LETTERS TO THE EDITOR

Inflammatory molecule reduction with hydroxyurea
therapy in children with sickle cell anemia

Children with sickle cell anemia (SCA) suffer from a
chronic state of inflammation due to repeated tissue
insult from sickling red blood cells. The clinical conse-
quences are severe and involve aberration of inflammato-
ry systems, with associated increased activation of multi-
ple cell types, including platelets, neutrophils, and
eosinophils.”” The literature has described a reduction of
inflammatory molecules by hydroxyurea, but results
have been limited, and at times contradictory.””In fact,
some researchers reported that patients receiving hydrox-
yurea exhibited increased levels of interleukin (IL)-6 com-
pared to untreated patients,” while others reported a
decrease in IL-6 levels in patients after initiating hydrox-
yurea therapy,' albeit neither finding reached statistical
significance (perhaps due to small study numbers).
Herein, we address discrepancies by reporting a compre-
hensive study in which 214 patients with SCA were
assessed, 122 of whom were sampled longitudinally. We
compared patients on hydroxyurea (both initial and sus-
tained therapy) with patients on chronic blood transfu-
sions or no treatment. In grouped analyses, hydroxyurea
proved to be the better treatment for reduction of inflam-
matory molecules. During the 2-year observation period,
children continued to benefit from hydroxyurea treat-
ment, although they did not achieve profiles similar to
those of healthy controls. Patients receiving continuous
chronic blood transfusion therapy or no treatment
showed fewer reductions in factor levels compared to
hydroxyurea. In total, our data illustrated the long-term,
but incomplete benefit of hydroxyurea for reduction of
inflammatory molecules in patients with SCA.

The large population of children with SCA at St. Jude
Children’s Research Hospital provided us with an oppor-
tunity to conduct a comprehensive and longitudinal
study of cytokines, chemokines, and adhesion molecules
in the context of hydroxyurea treatment, chronic transfu-
sions, or no treatment. Our study was initiated by exam-
ining 41 serum factors among 214 children with SCA and

15 healthy controls (see Methods in Online Supplementary
Materials). Ninety-two of the 214 patients were sampled
only once during the study (‘baseline’) whereas 122
patients were sampled longitudinally, before and after a
2-year observation period (‘baseline’ and ‘follow-up’).
Patient genotypes were HbSS (N=200) and HbSBOtha-
lassemia (N=14). The median age of patients at baseline
was 10.4 years (range: 5.2 to 18.8 years); 105 patients
were male; 109 patients were female; all patients were
African American. The SCA subgroups, according to
treatment status at baseline assessment, were as follows:
untreated (N=118), treated with hydroxyurea at maxi-
mum tolerated dose (MTD, N=72), or treated with
chronic monthly erythrocyte transfusions (N=24).
Among the 122 patients followed longitudinally for two
years, 26 were initially untreated and subsequently start-
ed on hydroxyurea treatment at some point during the 2-
year observation period (‘initiating hydroxyurea’), 41 had
previously initiated treatment and were continuously on
hydroxyurea therapy (‘continuous hydroxyurea’) for two
additional years, 17 children were on continuous blood
transfusion therapy, and 38 children never received any
disease-modifying therapy (Online Supplementary Table
S1). Plasma from 15 healthy controls (median age 13.0
years, range: 6.5-19.0 years) was evaluated for the same
inflammatory molecules. Fourteen of these children were
African American and one was Caucasian. Their sex dis-
tribution was three males and 12 females. It should be
noted that previous studies have shown that a majority
of the factors evaluated in this study are equally
detectable in plasma and sera, showing no significant dif-
ference in detectability." Factors that may be affected by
blood source include endothelial growth factor (EGF),
macrophage inflammatory protein 1p (MIP-1p) and solu-
ble CD40-ligand (sCD40L), which may be underrepre-
sented 1-3-fold in plasma, as well as inducible protein 10
(IP-10) and MIP-1a, which may be overrepresented 1.5-
3-fold in plasma.

When all children with SCA were sampled as a single
group at baseline (n=214), they exhibited higher levels of
inflammatory markers than children without SCA. Of the
41 factors evaluated, 16 were found to have elevated

Table 1. Correlation of changes in cytokines with changes in clinical inflammatory markers.

Continuous hydroxyurea therapy
Change in Platelet Count

Change in YWF:Ag Change in WBC

N rs P N rs P rs P
VCAM-1 41 025 0115 40 0.35 0.025 41 0.15 0.351
VEGF 41 035  0.023 40 0.15 0.365 41 0.30 0.060
E-selectin 41 022 0177 40 0.38 0.016 41 0.59 <.001
sCD40L 41 -0.02 0924 40 0.17 0.287 41 0.02 0.921

Initiated hydroxyurea therapy

Change in Platelet Count Change in YWF:Ag Change in WBC

N rs P rs P rs P
VCAM-1 26 0.02 0922 25 0.44 0.027 26 0.42 0.034
VEGF 26 <033 0.096 25 0.06 0.770 26 0.06 0.770
E-selectin 26 030 0133 25 0.34 0.093 26 0.56 0.003
sCD40L 26 -0.005  0.982 25 0.12 0.583 26 0.03 0.894

N:number of patients; rs: Spearman rank correlation coefficient; :value for the correlation coefficient. vWF:Ag: von Willebrand antigen level; WBC: white blood cell count;
VCAM-1: vascular adhesion molecule 1;VEGF: vascular endothelial growth factor; sCD40L: soluble CD40-ligand.
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Figure 1. Grouped analyses of healthy children and children with sickle cell anemia (SCA) on various treatments. Groups of children were monitored for serum
cytokines, chemokines and adhesion molecules using the Luminex platform and by enzyme-linked immunosorbent assay (ELISA). Each child is represented only
once within a group. All factors for which there were any significant differences between any of the SCA patient groups (healthy controls, SCA-No Treatment,
SCA-Hydroxyurea, SCA-Chronic Transfusions) are shown. Differences between patients with SCA and healthy controls were determined using the Mann-Whitney
U test. Significance amongst treatment groups were evaluated using a Kruskal-Wallis test followed by a Dunn's pairwise test. P-values were adjusted for multiple
testing across inflammatory molecules with the Benjamini-Hochberg false discovery rate (FDR) method (please see Online Supplementary Table S3 and Online
Supplementary Table S5 for exact and FDR-corrected P-values). *P < 0.05, **P < 0.01, ***P < 0.001. EGF: endothelial growth factor; MIP-18: macrophage
inflammatory protein 13; sCD40L: soluble CD40-ligand; IL: interleukin; IP-10: inducible protein 10; GRO: growth-related oncogene; TGFa: transforming growth
factor a; TNFa: tumor necrosis factor o; sSVCAM-1: soluble vascular adhesion molecule 1; VEGF: vascular endothelial growth factor; MCP-1: monocyte chemoat-
tractant protein 1; FGF-2: fibroblast growth factor 2; sICAM-1: soluble intercellular adhesion molecule 1; MDC: macrophage-derived chemokine; FKN: frack-

talkine.
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median values (12 of which were significant) in children
with SCA compared to healthy controls (Ounline
Supplementary Table S2 and Ownline Supplementary Table
S3). Only IL-12p70 showed a significantly decreased
median in SCA patients compared to healthy controls.
Known functions and SCA-related literature for each sig-
nificantly different factor can be found in Ounline

Supplementary Table S4. When mean values were com-
pared between untreated children with SCA and healthy
controls, 34 of the 41 factors were elevated.

At baseline assessment, the median duration of
hydroxyurea treatment was 4.7 years and the median
duration of transfusion therapy was 6.3 years (see Online
Supplementary Methods). When children receiving hydrox-

sCD40L
— EGF Eotaxin
>32431 m —— 1000 250 .
30000 & e S 1 A . —
) oo .
A i N " " aA . .
_, 20000 B %o N L aoo{ 4t e . _, 150 * o
E L] K L %0 E 4 B . £ A A2
E R ° B30y , L4 . ° % 2 a,
a4 g ey Axa i) o 1007 ,,,4 AA
10000 . 2004 °f ﬁaAi‘A ‘: . ‘;‘. ‘A“. p'&f o
a ool EE BT 0P s kv
Al ah Tl B e anas A
E-Seﬁ!*ectm IFNa.2
400 . 2000 .
1000 A ] %
PO 2007, T
300 - ﬁ o o *
100 N . '.:
. L A . .
-EI 200 y _El 0 Ai P
= ot 2 3
ant aa
100 Tt ack 25 AAA
s e
a
ND:
MCP-1
15007
10001 ,&, .
600 § 2
R
T I
- L Tl
“ & ese 000 3
R R
o
i W% T
MIP-1B
500- i pred
znol .
150 %
-t " AL -
. £ 100 “ R
. I .
. iy By B
50- &
o2 i A = —
oo 988 L e IR
L B v
VCAM A Untreated - Baseline
5
- ™HFe 4000 . e A Untreated - Follow Up
. & r ® agn -
w . ° 20001 N s - Initiating Hydroxyurea -
2 ([T : Baseline
. .‘A“ 2 i G ""’ gr .
2 & o 2 Vel mea e 0L 8 Initiating Hydroxyurea -
$ [ ¢ 510001 A% LB Foll
15 Lt abd = ::?ﬁ --..:‘ oo *v‘.'.’:, 85 ollow up
A, R P O S . Continuous Hydroxyurea -
A% —_— (] -
aiis b . Baseline
51 4" adad .
npl i 2 Continuous Hydroxyurea -
Follow Up

Figure 2. Analyses of children with SCA who switched from no treatment to hydroxyurea therapy during a 2-year observation period. Children were monitored
for serum cytokines, chemokines and adhesion molecules before and after a 2-year period during which they: (i) received no treatment, (ii) were switched from
no treatment to hydroxyurea, or (ii) continuously received hydroxyurea. Significant changes from baseline to follow-up sampling were determined using the
Wilcoxon signed-rank test. *P < 0.005, **P < 0.01, ***P < 0.001. EGF: endothelial growth factor; MIP-1ca.: macrophage inflammatory protein 1a; sCD40L: sol-
uble CD40-ligand; IL: interleukin; IP-10: inducible protein 10; GRO: growth-related oncogene; TGFa: transforming growth factor o; TNFa: tumor necrosis factor
o; sVCAM: soluble vascular adhesion molecule; MCP-1: monocyte chemoattractant protein 1; FGF-2: fibroblast growth factor 2; sICAM-1: soluble intercellular

adhesion molecule 1; IFNa.2: interferon a.2; MDC: macrophage-derived chemokine.
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yurea therapy at baseline were compared to untreated
children with SCA, significant differences were noted
(Figure 1, Ounline Supplementary Table S2 and Online
Supplementary Table S5) including reductions in soluble
(s)E-selectin, growth-related oncogene (GRO), MIP-1§,
transforming growth factor o (TGFa), tumor necrosis fac-
tor o (TNFa), soluble vascular adhesion molecule 1
(sVCAM-1) and vascular endothelial growth factor
(VEGEF). Only one factor, monocyte chemoattractant pro-
tein 1 (MCP-1), was significantly elevated in hydrox-
yurea-treated children. Even though levels of immune
and adhesion molecules were generally reduced in
hydroxyurea-treated patients, they often remained high-
er than those of healthy controls. When patients with
SCA receiving chronic blood transfusions at baseline
were evaluated, (Figure 1 and Online Supplementary Table
52), some factors were significantly reduced compared to
untreated patients, but most measurements remained
higher than those for patients treated with hydroxyurea.

Twenty-six untreated children initiated hydroxyurea
between baseline sampling and the 2-year assessment
date (median duration of treatment was 1.3 years). This
group afforded us the unique opportunity to evaluate the
early influence of hydroxyurea on immune and adhesion
molecules at an individual patient level. Each patient
served as its own control, allowing person-to-person
variability to be avoided. Initiation of hydroxyurea treat-
ment associated with a decrease in 19 of the factors
examined (Online Supplementary Table S6A), seven of
which were significantly decreased, including sCD40L,
EGEF, sE-selectin, IL-7, MIP-1a, MIP-1f, and sVCAM-1
(Figure 2). It is important to note that no significant dif-
ferences were found in patients who remained untreated
throughout the 2-year interval (N=38), even though fac-
tors such as sE-selectin and sVCAM-1 were expected to
decrease with age in non-SCA individuals® (Figure 2 and
Online Supplementary Table S6B).

Forty-one children were treated continuously with
hydroxyurea during the 2-year observation period (medi-
an duration of therapy at baseline sampling was 4.8
years). In this cohort, interferon a2 (IFNa2) and sVCAM-
1 were found to be reduced significantly over the 2-year
interval (Figure 2 and Ownline Supplementary Table S6A).
Additionally, although the median values were equiva-
lent for IL-4 and IL-7, the mean values and the number of
patients with elevated levels (above the limit of detec-
tion) were significantly reduced. These results suggest
that long-term treatment with hydroxyurea can sustain
or further reduce inflammatory markers. This benefit was
not observed in the participants who received transfu-
sions. Of the 17 chronic transfusion patients evaluated,
no significant decreases in factor levels over time were
observed over the 2-year observation period, though
TNFa was found to increase significantly (Online
Supplementary Table S6B). This increase may simply be a
reflection of the fact that TNFa is known to increase with
age;"” this increase is not observed in newly hydroxyurea-
treated (initiating hydroxyurea) patients, likely due to the
anti-inflammatory effects of the treatment (Figure 2).

Finally, we examined the longitudinal change of six
inflammatory markers: white blood cell count (WBC),
platelet count, von Willebrand antigen level (vWF:Ag), C-
reactive protein, D-dimer, and Factor VIII antigen level.
Only in the initiated hydroxyurea group were WBC,
platelet count, and vWF antigen levels significantly
reduced (Online Supplementary Table S7). The remaining
inflammatory markers did not significantly change in any
of the other SCA groups. The decline in WBC, platelet
count, and vWF during hydroxyurea was significantly

associated with reductions in VCAM-1, VEGEF and
E-selectin (Table 1). Paralleling the cytokine and inflam-
matory marker reduction, the incidence of vaso-occlusive
events (VOEs) reduced in both the continuous and initi-
ated hydroxyurea groups: 15.9 to 4.9 /100 patients-years
(P=0.01), and 21.2 to 5.8/100 patient-years (P=0.009),
respectively. No significant changes in VOEs were
observed in the continuous transfusions or untreated
groups (Online Supplementary Table S8).

Collectively, when expressed at high levels in patients
with SCA, immune and adhesion molecules indicate a
hyperinflammatory state due to widespread tissue dam-
age, a likely consequence of vaso-occlusion and tissue
ischemia.' Activated cells that contribute to elevated
serum factors include endothelial cells (expressing
selectins and adhesion molecules), monocytes (express-
ing TNFa and IL1p), and T-cells (expressing interleukins).
The precise array of factors in each patient sample was
likely dependent on numerous variables, including the
frequency, magnitude, and location of tissue damage.
The reduction in inflammatory factors described herein
suggested that treatments (particularly hydroxyurea)
reduced damage, perhaps by increasing fetal hemoglobin
and conferring mild myelosuppression.

Our results improve upon those of previous studies in
that we were able to monitor a large number of children
with SCA longitudinally over a 2-year period. Some
reductions with hydroxyurea treatment matched previ-
ously described results, such as reductions in TNF-a,
VEGF and E-selectin,”®' but others were new, for
instance reductions in sCD40L, GRO and MIP-1p.
Overall, we demonstrate that inflammatory markers are
elevated in children with SCA in comparison with
healthy controls, and also higher among untreated chil-
dren in relationship with those exposed to disease-modi-
fying therapies. Hydroxyurea therapy reduced inflamma-
tory molecule levels more efficiently and its prolonged
use sustained the reduction of most of these factors at
lower levels, and paralleled a reduction in VOEs and clin-
ical inflammatory markers, whereas chronic transfusion
therapy did not reduce inflammatory molecules to the
same degree.

As hydroxyurea treatments improved, but did not fully
correct inflammation in patients with SCA, advanced
drug development is warranted. Several new drugs with
specific anti-inflammatory targets are currently in devel-
opment. Anti-adhesion agents such as anti-E selectin (riv-
ipansel, formerly GMI-1070)," anti-P selectin (crizanl-
izumab),”® and broad anti-adhesives (simvastatin, AKT
inhibitors),” used individually or in combination with
hydroxyurea, have been shown to reduce VOEs. An
opportunity now exists to further test new drugs in com-
bination with hydroxyurea in order to potentiate the
benefits provided by hydroxyurea therapy alone. The
results herein may serve as a guide against which new
anti-inflammatory therapies for SCA can be compared.
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