statistical comparison was performed using unpaired t-test.

impaired when there is both high HO-1 activity (indicated
by high carboxyhemoglobin concentration) and mobiliza-
tion of neutrophils from the bone marrow (indicated by a
high circulating neutrophil count). Others have demon-
strated that immature neutrophils are increased in the
peripheral circulation in SCD, indicating that there is
indeed increased mobilization from the bone marrow.”
The same authors also found that neutrophils from SCD
patients exhibited enhanced resistance to apoptosis, a
characteristic which could be a consequence of the cyto-
protective functions of HO-1 during granulopoiesis.* Our
model may also be influenced by the systemic inflamma-
tion of SCD, which contributes to neutrophil mobiliza-
tion,” and may promote HO-1 induction and priming of
the neutrophil oxidative burst. Interestingly, we found a
unimodal distribution of the neutrophil oxidative burst in
all subjects with SCD, which is in contrast to our findings
in children with malaria, in whom we saw a bimodal
response of each individual’s neutrophils following PMA
stimulation.”” We speculate that the chronic hemolysis of
steady-state SCD results in relatively uniform impairment
of neutrophil function, whereas the acute and cyclical pat-
tern of hemolysis in malaria results in a mixture of newly
mobilized neutrophils with impaired oxidative burst and
circulating neutrophils with normal or enhanced oxidative
burst.

In keeping with our previous observations in malaria,
we found HO-1 protein expression in circulating neu-
trophils was essentially undetectable by flow cytometry,
and was not substantially increased by hemin treatment or
in SCD. Lanaro et al. have also shown that HMOX1
mRNA expression is very low in neutrophils compared to
monocytes, although HMOX1 mRNA was significantly
higher in SCD neutrophils than in controls. Whether this
indicates a limit to the sensitivity of the flow cytometry
assay, or that very low-level HMOX1 mRNA and protein
expression do not correlate well in neutrophils, is unclear.
Interestingly, Lanaro er al. also found HMOX1 mRNA

18,19

remained elevated in neutrophils of SCD patients treated
with hydroxurea, although it is not known whether this
represents a direct effect of hydroxyurea, or perhaps more
severe underlying disease in patients selected for hyrox-
yurea therapy.

In contrast to our observations in circulating neu-
trophils, we found that HO-1 was robustly induced in a
neutrophil progenitor population in the bone marrow of
children with SCD. The small number of bone marrow
samples is a limitation of our study, but we supplemented
this with an i vitro model of neutrophilic maturation to
determine whether heme-induced HO-1 expression could
impair the development of normal oxidative burst capaci-
ty. The fact that HO-1 could be induced during neu-
trophilic maturation and resulted in an impairment of the
oxidative burst is consistent with our proposed mecha-
nism. Whilst neutrophilic differentiation and maturation
of HL-60 cells is not identical to natural granulopoiesis in
bone marrow, the observations of this study together with
evidence from our previous work, make a compelling case
that the impairment of the neutrophil oxidative burst in
SCD is dependent on induction of HO-1 in bone marrow.
Some important questions about the underlying mecha-
nisms remain unanswered. Why does heme exert differen-
tial effects on neutrophil progenitors and circulating neu-
trophils¢ Does this perhaps relate to differences in the
expression of receptors which might mediate the uptake
of heme, for example CD91, which binds heme-hemopex-
in complexes¢” And how does increased HO-1 expression
lead to impairment of oxidative bursté Does it degrade
heme which is needed for the NADPH oxidase, or do
heme degradation products such as carbon monoxide
drive more global changes in gene expression through
oxidative conditioning¢* In a mouse model, we found that
non-heme induction of HO-1 did not cause susceptibility
to NTS, whereas inhibition of HO-1 abrogated the suscep-
tibility to NTS caused by hemolysis, together suggesting
that increases in both heme uptake and degradation are
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necessary to produce neutrophil dysfunction.”® Further
studies will be needed to dissect the molecular mecha-
nisms.

The suggestion that poor bactericidal activity of neu-
trophils may contribute to infection susceptibility in SCD
is not entirely new,” and defects have been demonstrated
in the oxidative burst response in adults with SCD,”
although the role of hemolysis has not previously been
explored. Our study confirms that this defect is seen in a
very well defined group of children with HbSS SCD, and
is not confounded by the effect of blood transfusion or dis-
ease modifying therapy. To our knowledge, no studies
have yet investigated whether the oxidative burst
response in SCD is predictive of subsequent risk or out-
come of infection. However, in mice, a similar reduction in
the magnitude of the oxidative burst prior to infection
resulted in greatly diminished resistance to NTS.*® A
prospective study will be required to determine whether
the extent of impairment of the oxidative burst is clinically
significant. Neutrophil oxidative burst can be determined
by flow cytometry relatively easily, but as we have shown
it might also be predicted from routine measurement of
neutrophil count and carboxyhemoglobin concentration,
the latter being measurable non-invasively.”

HO-1-dependent suppression of neutrophil reactive
oxygen species (ROS) may represent an appropriate adap-
tive response to hemolysis.”® Increased expression of HO-
1 is associated with activation of multiple anti-oxidative
response pathways,”* although the exact mechanisms by
which HO-1 induction leads to impaired neutrophil oxida-
tive burst remain unknown. In the presence of cell-free
heme, ROS produced by neutrophils may cause significant
tissue damage,”” and a mechanism which senses hemol-
ysis-derived heme and constrains the production of neu-
trophil ROS would be protective. In support of this, genet-
ic polymorphisms in the promoter region of HMOX1
have been shown to influence HO-1 expression,” and are
important modifiers of non-infectious complications of
SCD.” However, a consequence of this adaptive response
is impairment of an important mechanism of defence

Impaired neutrophil oxidative burst in sickle cell -

against bacteria, and it would be interesting to investigate
whether HMOX1 promoter polymorphisms also influ-
ence susceptibility to bacterial infection in SCD. There is
considerable interest in harnessing the therapeutic poten-
tial of hemoglobin- and heme-scavengers, HO-1 and car-
bon monoxide in SCD.”*** Our results might be interpret-
ed to suggest that inhibition of HO-1 could be beneficial
during infections in SCD, but this would be hazardous
because toxic heme would undoubtedly accumulate. A
better strategy may be to direct hemolysis-derived heme
away from the bone marrow and into specific cell types,
such as monocytes and macrophages (which do not show
impaired oxidative burst following HO-1 induction®) via
the haptoglobin receptor CD163, reducing the circulating
heme that is available to induce HO-1 during granu-
lopoiesis.
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