The proteome of neutrophils in sickle cell disease
reveals an unexpected activation of the interferon
alpha signaling pathway

Polymorphonuclear neutrophils (PMN) are key actors
in the pathophysiology of sickle cell disease (SCD), but
signaling pathways underlying their activation and sus-
tained inflammation are not well documented. We thus
investigated the protein profile of neutrophils from SCD
patients (SS genotype) using a proteomic approach.
Unexpectedly, SCD neutrophils exhibit a high expression
of interferon signaling proteins (ISP) belonging to the
type 1 interferon (IFN-1) response pathway. We also
showed that SCD patients at steady state displayed a
higher level of plasmatic IFNa. Overall, we reported a
dramatic high-level expression of ISP in neutrophils from
SS patients suggesting an abnormal activation that could
be important in developing new anti-inflammatory
therapies.

SCD is a hemoglobinopathy leading to major red blood
cell (RBC) dysfunction, but other cell types (vascular
endothelium, leukocytes, platelets)® also represent key
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actors in the pathophysiology of the disease. Important
studies have highlighted the role of PMN, both during the
vaso-occlusive crisis (VOC) and the associated long-term
morbidity and mortality. In SCD, patients have an
increased leukocyte count at steady state, and exhibit
neutrophil activation, rendering them more susceptible
to inflammatory stimuli.” Moreover recent data have
demonstrated the presence of different sub-phenotypes
of PMN especially in cancer and inflammation®” as well
as in a preclinical model of SCD.? Despite these advances,
signaling pathways underlying sustained inflammation in
SCD remain elusive. In addition, a fine understanding of
PMN activation profile is necessary to better decipher the
inflammatory paradigm in SCD and develop tailored
therapies. In the present study, we investigated for the
first time the proteomic profile of PMN in SCD at basal
state by a label-free global proteomic approach.

We performed a proteomic comparative study of puri-
fied neutrophils from four SS patients (S51-4) at basal
state and four AA blood type healthy donors (AA1-4). All
patients included in this study were homozygous (SS
genotype), aged 2 to 18 years (mean age 9.7 years), and
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Figure 1. Proteomic analysis of neutrophils from healthy donors (AA) and SS genotype patients (SS) at steady state. (A) Overall proteomics results: number of
proteins identified and quantified in at least one sample (A) or in at least three samples and in at least one group (B). (B) 2D enrichment analysis of the proteins
expressed in at least 75% of the samples and in at least one group. Protein annotation databases from GOBP. Annotations out of the diagonal corresponding
to differential expression in SS or AA samples are indicated. (C) Cluster analysis of proteins differentially expressed in SS and AA neutrophils. Proteins with sig-
nificantly different expression values (P<0.05 and fold change>0.3) were selected, their LFQ values were z score transformed and analyzed by Euclidian clus-
tering. Clusters 1 and 2 correspond to proteins upregulated and downregulated in SS neutrophils, respectively. (D) Cluster analysis of differentially expressed
proteins with the “cellular response to type | interferon” GOBP annotation. (E) Characterization of neutrophils from SS patients by flow cytometry analysis, typical
result: over-expression of the Fc fragment of IgG/CD64 and under-expression of L-selectin/CD62L. Data are presented as mean + standard devaition (SD).

Mann-Whitney test was used to compare SS and AA; *P<0.05 compared with AA; **P<0.01 compared with AA.
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Figure 2 Activation of IFN-1 pathway in SS gentype neutrophils. (A) Representative images of Western blots for MX1, IFIT-1, ISG15, STAT 1, Phospho-STAT 1,
STAT 2 and Phospho-STAT 2 expressed in neutrophils from healthy volunteers (AA, n=10) and SS patients (SS, n=10). The Western blots are represented as the
ratio of the density of the specific band on the total protein in each sample. (B) Level of IFNa and IFNf in plasma from healthy donors (AA, n=34) and SS patients
at basal state (SS, n=37) using a digital-ELISA assay (SIMOA). (C) Level of neutrophil elastase and nucleosome in plasma from healthy donors (AA, n=12) and
SS patients at basal state (SS, n=28) using ELISA assay. Data are presented as mean + standard devaitaion (SD). Mann-Whitney test was used to compare SS

and AA; *P<0.05 compared with AA; **P<0.01 compared with AA; ***P<0.001.

without any associated co-morbidity. They were free
from any infections and exhibited C-reactive protein
level < 10 mg/L at the day of the inclusion. The controls
were voluntary blood donors, all healthy and of AA
genotype.

After mass spectrometry analysis, 4,634 proteins were
identified and 4,487 of them could be reliably quantified.
Restricting the analysis to proteins quantified in at least
75% of the samples and in at least one group (AA and/or
SS) led to the comparison of 3,069 proteins (Figure 1A).
To identify biological pathways modified in neutrophils
from SS patients, we first performed a 2D annotation
enrichment test” using GO, KEGG and keywords anno-
tation databases. This analysis revealed the presence of
many neutrophil membrane and secreted proteins
involved in immune response (Figure 1B). Next, we ana-
lyzed the SS and the AA proteomes and found 101 pro-

teins significantly differentially expressed using a SS/AA
ratio >1.8 or <0.7. Sixty-eight proteins were overex-
pressed (cluster 1, Figure 1C), and 33 proteins were
down-regulated in the SS group compared to the AA
group (cluster 2, Figure 1C). Prior to further investigating
a new biological pathway, we aimed to confirm the
already known surface markers of sickle cell neutrophils.
Indeed, several studies in mouse models or in patients
have shown an activated and aged phenotype of PMN in
SCD.*" By using our proteomics data, we found two
proteins described as markers of activation (Fc fragment
of IgG, high affinity Ia, receptor/CD64) and ageing
(L-Selectin/CD62L) of neutrophils respectively overex-
pressed (5.8-fold) and underexpressed (0.6-fold) in SS
patients compared to the AA group (Ounline
Supplementary Table S1 and Ouline Supplementary
Proteomic File). These data were confirmed by cytometry




analysis of freshly isolated neutrophils from five SS
patients and five controls (Figure 1E). We therefore con-
cluded that the proteomic analysis could be a relevant
tool for exploring neutrophil abnormalities in SCD.

A Fisher exact test performed using proteins
down-regulated in SS neutrophils did not evidence any
common biological pathway (data not shown). In con-
trast, analyses of the upregulated proteins revealed a
major involvement of the typel interferon (IEN-I)
response (Ounline Supplementary Table S1 and Ownline
Supplementary Proteomic File). Importantly, major ISP
including IFIT1, IFIT2, IFIT3, ISG15, ISG20, GBP2, IFI35,
MX1 and MX2 were increased 3- to 84-fold in the pro-
teome of SS neutrophils compared to the one of AA neu-
trophils (Figure 1D). Moreover, we found a significant
overexpression of STAT1 and STAT2 in the neutrophil
proteome of the SS group consistent with an activation
of the IFN-related JAK/STAT signaling pathways. In
order to confirm the proteomic data, we assessed the
overexpression of the main ISP using Western blotting
experiments of purified neutrophils from 10 other SS
patients at steady state and 10 other AA controls. In
agreement with the proteomic data, we found a signifi-
cant increase of ISP expression including MX1, ISG15
and IFIT1 as well as the STAT1 and STAT?2 proteins, in
neutrophil lysates from SS patients compared to controls
(Figure 2A). The nuclear translocation of STAT1 and
STAT?2 are activated by JAK and TYK2-mediated phos-
phorylation of the Y701 and Y689, respectively, that
stimulates the IFN-1 responses.'""” We showed that both
Y701 of STAT1 and Y689 of STAT2 were highly phos-
phorylated in SS compared to AA neutrophils (Figure
2A). These findings confirmed the strong activation of
the IFN-1 signaling pathway in SS neutrophils via the
JAK/STAT1/2 pathway.

In order to investigate further and to assess whether
the IFN-I response was due to either IFNa or IENB, we
measured the level of both cytokines in the plasma of 34
healthy AA donors and 37 SS patients at steady state,
using the novel digital-ELISA technology. Interestingly,
we found a significantly increased level of IFNa in the
plasma from half of the SS patients compared to AA con-
trols (Mann-Whitney test, P<0.001), even though no dif-
ference was observed for IFN (Figure 2B). Although the
specific role of the different types of IFN-1 is not fully
understood, it appears that IFNa, in contrast to IEN is
mainly involved in autoimmune and auto-inflammatory
diseases.” It is noteworthy that 20 SS patients exhibited
an increase of IFNa from 10- to 1,000-fold compared to
healthy individuals although 17 of the 37 plasma sam-
ples had normal levels of IFNa. Clinical and biological
investigations of these 37 SS patients did not show any
correlation between the plasmatic level of IFNa and bio-
logic markers including leucocyte, neutrophils, reticulo-
cytes and platelets counts, hemoglobin (Hb) level, Hb
haplotypes or age (Online Supplementary Table S2), and
plasmatic cytokine concentration (including CX3CL-1,
Rantes, MCP-1, MCP-3, TNFa, IL1b, IL10, IL18, and
IL6). Since it is known that neutrophil extracellular trap
formation (NETosis) plays a role in the pathogenesis of
SCD, we next investigated the NETosis by measuring
the neutrophil elastase and nucleosome, in the plasma
from 28 patients investigated for IFNa and IENP. As
expected, we found a significant high level of both mark-
ers of NETosis (Figure 2C) in SS patients compared to AA
controls, but no correlation with the IFNa level (data not
shown).

Finally, we analyzed the clinical data from the
patients, and found no significant difference between
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the “high IFN” and “low IFN” group of patients and the
number of acute events (including number of VOC per
year, acute chest syndrome, stroke, cerebral vasculopa-
thy, acute splenic sequestration nor splenectomy). It is
noteworthy that no patient has been treated with
hydroxycarbamide and none of them has followed a
transfusion program.

Moreover, it is interesting to note that of the four SS
plasma samples used for the neutrophil proteomic analy-
sis one had low IFNa level, while the other three
exhibited 7- to 60-fold increased levels compared to con-
trols, although all four neutrophil samples expressed
high level of ISP. Therefore, it is highly probable that
plasma IFNa has a transient secretion while the down-
stream activation of the signaling pathway is persistent.
Altogether, our data indicated that SS patients may have
inappropriate transient high IFNa secretions (i.e., out-
side of any acute and infectious events), responsible for
the activation of the IEN-1 signaling pathway in neu-
trophils. Although the mechanism of this activation
remains to be elucidated, some recent data described a
clear relationship between INF-1 responses and red
blood cell alloimmunization in murine models."*"* Since
alloimmunization represents a detrimental issue in SCD,
our data highlight the importance of testing the link
between ISP and alloimmunization in SS patients.

In conclusion, we showed for the first time by quanti-
tative proteomic analyses of purified neutrophils a
particular immune and inflammatory signature in SCD.
Our findings provide evidence of a dysfunction of the
IFNa signaling pathway that could play an important
role in the pathogenesis of SCD. Future studies using a
cohort of patients are needed to determine the relation-
ship between IFNa activation and clinical complications
and to establish if ISP may represent therapeutic targets
to decrease inflammation in SCD.
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