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Abstract

Background: Vaso-occlusive crisis (VOC), a common clinical mani-
festation of sickle cell disease (SCD), is mediated by a series of in-
flammatory responses. Conversely, a high fetal hemoglobin (Hb F) 
level is a known factor that reduces the severity of clinical presenta-
tions associated with SCD. Since the association between cytokine 
profiles and high Hb F levels in SCD is not well studied, this study 
aims to investigate the interaction between cytokines and Hb F levels 
in SCD patients from Odisha, India.

Methods: A total of 276 patients with SCD were recruited for the 
study, including 180 in steady state and 90 in crisis state. Additionally, 
117 individuals with sickle cell trait (SCT) and 128 healthy controls 
were included for comparison.

Results: The study revealed that the total white blood cell count and 
interleukin (IL)-6 levels were significantly higher in crisis state SCD 
patients, while the red cell distribution width, IL-10, and Hb F level 
were significantly higher in steady state SCD patients. Most impor-
tantly, the logistic regression analysis showed that the interaction of 
Hb F with the cytokines IL-10, IL-1β, and IL-17 provided three times 
greater protection from crisis in SCD patients.

Conclusion: The significance of these preliminary findings has been 

discussed in terms of prognostic markers and supplements to increase 
the efficacy of hydroxyurea used to enhance Hb F production.
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Introduction

Vaso-occlusive crisis (VOC) is one of the most common clini-
cal manifestations of sickle cell disease (SCD) and accounts 
for approximately 95% of hospitalizations related to this con-
dition [1]. Most often it also leads to the development of other 
complications like acute chest syndrome (ACS), priapism, 
and hepatic/splenic sequestration. Consequently, there is a de-
crease in the health-related quality of life of the patients [2, 
3]. VOC is a complex process triggered by the interactions 
between sickled red blood cells (RBCs) and the vascular en-
dothelium, adherent leukocytes, and platelets in small blood 
vessels. The polymerization of sickled RBC causes a decrease 
in their flexibility and microvascular occlusion which involves 
complex interactions among leukocytes, the endothelium, and 
RBCs, ultimately causing tissue ischemia. These interactions 
are known to be mediated by cytokines secreted by T cells as 
well as adhesion molecules, and consequently, the immune re-
sponse is implicated in the initiation and development of the 
sickle cell crisis [4]. Since sickle cell anemia is a chronic in-
flammatory disease, research has focused on the mechanisms 
involved in the inflammatory processes of sickle cell anemia 
so as to develop targeted and effective therapies to improve the 
quality of life [5].

India is estimated to have the second-highest burden of 
SCD patients after Nigeria [6], characterized by high levels of 
fetal hemoglobin (Hb F), varying frequencies of alpha thalas-
semia, and a distinct pathophysiology [7]. Identifying inflam-
matory factor(s)/cytokine (s) that mediate the susceptibility of 
individuals along with high Hb F, the most powerful modifier 
of disease severity in SCD [8, 9], can help in identifying new 
predictive markers and interventions against SCD severity.

Therefore, during this study, we have tried to study the 
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association between cytokine profiles and high Hb F levels 
in order to understand the mechanisms that modulate disease 
severity in SCD with an aim to develop novel therapies that 
target inflammatory pathways within this population.

Materials and Methods

Patients presenting to the Outpatient Department or admitted 
to the Hematology Department of Institute of Medical Scienc-
es (IMS) & SUM Hospital, tertiary care referral hospitals in 
Odisha, were clinically examined for SCD and suspected cases 
were referred to the ICMR-Regional Medical Research Centre 
for confirmatory laboratory diagnosis from April 20 to May 
2023. SCD patients, less than 1 year old, had recently received 
blood transfusions, or were pregnant at the time of sample col-
lection, were excluded from the study.

Ethical clearance

The study was approved by the Institutional Ethical Commit-
tee of ICMR-Regional Medical Research Centre and the Insti-
tute of Medical Sciences & SUM Hospital, Bhubaneswar (IC-
MR-RMRC/IHEC-2022/104, dated 09/03/2022). This study 
was conducted in compliance with the ethical standards of the 
responsible institution on human subjects as well as with the 
Helsinki Declaration. Written consent was taken from all the 
participants before enrolling in this study.

Variable

Based on clinical severity, all SCD patients were categorized 
into two groups: group I - steady state and group II - crisis 
state. Steady state was defined as a period with no history of 
acute painful episodes, no history of underlying illness for 
the past 4 weeks, no history of blood transfusion in the previ-
ous 3 months, and no treatment with medications such as an-
tibiotics, while crisis is characterized by bone and joint pain, 
multiple sites of discomfort, the requirement for analgesics, 
and potential hospitalization [2]. Demographic information, 
clinical history, medication history, blood transfusion re-
cords, and hospitalization details were also collected from 
participants.

Laboratory investigations

After obtaining informed consent, 5 mL of venous whole blood 
was collected from the subjects under aseptic conditions and 
equally divided into ethylenediaminetetraacetic acid (EDTA) 
tubes (BD Vacutainer® EDTA) and gel separator tubes (BD 
SST® II Advance). Whole blood in EDTA tubes was used for 
the acquisition of hematological data for RBCs, white blood 
cells (WBCs), mean corpuscular hemoglobin (MCH), mean 
corpuscular hemoglobin concentration (MCHC), platelet/
thrombocytes (THR), mean corpuscular volume (MCV), he-

matocrit (HCT), hemoglobin (Hb), and red cell distribution 
width (RDW) using an automatic hematological counter 
(Genrui KT-6400, China). Serum was obtained from the gel 
separator tubes after centrifugation at 2,000 × g at 4 °C for 2 
min and stored at -20 °C for further use.

Diagnosis of hemoglobinopathy

The diagnosis of sickle cell was performed using cation-ex-
change high-performance liquid chromatography (HPLC; Bio-
Rad VARIANT-II Haemoglobin Testing System), utilizing the 
β-thalassemia short program.

Cytokine analysis

Serum cytokine levels were measured using commercially 
available human enzyme-linked immunosorbent assay (ELI-
SA) kits (Merck Life Science Pvt. Ltd; interleukin (IL)-6: cata-
log# RAB0306, IL-17: catalog# RAB0262, interferon (IFN)-γ: 
catalog# RAB0223, IL-10: catalog# RAB0244, and IL-1β: 
catalog# RAB0273 and Diaclone SAS, Besancon, France; tu-
mor necrosis factor (TNF)-α: catalog# 950.090.096 and IL-8: 
catalog# 950.050.096). The sensitivity of the assay was 80 pg/
mL for IL-17, 3 pg/mL for IL-6, 15 pg/mL for IFN-γ, 8 pg/mL 
for TNF-α, 12.3 pg/mL for IL-8, 1 pg/mL for IL-10, and 0.3 
pg/mL for IL-1β. The assay was carried out according to the 
manufacturer’s instructions. Absorbance was measured at 450 
nm and a linear standard curve was generated by plotting the 
average absorbance of each standard on the vertical axis ver-
sus the corresponding standard concentration on the horizontal 
axis. The level of cytokines in each sample was determined 
by extrapolating optical density (OD) values against standard 
concentration using the standard curve by using Graph Pad 
Prism software version 6.01 (La Jolla, CA, USA).

Statistical analysis

Categorical variables were reported as numbers and percent-
ages, while continuous variables were reported as mean ± 
standard deviation (SD). Mann-Whitney test was used to ana-
lyze the difference between two groups of unpaired data using 
Graph Pad Prism software version 6.01 (La Jolla, CA, USA) 
and the regression analysis was done using STATA 14. P-val-
ues of < 0.05 were considered statistically significant.

Results

A total of 521 individuals participated in the study, compris-
ing 260 (49.90%) males and 261 (50.09%) females, with a 
mean age of 26.69 years. Maximum number of cases be-
longed to the age group of 17 - 27 years, followed by 6 - 
16 years (27.63%), 28 - 38 years (20.15%), 39 - 49 years 
(13.05%), 49 - 59 years (6.90%), and 59 - 65 (2.87%) (Table 
1). Out of the 521 participants, 276 were SCD cases (145 
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males and 131 females) with a mean age of 24.3 years (range 
1 - 65 years), 117 were SCT cases (54 males and 63 females) 
with a mean age of 31.8 years (range 1.5 - 58 years), and 128 
were healthy controls (61 males and 67 females) with a mean 
age of 28.2 years (range 4 - 60 years). Out of 276 SCD cases 
recruited in the study, 96 (34.8%) were in crisis state and 180 
(65.2%) were in steady state.

Hematological parameters in steady and crisis state SCD 
patients

The results of the hematological analysis (Table 2) showed that 
the WBC count was significantly higher in crisis state SCD 
patients compared to steady state SCD patients (P > 0.001), 
individuals with SCT (P > 0.05), and healthy control group 
(P > 0.05). The MCV was highest in steady state patients, fol-
lowed by crisis state patients, healthy controls, and SCT cases. 
The differences were statistically significant between crisis 
and steady state patients (P > 0.001), between healthy control 
group and steady state patients (P > 0.001), and between SCT 
and steady state patients (P > 0.001). The MCH value was high 
in crisis and steady state patients when compared to SCT and 
healthy control groups. However, the difference was statisti-
cally significant only when comparing SCT with crisis state (P 
> 0.05) and steady state patients (P > 0.05). Similarly, MCHC 
values were higher in crisis state patients, but the difference 
was statistically significant only when comparing crisis with 
steady patients (P > 0.05) and between crisis patients and in-
dividuals with SCT (P > 0.05). Hb F level was higher in both 
steady state and crisis state SCD patients compared to SCT in-
dividuals and healthy controls. On the other hand, hematologi-
cal parameters like RBC and HCT are high among SCT and 
health control groups when compared to steady state and crisis 
state SCD groups and the difference was statistically signifi-
cant between all comparison groups, namely, crisis state and 
steady state patients, healthy control vs. crisis state patients, 
healthy control vs. steady patients, SCT vs. steady patients, 
SCT vs. crisis patients, and healthy control vs. SCT patients.

Overall, it was observed that WBC count was significant-
ly higher in crisis patients when compared to steady patients, 

SCT individuals, and healthy control group. Additionally, 
RBC was lower in both steady and crisis SCD patients when 
compared to SCT and healthy control groups. HCT count was 
lower in crisis SCD patients compared to steady patients, SCT, 
and healthy control groups (Table 2).

Cytokine analysis

The IL-6, IL-17, IL-8, TNF-α, IFN- γ, IL-10, and IL-1β se-
rum cytokine levels were measured in 43 crisis state patients 
and 130 steady state patients and compared with healthy con-
trols. The Mann-Whitney test was employed to assess the 
association of aforementioned serum cytokine levels among 
different groups as seen in Figure 1. The expression of IL-6 
was significantly higher in crisis state patients compared to 
healthy controls, but the same was not observed in the case 
of steady state. However, the level of IL-6 was significantly 
higher (P = 0.0013) in crisis state patients compared to steady 
state patients. Though IL-8 was significantly higher in both 
crisis state patients (P = 0.0001) and steady state patients (P 
< 0.0001) compared to healthy controls, no difference exist-
ed in the mean between the two SCD subgroups (steady and 
crisis). The levels of TNF-α and IL-1β were higher in SCD 
(both crisis and steady) cases compared to healthy controls, 
but no significant difference existed between the groups. The 
level of IL-17 was the same in both SCD cases and healthy 
ones. The expression of regulatory cytokine IL-10 was sig-
nificantly higher in steady SCD cases (P = 0.033) compared 
to crisis and healthy ones.

Logistic regression analysis

Logistic regression analysis was applied to test the influence 
of cytokines and Hb F level on crisis state and steady state in 
aforementioned 173 SCD patients (43 crisis state patients and 
130 steady crisis state patients). Multivariate logistic regres-
sion model (Table 3) showed that there was a possible interac-
tion between Hb F and cytokines IL-17, IL-10, and IL-1β. The 
unadjusted beta coefficient of Hb F level against SCD crisis 
status changed from -0.050193 (0.113625, 0.0132385, P = 
0.121) to -0.130237 (0.2307774, 0.0296959, P = 0.011) when 
interacting with IL-17 (model 1). This interaction significant-
ly improved the role of Hb F by decreasing SCD crisis from 
4.9% to 12.2%. Similarly, the unadjusted beta coefficient of 
Hb F level against SCD crisis status changed from -0.052174 
(0.113625, 0.0132385, P = 0.121) to -0.132508 (0.0302486, 
0.875896, P = 0.011) when interacting with IL-10 (model 2) 
and this interaction again significantly decreased SCD crisis 
from 4.9% to 12.4%. Along the same lines, the unadjusted beta 
coefficient of the Hb F level against SCD crisis status changed 
from -0.050193 (0.113625, 0.0132385, P = 0.121) to -0.130346 
(-0.234307, -0.0263852, P = 0.014) when interacting with IL-
1β (model 3). Like the observation in the previous two models, 
this interaction also decreased the chances of SCD crisis from 
4.9% to 12.2%. Table 4 shows the results of logistic regres-
sion analysis examining the relationships between IL-6, IL-17, 

Table 1.  Demographic Data of All Participants

Variable Total (N = 521)
Age
    6 - 16 years 144 (27.63%)
    17 - 27 years 153 (29.26%)
    28 - 38 years 105 (20.15%)
    39 - 49 years 68 (13.05%)
    49 - 59 years 36 (6.90%)
    59 - 65 years 15 (2.87%)
Mean age, years 26.69 ± 17.00
Male (N = 260) 260 (49.90%)
Female (N = 261) 261 (50.09%)
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Figure 1. Association between cytokines and sickle cell disease patients in steady and crisis state, and healthy controls.
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IL-8, TNF-α, IFN-γ, IL-10, IL-1β, and Hb F individually with 
SCD crisis state and steady state.

Discussion

Hematological parameters and cytokine levels in serum seem 
to be useful predictors of the disease severity in SCD. In the 
present study, assessment of plasma cytokines such as IL-6, 
IL-10, IL-8, IL-17, TNF-α, IFN-γ, and IL-1β in SCD patients 
showed a significant elevation of IL-6 level in crisis state and 
IL-10 in steady state, but no difference was observed in IL-
17, TNF-α, IFN-γ, and IL-1β levels in steady and crisis states, 
emphasizing the possible role of IL-6 in the development of 
VOC and protective role of IL-10 against disease severity. To 
the best of our knowledge, this is the first study among the In-
dian SCD population that corroborates with the findings of the 
studies conducted in Brazil [10], Bahrain [11], and Egypt [12].

The possible mechanism of elevation of IL-6 level might 
be due to the effects of by-products of hemolysis of sickle cell 
RBCs, particularly microparticles (MPs) and damage-associ-
ated molecular patterns (DAMPs) [13]. Because, in other such 

studies, it has been shown that the MPs of platelets and leuko-
cytes origin and DAMPs increase the production of IL-6 [14, 
15] and upregulation of IL-6 in turn stimulates endothelial MPs 
to induce endothelial dysfunction. It is known that endothelial 
dysfunction leads to a loss of vascular integrity, expression of 
leukocyte adhesion molecules, change in the surface pheno-
type from antithrombotic to prothrombotic, excessive cytokine 
production, and ultimately increasing adhesion molecules like 
endothelial intercellular adhesion molecule 1 (ICAM-1) and 
neutrophil adhesion [16]. Several studies have also shown that 
MPs in circulation have been linked to the regulation of en-
dothelial function in a range of vascular pathologies-related 
disorders like cardiovascular disease, ischemic coronary artery 
disease [17], diabetes [18], and infectious diseases such as cer-
ebral malaria [19]. Hence, this could be one of the probable 
mechanisms behind the observed increased level of IL-6 pro-
duction and development of crisis in the studied patients. On 
the other hand, IL-10, considered as a regulatory cytokine, has 
a broad spectrum of immunomodulatory and anti-inflamma-
tory activity in various cases of inflammation and infection. 
Significantly high IL-10 levels among steady state SCD pa-
tients in the present study align with the observation made by 

Table 3.  Logistic Regression Models Showing Interaction Between Hb F and Cytokines IL-17, IL-10, and IL-β in Crisis and Steady 
SCD Patients

Cytokine Coefficient Standard error Lower 95% con-
fidence interval

Upper 95% con-
fidence interval Odds ratio P value

Hb F -0.050193 0.032364 -0.113625 0.0132385 0.951046 0.121
Model 1
    Hb F -0.130237 0.051297 -0.2307774 -0.0296959 0.877888 0.011*
    IL-17 0.0060895 0.00994 -0.013393 0.025572 1.006108 0.54
Model 2
    Hb F -0.132508 0.052174 -0.2347672 -0.0302486 0.875896 0.011*
    IL-10 0.0003799 0.007235 -0.0138011 0.014561 1.00038 0.958
Model 3
    Hb F -0.130346 0.053042 -0.234307 -0.0263852 0.877792 0.014*
    IL-β 0.0491697 0.063141 -0.0745843 0.1729238 1.050399 0.436

Significant association *P < 0.05. Hb F: fetal hemoglobin; IL: interleukin; SCD: sickle cell disease.

Table 4.  Logistic Regression Analysis of Cytokines, Hb F Level With Crisis and Steady SCD Patients

Cytokine Coefficient Standard  
error

Lower 95% con-
fidence interval

Upper 95% con-
fidence interval Odds ratio P value

IL-6 0.0065854 0.003496 -0.0002658 0.0134366 1.006607 0.06
IL-17 0.0076512 0.009619 -0.011201 0.0265035 1.007681 0.426
IL-8 0.0001269 0.00043 -0.0007164 0.0009702 1.000127 0.768
TNF-α 0.002244 0.001758 -0.0012016 0.0056897 1.002247 0.202
IFN-γ -0.002933 0.009023 -0.026165 0.0147509 0.997072 0.745
IL-10 -0.00375 0.006572 -0.0166307 0.0091312 0.996273 0.568
IL-1β 0.0806308 0.068892 -0.0543955 0.2156572 1.083971 0.242
Hb F -0.050193 0.032364 -0.113625 0.0132385 0.951046 0.121

Hb F: fetal hemoglobin; IFN: interferon; IL: interleukin; SCD: sickle cell disease; TNF: tumor necrosis factor.
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others, who found that IL-10 levels were reduced in sickle cell 
children with osteomyelitis [11]. However, the increased pro-
duction and activation of B cells in sickle cell anemia patients 
through various receptors (B-cell receptor (BCR), CD40, and 
Toll-like receptors (TLRs)) has been found to trigger intracel-
lular signaling pathways like phosphatidylinositol 3-kinase 
(PI3K)-Akt and nuclear factor-kappa B (NF-κB) and promote 
the expression of transcription factors that drive IL-10 produc-
tion [20-22]. The inverse relationship between the expression 
of major inflammatory cytokines IL-6 and IL-10 in the crisis 
stage of SCD patients in the present study may be attributed 
to the immune-inhibitory role of IL-10, which primarily de-
pends on antigen-presenting cells and the production of Th1 
cytokines. Although our study did not reveal any differences in 
the levels of IL-8, IL-17, IL-1β, and IFN-γ, studies conducted 
in Iran and Oman have shown a positive correlation between 
increased levels of IL-8 and IL-17 and the crisis state [23, 24]. 
This may be due to the association between various β-globin 
haplotypes and cytokine polymorphisms that regulates the lev-
el of cytokine expression [25, 26].

Similarly, we have found a significantly higher WBC count 
in the crisis state, compared to the steady state and the normal 
control group as reported earlier in Ghana and the Nigerian 
population [9, 27-29]. The high WBC count, a marker of the 
chronic inflammatory state, may result from functional hypo-
splenism and asplenia in the SCD population, triggered by the 
stimulus for erythropoiesis or subclinical infection [30], and 
during the crisis state of SCD, WBC might be playing a signifi-
cant role in tissue damage, inflammation, and ultimately vaso-
occlusion by stimulating the production of vascular endothelial 
ligands for the blood cell adhesion molecules [31]. Similarly, 
high level of Hb F among Indian SCD patients compared to the 
African population represents a distinctive hematological fea-
ture that has been found to be associated with less severe pres-
entation of various clinical manifestations [32, 33]. High level 
of Hb F increases the flexibility of RBCs, thus preventing he-
molysis and subsequent MP generation, and might be endothe-
lial activation. During regression analysis, it was revealed that, 
independently, IL-17, IL-10, IL-1β, and the Hb F levels do not 
influence SCD crisis status significantly. The analysis showed 
that in the presence of Hb F, the chances of a crisis event were 
reduced by 4%; however, interaction of Hb F with cytokines 
IL-10, IL-1β, and IL-17, reduces the chances of SCD crisis 
events by three times (12%). Although the role of cytokines 
in increasing the function of Hb F is not known, yet an ex vivo 
study conducted on adult erythroid cells showed that cytokine-
mediated signal transduction increases the production of Hb F 
by mediating epigenetic modifications in the globin genes [34]. 
With this backdrop, we hypothesize (which will need further 
research, using cell culture method to be proven) that increased 
Hb F levels, probably induced by certain cytokines, increase 
the flexibility of RBCs. This increased flexibility may reduce 
endothelial dysfunction by decreasing the production of MPs 
and inflammatory cytokines, thereby mitigating the subsequent 
cascade of inflammatory responses. Consequently, this mecha-
nism could protect patients from crisis.

In conclusion, the present study reveals a significant asso-
ciation between WBC count and IL-6 levels with the develop-
ment of VOC. These two variables can be used as predictive 

markers. Conversely, a significant reduction in the incidence 
of crisis state with high Hb F levels, along with IL-10, IL-1β, 
and IL-17, indicates that these cytokines can be considered as 
complimentary therapeutic agents to enhance the effective-
ness of hydroxyurea. However, further extensive studies are 
needed.
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