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Sickle Cell Anemia (SCA) is the most common genetic disorder around the world. The
mutation in the p-globin gene is responsible for a higher hemolysis rate, with further
involvement of immunological molecules, especially cytokines, chemokines, growth
factors, and anaphylatoxins. These molecules are responsible for inducing and attracting
immune cells into circulation, thus contributing to increases in leukocytes and other
pro-inflammatory mediators, and can culminate in a vaso-occlusive crisis (VOC). This
study aimed to characterize the levels of these molecules in SCA patients in different
clinical conditions in order to identify potential hallmarks of inflammation in these patients.
An analytical prospective study was conducted using the serum of SCA patients in
steady-state (StSt; n = 27) and VOC (n = 22), along with 53 healthy donors (HD).
Samples from the VOC group were obtained on admission and on discharge, in the
convalescent phase (CV). Levels of chemokines (CXCL8, CXCL10, CL2, CLL3, CCLA4,
CL5, and CCL11), cytokines (IL-1B, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p70,
IL-13, IL-17A, TNF-a, and IFN-y) and growth factors (VEGF, FGFb, PDGF-BB, GM-CSF,
and G-CSF) were measured using a Luminex assay, and anaphylatoxins (C3a, C4a,
and Cbha) were measured using Cytometric Bead Array. SCA patients in StSt showed a
pro-inflammatory profile, and were indicated as being higher producers of CCL2, IL-1p,
IL-12p70, IFN-y, IL-17A, and GM-CSF, while VOC is highlighted by molecules IL-4 and
IL-5, but also IL-2, IL-7, PDGF-BB, and G-CSF. PDGF-BB and IL-1ra seemed to be two
important hallmarks for the acute-to-chronic stage, due to their significant decrease after
crisis inflammation and statistical difference in VOC and CV groups. These molecules
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Vaso-occlusive crisis; CV, Convalescence.

FIGURE 4 | Analysis of the first molecules that decrease after crisis, when compared with VOC (
Wilcoxon test. A p-value < 0.05 was considered statistically significant and was presented as *p < 0.05; *p < 0.01. Chemokines (A), cytokines (B), and growth
factors (C) were measured using Luminex, and anaphylatoxins (D) using CBA. Data is shown as median values and interquartile range, using data in pg/ml. VOC,

)yand CV () groups. Statistical analysis was performed using the

clinical symptoms in a VOC (3, 8). Some studies describe the
participation of anti-inflammatory cytokines in this condition
(8, 20, 24, 30) and, in addition, our results show that it is
marked mainly by IL-1ra and IL-4 molecules, with involvement
of adherent neutrophils and monocytes. Many studies have
focused on differences in molecule levels in StSt and VOC (17~
19, 32), However few studies have focused on immunological
hallmarks, which can be used to describe the transition between
inflammatory states (StSt, VOC, and convalescence). Increased
levels of IL-2 and IL-7, together with growth factors, have been
previously observed (20) and contribute to proliferation and
maturation of granulocytes. In addition, the findings regarding
chemokines support the statement that these circulating cells
show a higher capacity to adhere to endothelial cells and
form cell-to-cell and cell-endothelium aggregates in VOC,
which contributes to endothelial injury, inflammatory marker
production, immune cell recruitment, vaso-occlusion and

consequently severe clinical complications, as described by
other authors (3, 10, 29, 30, 33). Our data demonstrated that
VOC patients displayed a lack of canonical pro-inflammatory
factors and a clear increase in regulatory mediators. This may
suggest that VOC is not an anti-inflammatory condition per se,
but it may be linked to a skew in the “type” of inflammation
rather than its magnitude/strength. The analysis of biomarker
networks and the correlation matrices between pairs of soluble
mediators demonstrated that there is strong connectivity
between pro-inflammatory/regulatory cytokines in VOC. The
strength of IL-1B connections in VOC was noteworthy and may
suggest that the inflammasome activation may participate in
SCA pathophysiology.

We identified that the alternative pathway of the complement
system is not that different under StSt or VOC, contrary to what
has been described by other authors. IL-1f and IL-17A might
be indirectly related to classical activation of the complement
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FIGURE 5 | Correlation analysis presented as a network of immunological cytokines, chemokines, growth factors, anaphylatoxins, and leukocytes in healthy donors
(A), steady-state (B) vaso-occlusive crisis (C), and convalescence (D) stages. Each parameter is shown in a node. Statistical analysis was performed using the
Spearman correlation test and the significant correlations (p < 0.05) are represented by a line connecting both nodes. The correlation was classified as weak (- < 0),
moderate (0.36 < r < 0.68) and strong (r > 0.68), based on absolute value of correlation index r, represented by line thickness. Positive correlation is expressed by a
continuous line, while negative correlation by dashed lines. NEU, Neutrophil; LYMP, Lymphocytes; MON, Monocytes; EOS, Eosinophils; BAS, Basophils; PLT,
Platelets; MPV, Mean platelet volume; chemokines (CXCL8; CXCL10; CCL3; CCL4; CCL2; CCL5; CCL11), cytokines (IL-1B; IL-1ra; IL-6; TNF-a; IL-12p70; IFN-y;
IL-2; IL-7; IL-4; IL-5; IL-13; IL-17A; IL-10), growth factors (VEGF; FGFb; PDGF; GM-CSF; G-CSF) and anaphylatoxins (C3a; C4a; Cb5a). HD, Healthy donors; StSt,
Steady-state; VOC, vaso-occlusive crisis; CV, convalescence.

system through C-reactive protein (CRP) production from the Surprisingly, both HD and StSt groups were identified as
liver (32, 34-36), and further interaction with natural antibodies  higher producers of the pro-inflammatory molecules TNF-a
(37), culminating in higher C4 cleavage rate. Free heme interacts ~ and IL-6, although only TNF-a levels were significantly higher
with Clq ligands (CRP and immunoglobulin) and leads to  in VOC, though not IL-6, as observed in some studies (18,
less classical complement activation in VOC (38); and with 27, 28) and in contrast to others (17, 20, 32, 36, 42-44).
C3, culminating on higher C3 cleavage rate (39, 40). Free =~ VOC was characterized as being a higher producer of anti-
heme availability and its direct and indirect interaction to  inflammatory and immune cell proliferation cytokines. It is
complement molecules may explain why the SCA groups had  important to notice that IL-4 and IL-5 are also produced by
no significant difference in C3a levels. This increased activation  activated mast cells, in which have been reported during VOC in
of the complement pathway has already been described in StSt  mice, and are important contributor on pain (14). Even though
patients and observed in our results (41). Little information  higher levels of some cytokines have been described by other
related to the involvement of the complement system in SCA is  authors, this characterization has never been described before for
available, but even though the production of anaphylatoxins is ~ SCA patients.

well defined, the function of anaphylatoxins as inflammatory or Complementarily, our bioinformatic analysis permitted the
regulatory molecules remains unclear in SCA pathophysiology. segregation of SCA patients based on circulating IL-1f, IL-10,
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FIGURE 6 | Biomarker correlation matrices illustrate distinct patterns of biomarker connectivity in healthy donors (A), steady-state (B), vaso-occlusive crisis (C) and
convalescence (D) stages. Biomarker networks were based on the Spearman’s correlation indices (r). Correlation matrices display significant association (p < 0.05)
between biomarker pairs based on the rank indices, which are tagged by color keys, ranging from —1.0 to 1.0 to underscore the correlation strength, according to the

vaso-occlusive crisis; CV, convalescence.

color key provided in the figure. NEU, Neutrophil; LYMP, Lymphocytes; MON, Monocytes; EOS, Eosinophils; BAS, Basophils; PLT, Platelets; MPV, Mean platelet
volume; chemokines (CXCL8; CXCL10; CCL3; CCL4; CCL2; CCL5; CCL11), cytokines ((IL-1B; IL-1ra; IL-6; TNF-a; IL-12p70; IFN-y; IL-2; IL-7; IL-4; IL-5; IL-13;
IL-17A; IL-10), growth factors (VEGF; FGFb; PDGF; GM-CSF; G-CSF), and anaphylatoxins (C3a; C4a; C5a). HD, healthy donors; StSt, steady-state; VOC,

IL-1ra, and IL-6 levels, and regardless of their role, we
described these molecules as potential hallmarks for segregating
these patients into StSt, VOC, and CV groups. The decision
trees show novel proposals for biomarkers that should to
be investigated in further studies for a better comprehension
of SCA physiopathology and thus may contribute to better
clinical decisions.

The CV group was an intermediary period in VOC and
StSt stages, for which we observed that the first inflammatory
mediators to decrease were CXCL8, CCL4, IL-1ra, and PDGF-BB
after hospital release after a VOC episode. However, only IL-1ra
and PDGF-BB presented statistical differences in VOC and StSt
groups. Even though IL-1ra is known to be an anti-inflammatory

marker, its concentration was related to increased events of pain
(45). As such, we believe that these results may contribute to
the SCA patient’s follow-up after treatment for VOC episodes.
In addition, the correlations allowed us to identify that, during
this acute-to-chronic transition, some interactions in the main
molecules responsible for cell proliferation still remain, which
indicates that there still is stimulus for leukocytosis, even though
the inflammation pattern does not differ that much from VOC.
A strong and positive correlation under TNF-o and GM-CSF
in VOC was identified in our analysis, which sustains a positive
inflammatory pattern, with further leukocyte recruitment and
activation, especially neutrophils and monocytes (9, 33). Negative
feedback is observed in both StSt and VOC conditions, the
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first is mediated by IL-10, while the second by IL-1ra, which
is an inactive antagonist of IL-1p. This statement is supported
by the IL-10/CXCL10 and IL-1ra/GM-CSF axis in StSt and
VOC, respectively. IL-10’s role as a biomarker in SCA is still
controversial, since some authors describe lower levels in StSt,
when compared to the control group, together with CXCL10 (43),
while others found increased levels (20, 30, 46, 47) and some
show no difference (17).

The present study has some limitations. Since SCA is
considered a sterile inflammatory disease, the assessment of the
TLRs expression, as well as the analysis of checkpoints in immune
cell subsets along with quantification of other cytokines (IL-1a,
IL-18, and IL-33), would provide a more detailed description
regarding the inflammasome activation in order to more fully
understand SCA pathophysiology and allow for the identification
of novel prognostic factors. These aspects remain to be elucidated
in future investigations.

Our study brought new perspectives for inflammatory
knowledge of SCA. In fact, the role of many molecules in SCA
is still discussable whether inflammatory or regulatory, as well as
their association to a VOC development or as a consequence of
aVOC.

CONCLUSION

Herein, we highlight the interactions of IL-4 and IL-2 cytokines
in VOC, as well as the efficacy of IL-1ra and PDGF-BB as
markers of clinical recovery post-VOC. In addition, we describe
the ability of IL-10 and IL-1ra levels to cluster patients into HD
or StSt, and IL-1P levels to cluster patients into HD or VOC.
Our results contribute to novel markers in the Brazilian Amazon
SCA population, and suggest their potential in prognosis and
follow-up after hospital recovery from VOC. The present
study is the first report on inflammatory hallmarks in VOC
and CV in sickle cell anemia patients and supports greater
understanding of disease pathophysiology mechanisms in order
to identify novel inflammatory biomarkers and contribute to
therapeutic perspectives.
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