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Abstract

Although reduction in leukocyte counts following hydroxyurea therapy in sickle cell disease
(SCD) predicts fetal hemoglobin (HbF) response, the underlying mechanism remains unknown.
We previously reported that leukocyte counts are regulated by granulocyte-macrophage colony-
stimulating factor (GM-CSF) in SCD patients. Here we examined the roles of GM-CSF in the
regulation of HbF expression in SCD. Upon the analysis of retrospective data in 372 patients, HbF
levels were inversely correlated with leukocyte counts and GM-CSF levels in SCD patients
without hydroxyurea therapy, while HbF increments after hydroxyurea therapy correlated with a
reduction in leukocyte counts, suggesting a negative effect of GM-CSF on HbF expression.
Consistently, in vitro studies using primary erythroblasts showed that addition of GM-CSF to
erythroid cells decreased HbF expression. We next examined the intracellular signaling pathway
through which GM-CSF reduced HbF expression. Treatment of erythroid cells with GM-CSF
resulted in the reduction in intracellular cAMP levels and abrogated phosphorylation of cCAMP
response-element-binding-protein, suggesting attenuation of the cCAMP-dependent pathway, while
the phosphorylation levels of mitogen-activated protein kinases were not affected. This is
compatible with our studies showing a role for the cAMP-dependent pathway in HbF expression.
Together, these results demonstrate that GM-CSF plays a role in regulating both leukocyte counts
and HbF expression in SCD. Reduction in GM-CSF levels upon hydroxyurea therapy may be
critical for efficient HoF induction. The results showing the involvement of GM-CSF in HbF
expression may suggest possible mechanisms for hydroxyurea resistance in SCD.
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Introduction

Clinical manifestations of patients with sickle cell disease (SCD) are primarily due to the
polymerization of sickle hemoglobin, leading to vaso-occlusive crisis, chronic hemaolysis,
and ischemia-reperfusion injury associated with inflammation [1-3]. Although SCD patients
share a common mutation in the B-globin gene, the clinical severity of SCD is extremely
heterogeneous. The mechanisms underlying this clinical heterogeneity remain unknown.

Fetal hemoglobin (HbF) is expressed in patients with SCD at variable levels and known to
alleviate the clinical severity of SCD [4]. HbF expression has been shown to be regulated by
single nucleotide polymorphisms (SNPs) of multiple genetic loci [5-7], and it is likely that
these genetic loci play roles in determining the levels of HbF production in SCD patients
[8]. Leukocytosis is frequently observed in untreated patients even in the absence of
bacterial infection [9], and an elevated base-line leukocyte count is associated with an
increased risk of early death [10]. Severe complications are also predicted later in life for
sickle cell children with high leukocyte counts [11]. These clinical observations suggest that
both HbF levels and leukocyte counts have significant effects on the clinical severity of
SCD.

Pharmacological stimulation of HbF expression, especially with hydroxyurea, is now a
recognized therapeutic option for SCD patients with a severe clinical phenotype. However,
the HbF response to hydroxyurea varies among patients. Discovering predictors of HbF
response to hydroxyurea would permit clinicians to identify patients who would respond to
hydroxyurea therapy and would increase the clinical effectiveness of hydroxyurea, which in
turn would minimize adverse effects of the drug. A study by Charache and associates
showed that significant predictors of high post-therapy HbF levels are post-therapy plasma
hydroxyurea level, initial leukocyte counts, and initial HbF concentration [12]. Ware et al.
also demonstrated that changes in blood counts in SCD children after hydroxyurea therapy
indicate the HbF response to hydroxyurea [13]. However, the mechanisms by which these
clinical variables serve as predictors of HbF response remain unknown.

Earlier studies by Croizat and Nagel reported elevated plasma GM-CSF levels in SCD
patients who have low HbF levels [14,15]. They concluded that hematopoietic stress
associated with low HbF levels contributes to increased levels of GM-CSF [15]. We recently
reported a positive correlation between leukocyte counts and plasma GM-CSF levels in SCD
patients [16]. Subsequently we found that leukocyte counts correlate inversely with HbF
levels in steady-state SCD patients, suggesting the possibility that HbF expression in SCD
patients is negatively affected by the mechanisms that sustain leukocyte counts.

We here report that leukocyte counts and plasma GM-CSF levels inversely correlated with
HbF levels in SCD patients, and that GM-CSF is a negative regulator for HbF expression,
which is in sharp contrast to the conclusion by Croizat and Nagel [15]. Our in vitro studies
using primary erythroid cells consistently showed that GM-CSF downregulates HbF
expression. Moreover, we demonstrate that GM-CSF attenuates the cAMP-dependent
pathway in both cytokine-dependent erythroid cells and primary erythroid cells; our
previous studies showed critical roles of cyclic nucleotide-dependent pathways in sustaining
HbF expression [17-19]. These results suggest that GM-CSF has regulatory roles in both
leukocyte counts and HbF levels in SCD patients. GM-CSF is likely to downregulate HbF
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expression at least in part by attenuating the cAMP-dependent pathway. Potential
mechanisms by which HbF response to hydroxyurea is regulated in the context of GM-CSF
are discussed.

Materials and Methods

SCD patients

Retrospective data on 372 SCD patients who were homozygous for the S mutation and
were under clinical care at the Sickle Cell Center of Georgia Health Sciences University
were analyzed in this study. Of these, 192 patients who had not received hydroxyurea or
blood transfusions for at least the past 3 months were considered to be in steady-state, and
125 SCD patients who were receiving HU therapy (15 to 35 mg/kg/day) for at least 6
months were enrolled in this study. In addition, 63 pediatric SCD patients (Kuwait
University) who had a mutation in the y-globin gene promoter [20] and expressed HbF at
high levels were included to examine the effects of leukocyte counts on HbF expression;
none of these patients were receiving hydroxyurea. Clinical characteristics of these cohorts
of SCD patients were shown in Supplementary Tables (Table S1 to S3). Hematologic data
reported in this study were the average of individual data for at least 3 months. Informed
consent was obtained from all subjects. The study was performed in accordance with the
principles of the Declaration of Helsinki and approved by the institutional review boards of
Georgia Health Sciences University and Kuwait University.

Measurement of plasma GM-CSF levels

Plasma levels of GM-CSF were measured as described previously [16]. Briefly, GM-CSF
levels were determined using high sensitivity immunoenzymatic assay kits according to the
manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).

Complete blood counts and HbF measurement

Complete blood counts were performed using an Advia Hematology System 120 (Bayer
Diagnostics, Tarrytown, NY, USA). HbF quantification was performed by cation-exchange
high-pressure liquid chromatography (Synchropak CM 300) as described previously [21].
Increases in HbF levels in patients on hydroxyurea was determined by deducting pre-therapy
HbF levels from post-therapy HbF levels.

Culture of TF-1 cells and CD34" cells and globin mRNA analysis

TF-1 cells (American Type Culture Collection, Manassas, VA, USA) were maintained in
RPMI1640 medium containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 10
mM HEPES. All cytokines were purchased from Peprotech (Rocky Hill, NJ) unless
otherwise stated. TF-1 cells were cultured with 5 ng/ml GM-CSF or 2 U/ml erythropoietin
(Amgen, Thousand Oaks, CA, USA) or both. CD34* cells were provided by NHLBI PEGT
Hematopoietic Cell Processing Core (Fred Hutchinson Cancer Research Center, Seattle,
WA, USA). CD34* cells were cultured by the method described previously [19,22]. Briefly,
CD34" cells were maintained for 14 days in Iscove’s modified Dulbecco’s medium
containing 15% FBS, 15% human AB serum, 2 units/ml erythropoietin, 10 ng/ml stem cell
factor, 10 mM B-mercaptoethanol, and 600 g/ml holo-transferrin. To examine effects of
GM-CSF, stem cell factor was depleted from cultures on day 5 and 10 to 100 ng/ml GM-
CSF was added for the last 9 days before cell harvesting. Eighty to 90 percent of cells grown
in the cultures expressed glycophorin A (CD235a) and CD71 as determined by flow
cytometry. Total cytoplasmic RNA was extracted from nucleated erythroblasts using the
method described by Chomoczynski and Sacchi [23]. Globin mRNAs were quantified by
primer extension using a previously described method [24] with modifications [25,26].
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Measurement of intracellular cAMP levels in erythroid cells

Intracellular levels of cAMP in TF-1 cells or primary erythroblasts were determined as
described previously [17,27]. Briefly, 2x10° cells were incubated with 1 mM 3-isobutyl-1-
methylxanthine for 30 min at room temperature. CAMP was extracted by suspending the
cells with 0.5 M hydrocholoric acid. The supernatant was removed and the pH was
neutralized by the addition of 8 M KOH. Intracellular cAMP levels were determined using a
CAMP ELISA kit (Cayman Chemicals, Ann Arbor, MI, USA).

Isolation of whole cell extracts from erythroblasts and Western blotting

Whole cellular extracts were prepared from TF-1 cells or primary erythroblasts, as described
[18]. Briefly, 5 to 10 x 10 cells were suspended with 1 x RIPA buffer (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) supplemented by 1 mM PMSF, 0.1% SDS, and 10%
(v/v) protein phosphatase inhibitor cocktail Set IV (EMD Chemicals, Gibbstown, NJ, USA).
Western blotting was performed as described previously [28]. Briefly, 20 to 30 pg of the
cellular extracts were separated on 12% SDS polyacrylamide gels and transferred to
nitrocellulose membranes (Invitrogen, Carlsbad, CA, USA). All antibodies used for Western
blot analyses were purchased from Cell Signaling Technology (Danvers, MA, USA).

Statistical analysis

Results

For analysis of correlations with non-Gaussian distributed data, which included
hematological data of SCD patients (Figs.1 & 2), the Spearman correlation coefficient (rs)
was utilized. Assays for cCAMP levels were performed in triplicate and the data were
expressed as means = SE. The data were analyzed by the Student t test. P values < 0.05 were
considered to be statistically significant.

HbF levels inversely correlate with leukocyte numbers and GM-CSF levels in SCD patients

To determine whether the levels of HbF expression in SCD patients are affected by the
mechanisms underlying leukocytosis, we first investigated correlations between HbF levels
and leukocyte counts for 192 steady-state SCD patients who were not receiving hydroxyurea
therapy; the clinical characteristics of the patients were summarized in Table S1. A barely
statistically significant inverse correlation was observed between the HbF levels and the
leukocyte counts (Fig.1A, P=0.048, R2= 0.0196). We assumed that the weak correlation
occured because the HbF levels of more than 85% of the patients analyzed were less than
10%. To more accurately determine the correlation between HbF levels and leukocyte
counts, we next analyzed SCD patients with high HbF levels. We examined 47 steady-state
pediatric SCD patients who were not taking hydroxyurea and had a C to T substitution at
—158 base pair 5' to the cap site of the Gy-globin gene and expressed HbF at high levels
[20]; the hematological data of these patients are shown in Table S2. A strong inverse
correlation was observed between the HbF levels and the leukocyte counts in this cohort of
patients (Fig.1B, P<0.0006, R?= 0.229). On the basis of our previous study showing a major
role for GM-CSF in leukocytosis [16], these results suggested a negative regulatory role for
GM-CSF in HbF expression in steady-state SCD patients. To confirm the negative effect of
GM-CSF on HbF expression, we examined a correlation between plasma GM-CSF levels
and HbF levels in steady-state patients. The number of the patients involved in this analysis
was relatively small, but we found a significant inverse correlation among them (Fig.1C,
P<0.006, R?=0.139). Together, these clinical studies suggest a negative effect of GM-CSF
on HbF expression in SCD.
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Levels of HbF induction by hydroxyurea correlate with reduction levels of leukocyte

counts

The mechanisms by which hydroxyurea induces HbF expression in SCD are not fully
understood. We next examined whether a mechanism regulating leukocyte counts in SCD
also has a consequence on HbF induction by hydroxyurea. We collected hematologic data
from SCD patients before and after hydroxyurea therapy and examined the association
between hydroxyurea-induced HbF changes and leukocyte counts; the clinical
characteristics of these SCD patients are shown in Table S3. As shown in Fig.2A, we found
a strong positive correlation between the levels of HbF induced by hydroxyurea and the
reduction of leukocyte counts after hydroxyurea therapy (Fig.2A, P<0.000024, R?=0.209),
demonstrating that reduction of leukocyte counts after hydroxyurea therapy is critical for
HbF induction. This result is compatible with prior studies reporting the reduction of
leukocyte counts following hydroxyurea therapy [12,13]. Also, these results suggested to us
the possibility that GM-CSF may influence in hydroxyurea-induced HbF expression. To
define the role for GM-CSF in the hydroxyurea-regulated HbF expression, we examined
whether the reduction in GM-CSF after hydroxyurea therapy is associated with HbF
induction. Although the number of SCD patients studied was small, we observed a
significant correlation between reduced levels of GM-CSF and the levels of HbF (Fig.2B,
P<0.0033, R2=0.681). Together, these results demonstrate that GM-CSF may have a
negative regulatory effect on hydroxyurea-induced HbF expression in SCD.

GM-CSF downregulates HbF expression in both growth factor-dependent erythroid cells
and primary erythroblasts

To determine the effects of GM-CSF on y-globin gene expression in erythroid cells, we used
cytokine-dependent TF-1 cells [29] as well as CD34* cell-derived primary erythroblasts.
TF-1 cells express human globin genes such as y- and a-globin genes and grow in the
presence of cytokines such as GM-CSF and erythropoietin [30]. TF-1 cells thus provide an
excellent in vitro system to examine the effects of GM-CSF or erythropoietin on y-globin
expression, as we reported previously [19]. TF-1 cells grown with GM-CSF expressed y-
globin mRNA at a low level, but switching GM-CSF to erythropoietin induced y-globin
MRNA expression by 3- to 4-fold, suggesting that erythropoietin induces y-globin gene
expression in TF-1 cells (Fig.3A lanes 1 to 3). The positive effect of erythropoietin on HbF
is supported by a previous clinical study with SCD patients [31]. However, the addition of
GM-CSF to these cultures abrogated the induction of y-globin mRNA expression, indicating
that the GM-CSF has a dominant effect on y-globin gene expression induced by
erythropoietin (lanes 4 & 5). We previously showed that erythropoietin induces y-globin
gene expression by activating the cAMP-dependent pathway [19]. The addition of KT5720,
which is an inhibitor of protein kinase A [32], consistently reduced erythropoietin-induced
v-globin mRNA expression (lanes 6 & 7). GM-CSF also downregulated y-globin mRNA
expression in a dose-dependent manner in primary erythroid cells that were prepared from
CD34" cells (Fig.3B). These results demonstrate that GM-CSF has a negative regulatory
effect on y-globin gene expression in both growth factor-dependent erythroid cells and
primary erythroblasts.

GM-CSF attenuates the cAMP-dependent pathway in erythroid cells

We next examined the mechanism by which GM-CSF downregulated y-globin gene
expression in erythroid cells. Our previous studies demonstrated a role for the cCAMP-
dependent pathway in sustaining y-globin gene expression in primary erythroid cells from
normal subjects [18] as well as in patients with B-thalassemia [19]. We first examined
whether GM-CSF modulates intracellular cCAMP levels in both TF-1 cells and CD34+ cell-
derived primary erythroblasts. The intracellular cAMP levels of TF-1 cells on day 7
increased by 2-fold after switching the cytokine in cultures from GM-CSF to erythropoietin,
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but the addition of GM-CSF to these cultures decreased the CAMP levels to the levels that
were similar to those of cells cultured with GM-CSF (Fig.4A). In primary erythroblasts, the
intracellular cAMP levels of day 7 cultures were not influenced by GM-CSF, but a
significant decrease in the intracellular cAMP levels was seen with the cells treated with
GM-CSF on day 14 (Fig.4B). These results demonstrate that GM-CSF decreases
intracellular cAMP levels in erythroid cells, suggesting an inhibitory effect of GM-CSF on
the cAMP-dependent pathway. To examine whether decreases in intracellular cAMP levels
by GM-CSF lead to modulation of the cAMP-dependent pathway, we examined
phosphorylation of the cAMP response element binding (CREB) protein, which is a major
target protein of cAMP-dependent protein kinase [33]. As shown in Fig.4C, the
phosphorylation level of CREB was increased in TF-1 cells by switching the cytokine from
GM-CSF to erythropoietin, suggesting that erythropoietin activates the cAMP-dependent
pathway in this cells. However, addition of GM-CSF to these cultures completely abolished
the increase in CREB phosphorylation by erythropoietin (Fig.4C right lane). These results
are in accord with those for the intracellular cAMP levels in TF-1 cells (Fig.4A).
Consistently, the addition of GM-CSF to primary erythroblasts also decreased the
phosphorylation levels of CREB in a dose-dependent manner (Fig.4D, lanes 3-5).
Collectively, these results show that GM-CSF attenuates the cAMP-dependent pathway in
erythroid cells.

Mitogen-activated protein kinases such as extracellular signal-regulated protein kinases
(ERKSs) and p38 kinases were demonstrated to play roles in HbF expression in primary
erythroid cells [34,35]. No significant alterations in the phosphorylation levels of these
protein kinases were observed in erythroid cells treated with 200 ng/ml GM-CSF (Fig.4E).

Discussion

Previous studies have provided important insight into the mechanisms regulating HbF
expression in SCD. Changes in blood cell counts following hydroxyurea therapy predict a
response of HbF to hydroxyurea [12,13]. Recent genome-wide association studies have
revealed the presence of SNPs in a variety of genes that potentially have consequences on
HbF expression in SCD [36]. However, it is not clear how changes in blood cell counts
make HbF responsive to hydroxyurea [12,13]. The mechanistic aspects of such SNPs
identified remain to be established.

To gain insight into the mechanisms by which HbF levels are regulated in the context of
SCD, we have identified a soluble factor that downregulates HbF. In this study we have
shown that GM-CSF, a proinflammatory cytokine that is elevated in SCD patients [14,16],
plays roles in regulating both leukocyte counts and HbF expression in SCD; GM-CSF
increases leukocyte counts but downregulates HbF expression. Regarding the mechanism for
GM-CSF-mediated HbF repression, we have shown that GM-CSF downregulates HbF
expression in erythroid cells by attenuating the cAMP-dependent pathway that is required to
sustain HbF expression in B-thalassemic patients (Figs.3 & 4) [18,19]. We and other
previously demonstrated a role for the cGMP-dependent pathway in the upregulation of y-
globin gene expression by HbF inducing chemicals [17,37]. It seems that both the cAMP-
and cGMP-dependent pathways are likely to upregulate HbF expression, but the types of
extracellular signals to which these pathways respond and their induction efficiency for HbF
might be distinct from each other.

The mechanism by which plasma GM-CSF levels are elevated and vary in SCD patients
remains unclear, but a few possible mechanisms are conceivable. Adhesion of monocytes or
macrophages to endothelial cells is known to induce GM-CSF production in monocytes [38]
(Fig.5A). Second, the proinflammatory cytokines IL-1p and TNF-a/B, both of which are
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increased in SCD [39], may be involved in increased production of GM-CSF by a
transcriptional [40] or post-transcriptional mechanism [41] (Fig.5A). Third, splenectomized
patients with spherocytosis had higher levels of GM-CSF than did healthy subjects,
suggesting that the splenic dysfunction associated with SCD may contribute to elevated
GM-CSF levels [16]. As previously reported [16], plasma granulocyte colony-stimulating
factor (G-CSF) levels in SCD patients are significantly lower than those of normal subjects
(Fig.5A). Such an antagonism between these two cytokines was previously found in the
synovial fluid of patients with rheumatoid arthritis [42].

Our finding that HbF levels in steady-state SCD patients inversely correlate with leukocyte
counts and GM-CSF levels (Figs.1&2) has important implications for regulatory
mechanisms for the y-globin gene. Recently, SNPs at three gene loci such as BCL11A,
HBS1L-MYB, and Xmn 1 have been shown to have major influences on determining HbF
levels in SCD patients [8]. However, as shown in Fig.1B, pediatric SCD patients with high
HbF of 30% to 40% due to the Xmn 1 mutation had much lower HbF levels of 10% to 20%
when they had high leukocyte counts, suggesting that GM-CSF is a dominant effect over
Xmn 1 mutation on HbF expression in SCD. Thus, SCD patients with high GM-CSF likely
have high leukocyte counts and low HbF levels, possibly predisposing them to a clinically
severe phenotype, as reported previously [11]. BCL11A silences the y-globin gene through
transcriptional mechanisms including the alteration of long-range interactions [43], while
GM-CSF likely downregulates y-globin gene expression by modulating activities of the
cAMP-dependent pathway for the y-globin gene (Figs.4&5). It is of particular interest to
identify the transcription factors through which the cAMP-dependent pathway regulates y-
globin gene expression, which is currently under way in our laboratory.

Another striking finding in this study is that the reduction levels of leukocyte counts or
plasma GM-CSF levels after hydroxyurea therapy positively correlate with the increase
levels of HbF in SCD patients (Fig.2A & 2B), suggesting that GM-CSF is a critical cytokine
that determines the magnitude of HbF response to hydroxyurea. This notion is supported by
previous clinical evidence: SCD patients who have high leukocyte counts at baseline and
exhibit a great reduction in the counts with hydroxyurea therapy tend to have large increases
in HbF levels [44]. Our data suggest that such patients are likely to have high GM-CSF
levels and that the great reduction in leukocyte counts is presumably associated with a
drastic decrease in GM-CSF levels, which may be critical for permitting large increases in
HbF expression following hydroxyurea therapy. A possible model with the roles of
hydroxyurea in the regulation of HbF and leukocyte counts is shown in Fig.5B. Previous
studies had shown that hydroxyurea induces HbF expression by altering erythroid
regeneration Kinetics after cytotoxic events owing to its inhibitory activity on ribonucleotide
reductase [45] [46] (dotted line in Fig.5B). In addition, hydroxyurea was recently shown to
induce HbF expression via the cGMP-dependent pathway [17,37], but efficient HbF
induction may depend in part on whether hydroxyurea substantially decreases plasma levels
of GM-CSF that attenuates the cAMP-dependent pathway, as demonstrated in this study.
This may suggest that the cross-talk between the two pathways is important for high-level
HbF expression [47]. Hydroxyurea may decrease GM-CSF production through the
generation of nitric oxide, as nitric oxide is produced from the metabolism of hydroxyurea
[48] and inhibits GM-CSF production in bronchial epithelia cells [49]. If this were the case,
the pharmacokinetics of the metabolism of hydroxyurea in the liver could affect HbF levels
in SCD patients [50].

Interestingly, the tristetraprolin (TTP) family of CCCH tandem zinc-finger proteins is an
important regulator for GM-CSF [51]. These proteins bind to AU-rich elements within the
MRNA encoding GM-CSF and act as negative regulators by destabilizing the mRNA. Mice
deficient for ZFP36L2, which is a protein of the TTP family, have elevated levels of GM-
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CSF [52], verifying the role for TTP proteins in GM-CSF expression. Hydroxyurea
increases TTP expression in K562 cells (T. Ikuta, unpublished data) and more importantly,
these genes include a number of non-synonymous SNPs in their exons, some of which are
specifically associated with African Americans [53]. The presence of such SNPs may
account in part for variable levels of GM-CSF in SCD patients. Furthermore, hydroxyurea is
postulated to reduce leukocyte numbers by inhibiting DNA synthesis of myeloid progenitors
[54] (Fig.5B). Since hydroxyurea significantly decreases plasma GM-CSF levels [16],
leukocyte reduction in SCD patients on hydroxyurea therapy might result, in part, from
diminished levels of plasma GM-CSF, as GM-CSF mobilizes hematopoietic progenitors in
the periphery [55]. Thus, dissecting the mechanisms by which hydroxyurea inhibits GM-
CSF synthesis in the context of SCD patients may provide clues to the mechanism by which
patients exhibit heterogeneous response to hydroxyurea.

A previous study by Gabbianelli et al. reported that GM-CSF stimulates HbF synthesis in
primary erythroblasts cultured in vitro and suggested a possible use of GM-CSF as an HbF-
inducing agent for SCD patients [56]. It is difficult to tease out the difference between their
results and ours. Our results with negative effects of GM-CSF on HbF expression are
supported by clinical studies showing inverse correlations between GM-CSF levels and HbF
levels in distinct patient populations. Administration of GM-CSF in rhesus monkeys did not
result in an increase in the number of F-cells, suggesting no positive effects of this cytokine
on HbF expression [57]. Moreover, several clinical case reports documented that
administration of myeloid growth factors including GM-CSF or G-CSF to SCD patients
results in the induction of vaso-occlusive crisis [58,59], suggesting that these myeloid
growth factors induce pain crises in SCD patients and thereby augment the clinical severity.
It is uncertain whether GM-CSF administration induces HbF expression and thereby
ameliorates the clinical severity of SCD.

Although the current study has shown a strong correlation between the reduction levels of
total leukocyte counts and the increment levels of HbF in SCD patients on hydroxyurea
therapy (Fig.2A), the roles for neutrophils in modulating the mortality rate of SCD are not
established [60,61]. In our analysis, there were no significant correlations between post-
therapy HbF levels and pre- or post-therapy neutrophil counts (data not shown). This may
highlight a role for monocytes and lymphocytes, but not for neutrophils, in the regulation of
HbF expression in SCD, as GM-CSF is expressed in monocytes and lymphocytes, but not in
neutrophils [62].

In conclusion, this study has demonstrated important roles for GM-CSF in both leukocyte
counts and HbF expression in SCD. Previous studies have identified various predictors of
HbF response to hydroxyurea, but the mechanisms by which such predictors suggest HbF
response to hydroxyurea remain unclear [12,13]. We have shown that GM-CSF
downregulates HbF expression by inhibiting the cAMP-dependent pathway, which is an
important pathway for HbF expression in B-hemoglobinopathies [19]. Studies to investigate
an association between GM-CSF levels and the presence of SNPs in TTP genes may provide
clues to the mechanisms underlying hydroxyurea resistance in this disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

CREB CAMP response element binding protein
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CSF granulocyte-macrophage colony-stimulating factor
fetal hemoglobin
sickle cell disease
single nucleotide polymorphism

tristetrapolin
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Figure 1.

Correlation of HbF levels with leukocyte counts and with GM-CSF levels in SCD patients.
(A) 200 SCD patients who were not receiving hydroxyurea (P<0.048, R?=0.0196). See
Table S1 for the clinical characteristics. (B) 47 pediatric SCD patients without hydroxyurea
treatment (P<0.0006, R2=0.229). See Table S2 for the clinical characteristics. (C) HbF
levels inversely correlate with GM-CSF levels in 29 steady-state SCD patients (P<0.006,
R2=0.139).
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Figure 2.

Levels of HbF induction by hydroxyurea correlate with reductions in leukocyte counts and
levels of GM-CSF. (A) HbF levels and leukocyte counts were analyzed for 125 SCD
patients who had received hydroxyurea for at least 3 months. Leukocyte counts and HbF
levels were measured before and after hydroxyurea treatment. A significant correlation was
observed (P<0.000024, R2=0.209). (B) HbF levels and GM-CSF levels were measured in 10
SCD patients who had received hydroxyurea for at least 3 months and a positive correlation
was observed (P<0.0033, R2=0.681).
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Figure 3.

Downregulation of HbF expression by GM-CSF in erythroid cells. (A) Induction of y-globin
mRNA expression by erythropoietin is downregulated by GM-CSF. TF-1 cells were
cultured with 0.5 or 5 U/ml erythropoietin in the absence or presence of 2.5ng/ml GM-CSF
for 7 days. TF-1 cells grown with 5 U/ml erythropoietin were also incubated with or without
the selective PKA inhibitor KT5720 (lanes 6 & 7). Total cytoplasmic RNA was purified and
globin mRNAs were analyzed by primer extension. Summary of the result is shown below.
Experiment was repeated 3 times and a representative result is shown. P values: *, P<0.05
compared with the cells treated with 5 U/ml erythropoietin (lane 3).
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(B) GM-CSF downregulates expression of y-globin mRNA in CD34*cell-derived primary
erythroblasts. Cells were cultured in the presence of 10 to 100 ng/ml GM-CSF as described
in “Design and Methods” and globin mRNAs were analyzed by primer extension. Summary
of the result is shown below. Experiment was repeated 3 times and a representative result is
shown.
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Figure 4.

GM-CSF attenuates the cAMP-dependent pathway in erythroid cells. (A) GM-CSF
decreases intracellular cAMP levels in TF-1 cells. TF-1cells were grown for 7 days in 3
different cultures; with 2.5 ng/ml GM-CSF, with 2 U/ml erythropoietin, or with 2.5 ng/ml
GM-CSF and 2 U/ml erythropoietin. Intracellular cAMP levels were measured using ELISA
kits as described in "Design & Methods". P values: *, p<0.05 compared with GM-CSF
cultures; **, P<0.05 compared with erythropoietin cultures.

(B) Reduction in intracellular cAMP levels of CD34*cell-derived primary erythroblasts
cultured with GM-CSF. Primary erythroblasts were induced from CD34* cells as described
in "Design & Methods.” The cCAMP levels were measured in the cells of day 7 and those of
day 14 as described above. Statistical analyses are shown above the figure.

(C) (D) GM-CSF decreases CREB phosphorylation in TF-1 cells and in CD34*cell-derived
primary erythroblasts. TF-1 cells were cultured as described in Figure 5A. Primary
erythroblasts were prepared from CD34* cells for 14 days as described in "Design &
Methods." Whole cell extracts (30 g) prepared from cells were analyzed by Western
blotting. Experiment was repeated 3 times and a representative result is shown. Cytokines
added to TF-1 cells are shown on top of figure. In Figure 5D, lanes are follows: 1, fetal liver
erythroblasts; 2, primary erythroblasts (control, no GM-CSF); 3, primary erythroblasts
cultured with 10 ng/ml GM-CSF; 4, primary erythroblasts cultured with 50 ng/ml GM-CSF;
5, primary erythroblasts cultured with 100 ng/ml GM-CSF.

(E) Effects of GM-CSF on phosphorylation of mitogen-activated protein kinases. Primary
erythroblasts were prepared from CD34* cells for 14 days as described in "Design &
Methods." Whole cell extracts (30 pg) prepared from cells were analyzed for ERKs and p38
kinases by Western blotting. Experiment was repeated 3 times and a representative result is
shown.
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Figure 5.

Potential roles of GM-CSF. (A) and hydroxyurea (B) in regulating leukocyte counts and
HbF expression in SCD. (A) In SCD, GM-CSF levels can be increased by chronic
inflammation resulting from adhesive interactions among many types of blood cells and
endothelial cells, in part perhaps from splenic dysfunction [16]. GM-CSF likely regulates
both leukocyte numbers and HbF expression, and possibly G-CSF production as well. (B)
Hydroxyurea, a nitric oxide donor, is shown to increase HbF expression by altering
erythroid regeneration Kinetics (dotted line) [45,46] as well as via the cyclic GMP-dependent
pathway [17,37]. Nitric oxide down-regulates GM-CSF production [49]. Leukocyte
reduction by hydroxyurea may be a result of direct inhibition of cell proliferation by
inhibiting ribonucleotide reductase, and down-regulation of GM-CSF production via nitric
oxide or proinflammatory cytokines (IL-1B, TNFa/p).

Blood Cells Mol Dis. Author manuscript; available in PMC 2012 December 15.



