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This study tested the hypothesis that sickle red blood cell (SS-RBC) induce Toll-like receptors (TLR) and
Nod-like receptor family, pyrin domain containing 3 (NLRP3)- inflammasome expression in peripheral
blood mononuclear cells (PBMC). TLR and NLRP3 inflammasome could contribute to the maintenance
of the inflammatory status in sickle cell anemia (SCA) patients, since SS-RBC act as danger signals activat-
ing these pathways. In this study, first, we evaluated TLR (2, 4, 5 and 9), NLRP3, Caspase-1, interleukin (IL)-
1b and IL-18 expression in PBMC freshly isolated from SCA patients (SS-PBMC) in comparison with PBMC
from healthy individuals (AA-PBMC). In the second moment, we investigated whether SS-RBC could
interfere with the expression of these molecules in PBMC from healthy donor, in the absence or presence
of hydroxyurea (HU) in vitro. TLRs and NLRP3 inflammasome expression were investigated by qPCR. IL-
1b, Leukotriene-B4 (LTB4) and nitrite production were measured in PBMC (from healthy donor) culture
supernatants. TLR2, TLR4, TLR5, NLRP3 and IL-1b were highly expressed in SS-PBMC when compared to
AA-PBMC. Additionally, SS-RBC induced TLR9, NLRP3, Caspase-1, IL-1b and IL-18 expression and induced
IL-1b, LTB4 and nitrite production in PBMC cultures. HU did not prevent TLR and NLRP3 inflammasome
expression, but increased TLR2 and IL-18 expression and reduced nitrite production. In conclusion, our
data suggest that TLR and inflammasome complexes may be key inducers of inflammation in SCA
patients, probably through SS-RBC; also, HU does not prevent NLRP3 inflammasome- and
TLR-dependent inflammation, indicating the need to develop new therapeutic strategies to SCA patients
that act with different mechanisms of those observed for HU.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sickle cell anemia (SCA) is a genetic disorder characterized by
the production of abnormal red blood cells, homozygosity of
hemoglobin S (HbS) and oxygen transport dysfunction. Clinically,
SCA patients can be in a steady state, with subclinical manifesta-
tions, or in crisis, showing systemic inflammation, with vaso-
occlusive phenomena and painful episodes, as well as susceptibil-
ity to infections and hemolysis [1–3]. SCA has been characterized
as a chronic inflammatory state, with abnormal activation and ele-
vated number of peripheral blood mononuclear cells (PBMCs),
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Table 1
Hematological and biochemical parameters of steady-state SCA patients and healthy
volunteers.

SCA patients
(n = 12)
(mean ± SD)

Healthy
individuals
(n = 9)
(mean ± SD)

p value*

Age (years) 9.08 ± 4.72 12.44 ± 5.60 0.1864
RBC (�106/mL) 2.99 ± 0.36 4.78 ± 0.41 <0.0001
Platelets (�109/mL) 441.00 ± 118.10 307.10 ± 49.85 0.0056
Leukocyte (�109/mL) 15,178 ± 4474 6767 ± 1716 0.0002
Reticulocyte (%) 7.25 ± 2.05 0.76 ± 0.17 0.0004
Hemoglobin (g/dL) 8.68 ± 1.03 13.23 ± 1.27 0.0004
Fetal Hemoglobin (%) 7.73 ± 6.26 0.48 ± 0.42 0.0007
Hematocrit (%) 25.34 ± 3.53 39.43 ± 3.18 0.0004
Ferritin (ng/mL) 246.30 ± 213.80 36.63 ± 18.53 0.0016
C-reactive protein

(mg/L)
5.17 ± 0.67 1.58 ± 1.16 0.0163

SCA sickle cell anemia, SD standard deviation, RBC red blood cells.
* Mann-Whitney test; values to p < 0.05 were considered a significant difference.
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endothelial dysfunction and an increased level of multiple inflam-
matory mediators [4–7].

Endothelial cells, leukocytes and platelets are constantly
exposed to reticulocytes, normal and sickle red blood cells. This
exposure contributes to the systemic inflammation and pro-
thrombotic phenomena [8,9]. Nitric oxide (NO) is an important
molecule involved in the maintenance of vascular homeostasis.
Moreover, sickle red blood cells (SS-RBC) induces leukotriene (LT)
production, an inflammatory mediator derived from arachidonic
acid metabolism, which induces leucocytes migration and
activation [10–13]. In addition to increased levels of NO metabo-
lites (nitrite and nitrate), SCA patients have increased levels of
LTB4, even in steady state, which are associated with the severity
of clinical outcome, particularly during vaso-occlusion episodes
[14–16].

Since the presence of SS-RBC is a typical feature in SCA patients,
more investigation is necessary in order to identify its role in the
amplification and maintenance of inflammatory immune response
within these conditions. Innate immune system is able to recog-
nize danger-associated molecular patterns (DAMPs) by TLRs
(Toll-like receptors) and Nod-like receptors (NLR) [7,17]. Since
TLRs and NLRs are a family of evolutionary conserved proteins that
recognize pathogen (PAMPs) and DAMPs associated molecular pat-
terns, it is expected that these receptors play a critical role in SCA
pathogenesis [17–21].

In humans, at least ten TLRs (TLR1 to TLR10) are reported, each
of which has specificity for a particular PAMP or DAMP [22]. Sev-
eral studies have shown association between expression of these
receptors and inflammatory conditions [23–25]. In SCA, for
instance, high-mobility group protein B1 (HMGB1) and heme are
DAMPs that act as TLR4 agonists [18,19,21,26–28]. Other TLR, such
as TLR2, TLR5 and TLR9, were recently shown to recognize cellular
residues and other endogenous molecules, acting as signals for tis-
sue injury [25,29,30].

Nod-like receptors, in turn, oligomerizes under activation
resulting in an inflammatory multi-protein platform, known as
inflammasome. HMGB1, iron and heme are the major DAMPs con-
sidered as NLR agonists [19,21,31–34]. Classically, inflammasome
consists of NLRP (usually NLRP3, Nod-like receptor family, pyrin
domain containing 3), inflammatory protease caspase-1 and the
apoptosis-associated speck-Like protein containing card (ASC).
Then, active caspase-1 converts the inflammatory cytokines IL-1b
and IL-18 into active forms [35–41]. High levels of these cytokines
have been associated with different clinical inflammatory condi-
tions, such as multiple sclerosis, cancer, Alzheimer’s disease,
Behcet’s disease, arthritis and SCA [7,17,42–48].

Thus, TLRs and NLRP3 inflammasome may play a role in the
immunopathogenesis of inflammatory diseases, such as SCA, con-
tributing to its severity. However, these pathways can be responsi-
ble for therapeutic failure in regard of inflammation. Hydroxyurea
(HU) is the drug approved for treatment of SCA patients, and is a
cytotoxic agent that inhibits ribonucleotide reductase enzyme
and leads to improvement in levels of fetal hemoglobin (HbF),
hydration of RBC and reduction of SS-RBC-endothelial interaction
[49,50]. Such effects are associated with improvement of clinical
status of the patient and reduction of inflammatory markers
[49,51]. However, it is not known whether HU interferes with
TLR or NLR signaling pathways.

The role that inflammatory receptors, such as TLRs and NLRs,
play in the immunopathogenesis of SCA, as well as the contribution
of RBC from SCA patients to the induction of inflammation and the
role of HU in this scenario are still not clear. In this study, we eval-
uated the gene expression of TLR (TLR2, TLR4, TLR5, TLR9) and
NLRP3-inflammasome components (NLRP3, caspase-1, IL-1b and
IL-18) in PBMC of SCA patients. Moreover, we investigated the
effect of SS-RBC on the expression of these genes and production
of IL-1b cytokine, LTB4 and nitrite in PBMC from healthy controls,
as well as in vitro effect of HU in these conditions.

2. Materials and methods

2.1. Study subjects

A cross sectional study was performed to include 12 SCA
patients (age 9.1 ± 4.7 years), recruited at the Fundação de Hema-
tologia e Hemoterapia do Estado da Bahia (HEMOBA). All patients
were in steady state, characterized by absence of blood transfusion
in a period of four months prior to blood draw. In addition, patients
included in this study did not show any infection, hospitalization
or vaso-occlusive event, and were not under antibiotics, corticos-
teroids or HU treatments, but all patients were under treatment
with folic acid. The control group consisted of 9 healthy individuals
(age 12.4 ± 5.6 years) recruited at the Pharmacy College (FacFAR) of
Universidade Federal da Bahia (UFBA). This group was character-
ized by absence of hematological disorders or inflammatory condi-
tions. All procedures followed were in accordance and approved by
the Research Ethics Committee of the Fundação Oswaldo Cruz –
FIOCRUZ, Brazil; and also with the Helsinki Declaration of 1975,
and its revisions. Informed consent was obtained from all patients
(or their parents/legal guardians).

2.2. Blood samples and preparation of red blood cells

Venous blood was collected from patients and controls using
EDTA to determine hemoglobin profile and to obtain red blood
cells (RBC). Briefly, each blood sample was centrifuged at 270g
for 10 min to discard the platelet-rich plasma (PRP). Leukocytes
and PRP were removed by aspiration, and RBC were washed 3
times at 170 g for 5 min with sterile phosphate buffered saline
(PBS) (pH 7.3). RBC concentrate were assessed for leukocyte and
platelet contamination by staining with trypan blue and then ana-
lyzed by using a phase contrast microscope (Olympus CK2, Center
Valley, PA, USA).

2.3. Hematological and biochemical analysis

Hematological and biochemical parameters from patients and
controls included in this studied was obtained. RBC, platelets,
leukocyte, reticulocyte, hemoglobin, fetal hemoglobin, hematocrit,
ferritin and C-reactive protein of the SCA patients and controls are
shown in Table 1. The mean age of patients and healthy individuals
was similar.



Table 3
Primer sequences used for qPCR.

Gene Primer (50 ? 30)

TLR-2 F: TTG TGA CCG CAA TGG TAT CTG
R: GCC CTG AGG GAA TGG AGT TT

TLR-4 F: GGC CAT TGC TGC CAA CAT
R: CAA CAA TCA CCT TTC GGC TTT T

TLR-5 F: TGT ATG CAC TGT CAC TCT GAC TCT GT
R: AGC CCC GGA ACT TTG TGA CT

TLR-9 F: AAC CTC CCC AAG AGC CTA CAG
R: CAG CAC TTA AAG AAG GCC AGG TA

NLRP3 F: TGC CCC GAC CCA AAC C
R: GAA GCC GTC CAT GAG GAA GA

T.N. Pitanga et al. / Cytokine 83 (2016) 75–84 77
Hematologic values and RBC indices were determined by using
the electronic counter ABX Pentra and morphological analysis of
red blood cells was performed by microscopic examination of
blood smears stained with Wright. The hemoglobin profile was
confirmed by HPLC in automated equipment (Variant I -
Bio-Rad). Reticulocytes were counted after supravital staining.
Biochemical analyzes were determined by automated method
and included the C-reactive protein. These analyses were per-
formed using A25 equipment (AS Biosystems, Barcelona, Spain)
at the Pharmacy College, UFBA.

2.4. Peripheral blood mononuclear cells separation

Fresh PBMC were obtained from peripheral blood of SCA
patients (n = 12) and healthy individuals (n = 9) and by gradient
centrifugation on Ficoll-Hypaque (GE Healthcare Bio-Sciences
Corp. Piscataway, NJ, USA) at room temperature. Briefly, 10 mL of
whole blood diluted with 10 mL PBS was carefully added in
15 mL of ficoll followed by centrifugation at 500g for 30 min.
Mononuclear leukocyte layer was separated with PBS by centrifu-
gation at 500g for 10 min. The pellet was washed two times with
PBS and centrifuged at 180g for 10 min to partially remove the pla-
telets. Pellet was resuspended in RPMI-1640 medium (Gibco,
Grand Island, NY, USA) supplemented with 10% FBS (Sigma-
Aldrich, St. Louis, MO, USA) and with 100 U/ml penicillin and
100 lg/ml streptomycin (Gibco, Grand Island, NY, USA).

Additionally, PBMC were isolated from one healthy donor, using
the same procedures described above. These PBMC were used only
for cell cultures challenged with RBC and were adjusted to
3 � 106 cells/mL in 500 lL of RPMI and distributed in 24-well plate
(Corning, Costar, Sigma-Aldrich, St. Louis, MO, USA).

2.5. IL-1b, leukotriene-B4 and nitrite production by PBMC cultures

Experiments were independently set in the following manner:
PBMC from the same healthy donor were cultured with 3% RBC
from 12 SCA patients (SS-RBC) and 9 healthy controls (AA-RBC)
at 37 �C and 5% CO2, in the presence or absence of 100 lM HU
(Sigma-Aldrich, Saint Louis, MO, USA) [50,52]. After 24 h, super-
natants were collected and used for the detection of IL-1b (R&D
Systems, Minneapolis, USA) and LTB4 (Cayman Chemical Company,
Ann Arbor, MI, USA) using ELISA kits, according to the manufac-
turer’s instructions. Nitrite production was assessed in the same
culture supernatants by determining nitrite accumulation, using
the Griess method [53]. Similar methods were performed to mea-
sure these inflammatory mediators in sera of SCA patients and
healthy volunteers (Table 2).

2.6. Expression of mRNA for Toll-like receptors and NLRP3-
inflammasome components

Total RNA was isolated from PBMC freshly isolated from SCA
patients and healthy controls as well as PBMC from healthy donor
challenged with AA or SS-RBC using Trizol Reagent (Invitrogen, Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s
Table 2
Steady-state inflammatory markers values of the SCA patients and healthy
individuals.

SCA patients
(n = 12) (mean ± SD)

Healthy volunteers
(n = 9) (mean ± SD)

p value*

IL-1b (pg/mL) 9.12 ± 4.01 2.18 ± 0.49 0.018
LTB4 (pg/mL) 992.40 ± 771.20 285.80 ± 110.10 0.003
Nitrite (lM) 35.61 ± 15.73 6.38 ± 1.87 <0.0001

* Mann-Whitney test, values to p < 0.05 were considered a significant difference.
instructions and RNA concentrations were measured by Nano-
DropTM Lite Spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, MA, USA). Reverse transcription was performed with 400 ng of
total RNA using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems TM, Foster City, CA, USA) according to the
manufacturer’s instructions. The conditions used were 25 �C for
10 min, 37 �C for 120 min and 85 �C for 5 min.

Gene expression analysis was evaluated by quantitative real-
time PCR (qPCR) on an ABI 7500 FAST Real-Time PCR equipment
(Applied Biosystems TM, Foster City, CA, USA) for TLR2, TLR4,
TLR5, TLR9, NLRP3, IL-1b and IL-18, Caspase-1, GAPDH and b-ACTIN
genes with Power SYBR� Green, according to the manufacturer’s
instructions. The standard qPCR conditions were as follows:
10 min at 95 �C, followed by 40 cycles at 95 �C for 15 s, and 60 �C
for 60 s. Primers used for qPCR reactions are shown in Table 3.
After amplification and dissociation curve runs, the values of
threshold cycle (Ct) were obtained by using the Operational Pro-
gram 7500TM System (Applied Biosystems, TM, Foster City, CA,
USA). The intra-assay precision was calculated using the equation
E = (�1/slope) to confirm precision and reproducibility of qPCR.
The expression levels were normalized based on the geometric
mean of GAPDH and b-ACTIN (endogenous controls). Relative
expression folds were calculated based on 2�ddCt method [54]
using non-stimulated PBMC as calibrator.

2.7. Statistical analysis

Average values of quantitative variables were compared
between groups using the Mann-Whitney test for non-normally
distributed data. qPCR was performed in triplicate and values were
expressed as mean ± SEM. Values of p < 0.05were considered a sig-
nificant difference. All data were analyzed using Prism 5.1 software
(GraphPad, San Diego, CA, USA).

3. Results

3.1. Levels of inflammatory mediators were higher in sera of SCA
patients compared to healthy volunteers

Serum and whole blood samples from SCA patients (n = 12) and
healthy individuals (n = 9) were evaluated in this study and hema-
tological and biochemical parameters are summarized in Table 1.
CASPASE-1 F: AAA AAA TCT CAC TGC TTC GGA CAT
R: TCT GGG CGG TGT GCA AA

IL-1b F: AGC TAC GAA TCT CCG ACC AC
R: CGT TAT CCC ATG TGT CGA AGA A

IL-18 F: ATC GCT TCC TCT CGC AAC A
R: TCT ACT GGT TCA GCA GCC ATC TT

GAPDH F: CAC ATG GCC TCC AAG GAG TAA
R: TGA GGG TCT CTC TCT TCC TCT TGT

b-ACTINA F: CCT GGC ACC CAG CAC AAT
R: GCC GAT CCA CAC GGA GTA CT

TLR Toll like receptor, NLR NOD like receptor, F Forward sequence, R Reverse
sequence.
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As expected, all hematological and biochemical results were differ-
ent between patients and healthy individuals. Regarding inflam-
matory mediators, serum levels of IL-1b (9.12 ± 4.01), LTB4
(1091.00 ± 688.30) and nitrite (35.61 ± 15.73) in SCA patients were
higher when compared to healthy volunteers (2.18 ± 0.49,
p = 0.018; 285.80 ± 110.10, p = 0.003; 6.38 ± 1.87, p < 0.0001,
respectively, Table 2).

3.2. TLR and NLRP3 inflammasome components are highly expressed in
PBMC of SCA patients

SCA is an inflammatory condition in which the innate immune
response may play an important role, both in initiating and main-
taining the pathological response. For this reason, we hypothesized
that SS-RBC act as danger signals that induce gene expression of
TLR and NLRP3 inflammasome components. We first examined
whether the expression of TLR2, TLR4, TLR5, TLR9, NLRP3,
caspase-1, IL-1b and IL-18, assessed by qPCR, differed between
PBMC obtained from SCA patients (SS-PBMC, n = 12) and healthy
individuals (AA-PBMC, n = 9).

As shown in Fig. 1a-c, expression of TLR2, TLR4 and TLR5 was
significantly higher in SS-PBMC (0.46 ± 0.17; 47.50 ± 21.46 and
0.88 ± 0.23) when compared to AA-PBMC (0.20 ± 0.07;
20.60 ± 1.75 and 0.37 ± 0.09 respectively, p < 0.05). On the other
hand, TLR9 was equally expressed in both SS-PBMC and
AA-PBMC (Fig. 1d).

Expression of NLRP3 and IL-1b was significantly higher in
SS-PBMC (2.30 ± 1.02 and 2.84 ± 1.08) as compared to AA-PBMC
(0.75 ± 0.13 and 1.24 ± 0.38 respectively, p < 0.05) (Fig. 1e and g).
On the other hand, mRNA expression of Caspase-1 and IL-18 did
not differ between PBMC from healthy individuals and SCA
patients (Fig. 1f and h).

3.3. SS-RBC induces TLR9 and NLRP3 inflammasome components
expression in PBMC

Assuming that TLRs are highly expressed in PBMC of SCA
patients, we next tested whether SS-RBC are able to induce expres-
sion of TLR2, TLR4, TLR5 and TLR9 in PBMC culture. For this purpose,
we isolated PBMC from the same healthy donor and incubated
these cells in the presence of SS-RBC (n = 12) or AA-RBC (n = 9).

As shown in Fig. 2a-c, AA-RBC or SS-RBC were not able to induce
expression of TLR2, TLR4 or TLR5, when compared to the basal
expression of these receptors observed in unstimulated PBMC
cultures. Nevertheless, it was noteworthy that SS-RBC, but not
AA-RBC, were able to increase TLR9 expression, by almost 4-fold,
when compared to unstimulated PBMC culture (p < 0.05; Fig. 2d).
Therefore, SS-RBC were good inducers of TLR9 expression, an effect
that was not observed with AA-RBC. This peculiarity is probably
mediated by a danger signal that is present in the cell surface or
actively released in the medium by SS-RBC and not by AA-RBC.

Since it has been shown that PBMC express mediators associ-
ated with NLRP3 inflammasome, we decided to investigate
whether SS-RBC could act as a DAMP (eDAMP) driving expression
of NLRP3 inflammasome-related molecules in PBMC culture. As
shown in Fig. 2e-h, SS-RBC induced the expression of NLRP3,
caspase-1, IL-1b and IL-18 in PBMC cultures, whereas AA-RBC were
not able to induce these pattern of gene expression.

3.4. Hydroxyurea treatment increases TLR2 and IL-18 expression

HU is an antineoplastic drug used to treat SCA patients, of which
the main beneficial effect expected is the improvement in HbF
levels. However, it is not clear if HU directly interferes in the
inflammatory condition of these patients. In order to address this
issue, PBMC cultures were challenged with SS-RBC and treated or
not with HU. These PBMC incubated with SS-RBC and treated with
HU showed higher TLR2 gene expression (1.03 ± 0.20) when com-
pared to untreated PBMC (0.78 ± 0.33; p < 0.05; Fig. 3a). On the
other hand, expression of TLR4, TLR5 and TLR9 were not affected
by HU treatment (Fig. 3b-d).

As shown in Fig. 3e-g, expression of NLRP3, caspase-1 and IL-1b
were not significantly affected by HU treatment. In contrast, HU
increased IL-18 expression (1.64 ± 0.23) by almost 2-fold, when
compared to untreated PBMC culture (0.75 ± 0.07; p < 0.05;
Fig. 3h). Thus, besides the positive effect of HU on HbF production,
our data suggests that this drug could be able to increase TLR2 and
IL-18 inflammatory pathways.
3.5. SS-RBC induce the production of IL-1b and LTB4, regardless of
hydroxyurea treatment, whilst this drug reduces nitrite production

In addition to assessing gene expression, we also evaluated IL-
1b secretion in PBMC culture upon activation of Nod-like receptors.
We observed that SS-RBC induced higher production of IL-1b than
AA-RBC (Fig. 4a). These data suggest that SS-RBC, as opposed to
AA-RBC, can act as a DAMP, activating an inflammatory response
mediated by receptors from the innate immune system.

HU treatment showed no effect in down-regulating IL-1b pro-
duction induced by SS-RBC on PBMC culture (Fig. 4b). These find-
ings suggest that this treatment does not modulate the IL-1b-
dependent inflammatory response.

It has been demonstrated that SCA patients have increased con-
centrations of LTB4 and NOmetabolites [13,15]. Since LTB4 is a lipid
involved in inflammation, we tested whether AA- or SS-RBC were
able to induce its production in PBMC culture, and whether HU
could regulate this scenario. We showed that SS-RBC induced
higher production of LTB4 (6.92 ± 2.19) when compared to AA-
RBC (3.19 ± 0.27; p < 0.05) (Fig. 4c), and this effect was not reversed
by HU addition (Fig. 4d).

We also evaluated the concentration of nitrite, a NOmetabolism
product, in the supernatant of PBMC cultures challenged with RBC.
As shown in Fig. 4e, SS-RBC (73.34 ± 26.12) induced significantly
higher production of nitrite compared to AA-RBC (46.69 ± 30.45,
p < 0.0001). Moreover, it was noteworthy that HU treatment was
able to reduce nitrite production when PBMC cultures were stimu-
lated with SS-RBC (73.34 ± 26.12), as compared to cultures stimu-
lated with SS-RBC without HU (46.69 ± 30.45, p < 0.05) (Fig. 4f).
4. Discussion

The innate immune system acts as a first line of defense against
pathogens, by recognizing PAMPs, but also senses DAMPs from
sterile tissue injury. Upon its activation by innate receptors such
as Toll and NOD like receptors (TLRs and NLRs respectively), the
inflammatory response is initiated and sustained, for as long as
the triggering agent is present. The inflammation in SCA is pro-
posed to be dependent on TLR and NLR signaling since erythrocyte
could be recognized as DAMPs [7,19,34,55,56].

SS-RBC are known to activate and induce adhesion of mononu-
clear leukocytes (lymphocytes and monocytes) to vascular
endothelium [5]. This knowledge led us to investigate the
in vitro effect of RBC on the expression of TLR and NLRP3 inflam-
masome pathways in PBMC.

In this study we demonstrated that TLRs and NLRP3 inflamma-
some molecules are highly expressed in SS-PBMC, which showed
higher expression of TLR2, TLR4, TLR5, NLRP3 and IL-1b genes when
compared to AA-PBMC. TLR2 is important for the response against
Gram-positive bacteria as well as against sterile inflammation by
identifying different DAMPs. This receptor can form heterodimers
with TLR4, which is able to recognize hemoglobin [57–59].



Fig. 1. PBMC freshly isolated from SCA patients highly express TLR2, TLR4, TLR5, NLRP3 and IL-1b genes. TLR2 (a), TLR4 (b), TLR5 (c), TLR9 (d), NLRP3 (e), caspase-1 (f), IL-1b (g)
and IL-18 (h) mRNA expression were evaluated in PBMC freshly isolated from healthy individuals (AA-PBMC; n = 9) and SCA patients (SS-PBMC; n = 12). Asterisk marker
above each bar represents significant statistic difference between SS-PBMC and AA-PBMC groups (⁄p < 0.05), Mann-Whitney test. TLR, Toll-like receptor; NLRP3, Nod-like
receptor family, pyrin domain containing 3; IL, interleukin; PBMC, peripheral blood mononuclear cells; SCA, sickle cell anemia.
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Although LPS is a well described PAMP for TRL4, there are other
agonists even in sterile conditions, such as HMGB1, HSP and heme
[18,19,60]. Similarly, despite the importance of TLR5 in the defense
against pathogens, there are evidences that this receptor is a sever-
ity biomarker for some inflammatory conditions [61–64]. Thus, the
expression of these receptors in SS-PBMC could be due to continu-
ous exposure to SS-RBC. Although we have only evaluated TLRs
gene expression, and not TLR proteins, our findings suggest that
SS-RBC can affect TLR and NLR pathways.

To test this hypothesis, we performed an experiment where
PBMC cultures (from healthy donor) were challenged with RBC.
In these experiments, SS-RBC induced higher TLR9 expression
when compared to AA-RBC. Despite this, no differences in TLR9
expression was seen when we compared fresh SS-PBMC and AA-
PBMC. In the same experiments, TLR2, TLR4 and TLR5 gene expres-
sion levels were evaluated. In our results, TLR4 has been shown to
be upregulated in freshly isolated SS-PBMC, reinforcing TLR4
importance to inflammation in SCA [18,19,33]. Despite this, we
did not find any differences in gene expression of this receptor in
PBMC culture challenged with SS-RBC in vitro. The same results
were observed to TLR2 and TLR5 expression. These apparent dis-
crepancies are likely due to the presence of additional factors reg-
ulating these TLR genes in the case of a complex, in vivo
environment, which are not present in a controlled and restrict
in vitro environment.

Our results show that TLR9 expression is increased in PBMC cul-
ture challenged by SS-RBC, but we did not find differences in its
expression between fresh SS-PBMC and fresh AA-PBMC. To our
knowledge, there is not description of TLR9 receptor in SCA, but
it is known to bind to CpG-DNA, which is frequent in bacteria
and rare in eukaryotic cells [65], and also has been described to
be up-regulated in obese asthmatic patients [30].



Fig. 2. Sickle red cells in vitro induce TLR9 and NLRP3 inflammasome components expression in PBMC culture. TLR2 (a), TLR4 (b), TLR5 (c), TLR9 (d), NLRP3 (e), caspase-1 (f), IL-
1b (g) and IL-18 (h) mRNA expression were evaluated in PBMC from one healthy donor, cultured in triplicates for each stimulus, with 3% RBC from healthy controls (AA-RBC,
n = 9) or from SCA patients (SS-RBC, n = 12), for 24 h at 37 �C and 5% CO2. Asterisk marker above each bar represents significant statistic difference between this and the
negative control bar (PBMC). Asterisk marker above horizontal lines represents significant statistic difference between designated groups (⁄p < 0.05; ⁄⁄p < 0.01), Mann-
Whitney test. TLR, Toll-like receptor; NLRP3, Nod-like receptor family, pyrin domain containing 3; IL, interleukin; PBMC, peripheral blood mononuclear cells; RBC, red blood
cells; SCA, sickle cell anemia.
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Thus, we showed that, in addition to TLR4, the expression of
TLR2, TLR5 and TLR9 may contribute to the inflammatory condition
described in SCA, and could act as an aggravating factor in patient’s
condition.

Previous studies show that NLRP3 inflammasome expression is
improved in inflammatory diseases [47,48,66]. In this study, we
showed that NLRP3-inflammasome is expressed in fresh
SS-PBMC and it is an important innate immunity platform able
to recognize SS-RBC as DAMPs. SCA patients demonstrated higher
expression of NLRP3 and IL-1b in fresh PBMC, and SS-RBC induced
caspase-1, IL-1b and IL-18 expression in PBMC culture. Thus, we
showed here that SS-RBC induced IL-1b expression and production,
suggesting that its production is induced by specific eDAMP from
SS-RBC.

The most common inflammasome is associated with NLRP3,
caspase-1 and ASC. Several danger signals have been well



Fig. 3. Hydroxyurea treatment in vitro increases TLR2 and IL-18 gene expression in PBMC culture challenged to AA-RBC and SS-RBC. TLR2 (a), TLR4 (b), TLR5 (c), TLR9 (d),
NLRP3 (e), caspase-1 (f), IL-1b (g) and IL-18 (h) mRNA expression were evaluated in PBMC, from one healthy donor, challenged in triplicates with 3% RBC of control group (AA-
RBC, n = 9) or SCA patients (SS-RBC, n = 12), for 24 h at 37 �C and 5% CO2, in the absence or presence of 100 lM of HU. Asterisk marker above each bar represents significant
statistic difference between this and the negative control bar (PBMC). Asterisk marker above horizontal lines represents significant statistic difference between designated
groups (⁄p < 0.05; ⁄⁄p < 0.01), Mann-Whitney test. HU, hydroxyurea; TLR, Toll-like receptor; NLRP3, Nod-like receptor family, pyrin domain containing 3; IL, interleukin;
PBMC, peripheral blood mononuclear cells; SCA, sickle cell anemia; RBC, red blood cells.
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documented as NLRP3-inflammasome agonists, such as extracellu-
lar ATP, glucose, hyaluronan, alum and asbestos [67]. More
recently, some authors have demonstrated RBC acting as DAMPs
for NLRP3 inflammasome activation, and proposed eDAMPs as a
new terminology for these signals of red cells injury [31,68]. Fol-
lowing NLRP3 activation, caspase-1 becomes active and therefore
converts pro-IL-1b and pro-IL-18 in their active forms which are
secreted in the extracellular milieu [35].



Fig. 4. Sickle red blood cells in vitro induce IL-1b, LTB4 and nitrite production regardless HU in PBMC culture but HU reduces nitrite production. After 24 h, levels of IL-1b (a-
b), LTB4 (c-d) and nitrite (e-f) were measured in culture supernatants of PBMC, from healthy donor, cultured in triplicates with 3% RBC from control group (AA-RBC, n = 9) or
from SCA patients (SS-RBC, n = 12), for 24 h at 37 �C and 5% CO2, in the absence (a, c and e) or presence (b, d and f) of 100 lM of HU. Asterisk marker above each bar represents
significant statistic difference between this and the negative control bar (PBMC). Asterisk marker above horizontal lines represents significant statistic difference between
designated groups (⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001), Mann-Whitney test. LTB4, leukotriene B4; HU, hydroxyurea; IL, interleukin; PBMC, peripheral blood mononuclear cells;
SCA, sickle cell anemia; RBC, red blood cells.
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No significant differences were found in caspase-1 and IL-18
expression between fresh AA-PBMC and SS-PBMC; however, NLRP3
and IL-1b showed higher expression in fresh SS-PBMC. It is well
documented that many of the same stimuli are able to induce
expression of both pro-IL-1b and NLRP3, and that IL-18 and
caspase-1 are constitutively expressed in many cells [69,70],
corroborating our results. Interestingly, our results showed that
SS-RBC induced the expression of all NLRP3-inflammasome related
molecules evaluated here, suggesting that it can act as eDAMPs for
this molecular platform.

Leukotrienes (LT) are important inflammatory mediators, and
LTB4 promotes leukocyte migration and adhesion to the vascular
endothelium [71,72]. Our observation that SS-RBC increased LTB4

production inPBMCculture in a significantlymorepronounced fash-
ion when compared to AA-RBC is corroborated by the report show-
ing that LT production is augmented in PBMC culture challenged
with SS-RBC [72], demonstrating that SS-RBC can amplify the
inflammatory response by stimulating leukocyte recruitment.

Another mediator associated with inflammatory condition is
NO, which acts inducing vasodilation, inhibiting platelet activation,
and thus controlling inflammation. In SCA, concentrations of NO
metabolites, such as nitrite, are increased compared with healthy
individuals [73]. Several studies show that RBC from SCA patients
deplete NO to form its metabolites reducing bioactive NO bioavail-
ability, which may promote vaso-occlusive episodes [73–76]. Our
results are in line with these findings, showing that SS-RBC induced
higher levels of nitrite when compared to AA-RBC in PBMC cultures.

Pharmacological control of clinical status of SCA patients is
achieved mainly by HU therapy, an antineoplastic drug that
increases HbF levels and reduces SS-RBC-endothelial interaction
[49,50]. In this study, we showed that SS-RBC are not able to
induce TLR2 expression in PBMC culture; however, treatment with
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HU significantly increased expression of this receptor. TLR2 is asso-
ciated with NF-jB activation through the MyD88-dependent path-
way, and stimulates the production of proinflammatory cytokines,
such as IL-12 and TNF [60]. Moreover, we demonstrated that HU
does not decrease the expression of TLR2, TLR4, TLR5 or TLR9, and
neither of NLRP3 inflammasome components in PBMC culture, sug-
gesting that this treatment, in addition to increasing TLR2 and IL-18
expression in vitro, is not able to prevent TLR or NLR-mediated
inflammation observed in SCA patients.

We demonstrated here that SS-RBC increased LTB4 production
in PBMC culture when compared to AA-RBC, and that HU treat-
ment does not interfere in this production. Since LTB4 is associated
with SCA immunopathogenesis [15,77], our data suggest that, as
observed for TLRs, HU treatment does not reverse the LTB4-
dependent inflammatory scenery. However, HU treatment was
able to reduce nitrite production, presumably because HU is a
NO donator, improving its bioavailability [78,79]. Since NO is asso-
ciated with vascular homeostasis and the reduction of nitrite levels
implicates in higher concentration of bioactive NO [80], our data
suggest a beneficial effect of HU treatment on NO levels, corrobo-
rating with the study from Gladwin and collaborators [79].

In conclusion, our study suggests that sickle RBC can act as
eDAMPs, stimulating TLR and NLR expression and IL-1b cytokine
and LTB4 production in PBMC cultures, thus contributing to
inflammation. Furthermore, although HU treatment improves sev-
eral parameters in SCA patients, we highlighted here that HU does
not reduce IL-1b and LTB4 production or prevent TLR or NLRP3-
inflammasome-dependent inflammation, pointing out the need
to develop new therapeutic strategies to SCA patients that act by
different mechanisms of those observed for HU. Despite requiring
further confirmation, our preliminary data suggest that sickle
RBC interfere in the gene expression of inflammatory molecules,
and may trigger a complex network in the pathogenesis of SCA.
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