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Prospective study of complement activation and
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complications
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Sickle cell disease (SCD) results from mutations in the B-globin gene,
producing abnormal hemoglobin S (HbS) and leading to complications
causing significant morbidity and mortality.> One of the hallmark
consequences of SCD is the occurrence of vaso-occlusive crises
(VOCs), which arise from the interplay of factors in the disease's
pathophysiology, involving abnormal hemoglobin polymerization,
inflammation, endothelial dysfunction, and activation of the immune
system, culminating in the painful obstruction of blood vessels by
sickled red blood cells, that tend to obstruct blood vessels, leading to
reduced blood flow and oxygen supply. This vicious cycle of ischemia
followed by reperfusion constitutes the ischemia-reperfusion model.?

The complement system, a complex defense mechanism, is
implicated in various diseases through unregulated activation.®
However, diagnostic challenges hinder patient selection for comple-
ment inhibition.# Preliminary data from our group using novel assays
indicate complement activation even at a steady state in a limited
patient population.®

Limited information exists on additional markers in the comple-
ment activation and endothelial dysfunction cycle in SCD. Neutrophil
extracellular traps (NETs), indicative of thromboinflammation, are
elevated in SCD patients, even during steady state.® ADAMTS13
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(A Disintegrin and Metalloproteinase with Thrombospondin motifs),
studied for its role in SCD vasculopathy, shows conflicting results as a
potential biomarker.”® Genetic variants and autoantibodies leading to
unregulated complement activation are implicated in the pathogen-
esis of various human diseases.’”

Despite the lack of specific biomarkers or targeted treatments for
crises, our hypothesis posits the presence of complement activation and
thromboinflammation in SCD, particularly during complications, with
distinct yet unexplored clinical or genetic features in these patients.

Our study's methods regarding patient population, observation
period, functional assays, and genetic, bioinformatic, and statistical
analysis are demonstrated in supplementary materials. Our study
included 81 adult SCD patients who are treated in different
Hemoglobinopathies Units across Northern Greece. Their median age
was 41 years, and 50 were female (61.7%). As expected in our po-
pulation, the majority had the S/beta genotype (62), while 19 patients
had the S/S genotype. Twenty-three presented SCD complications
during the observation period (17 vaso-occlusive crises and six pro-
teinuria/nephropathy) and were studied during this complication.
Importantly, none of the patients that presented with renal damage,
was on deferasirox, or other iron chelation therapy. The remaining
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58 patients were studied at the end of the observation period. The
comprehensive characteristics and parameters studied are summar-
ized in Table 1.

First, we measured soluble C5b-9 and modified Ham test at
a steady state and during the observation period. At steady state,
soluble C5b-9 was above normal limits in a significantly higher per-
centage of patients who then presented a SCD complication com-
pared to those who did not (7/23, 30%, p = 0.028). Similarly, patients
who presented a complication had a significantly higher rate of
modified Ham test (5/23, 21%, p = 0.001, Figure 1A) at steady state.
During the observation period, we detected a significant increase in
soluble C5b-9 (p <0.001). This increase was significantly higher in
patients with complications (p = 0.046, Figure 1B). One patient who
did not experience complications had a positive Ham test and sC5b-9,
while 42 patients who did not present complications had only ele-
vated C5b-9. Since VOC was the most common complication, sig-
nificant results were replicated in patients with VOC (data not
shown).

ADAMTS13 was similar and within normal limits at steady state
and follow-up (Figure 2B).

One other parameter studied as a marker of thromboinflammation
was NETs. We were able to measure NETS on 60 of our 81 patients.
NETSs at steady state were significantly increased in patients who then
developed complications related to the disease. Additionally, there was
a significant increase of NETs measured at follow-up compared to
steady state (p < 0.001, Figure 2B). Patients with a positive modified

TABLE 1 Baseline patients' characteristics (n = 81).
Age (median) 41 (19-69)
Sex F: 50M: 31
Genotype ss: 19s/B: 62
Cholocystectomy 57
Splenectomy 24
Use of anticoagulants/antiplatelets 31
Use of hydroxycarbamide 58
Renal damage 13
Transfusions 20
Pulmonary hypertension 9
Previous vascular stroke 5
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FIGURE 1
follow-up, we detected a significant increase in soluble C5b-9 (p < 0.001).
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Ham test had increased C5b9 (p <0.001). No significant association
was found between NETs and C5b-9 in our population.

We started our genetic analysis from rare variants with a minor
allele frequency (MAF) less than 1%, since rare variants have been
commonly described in patients with complement-related disorders™®.
We detected 23 rare variants, as shown in detail in Supporting In-
formation S1: Table 1. Almost all rare variants were documented in
unique patients. Only rs35836460 in CFH, rs186530184 in CFHR1,
rs183647515 in THBD, and rs202206149 in ADAMTS13 were found in
two patients, with rs3176136 in THBD detected in three patients.
Among 23 rare variants, only three were characterized as pathogenic
by bioinformatic tools as described in the next paragraph.

To further understand the clinical significance of the remaining
detected variants, we used four bioinformatic tools. We found
8 missense variants characterized as deleterious by these tools, as
presented in detail in Supporting Information S1: Table 2. Among
them, three were also rare variants (rs117793540 in C3, rs1800579
in THBD, and rs143568784 in ADAMTS13), potentially confirming its
pathogenic role. Each rare variant was found in one patient. Ad-
ditionally, rs144082872 in CFl was also detected in one patient. The
remaining deleterious variants were detected in 2-15 patients each.
Patients were heterozygous, except for one homozygous for
rs28647808 (ADAMTS13).

Next, we searched for detected variants in the database of
complement gene variants. As shown in Supporting Information S1:
Table 3, 21 variants have been described in this complement data-
base. In agreement with the bioinformatic tools, rs144082872 in CFI
has also been characterized as pathogenic in this database.

To better characterize the phenotype of SCD patients, we
investigated associations of functional and genetic assays with
clinical characteristics. All patients with pathogenic or deleterious
variants had increased complement activation by functional as-
says (modified Ham test or soluble C5b9), except for two patients
with CFB and two with ADAMTS13 variants. Interestingly,
patients with a combination of pathogenic or deleterious variants
had a significantly higher transfusion dependency rate (65% vs.
35%, p=0.031).

Finally, we sought to determine predictors of complications.
Among studied baseline patient characteristics (Supporting Informa-
tion S1: Table 4), there was no univariate association with complica-
tions. Therefore, we included steady-state soluble C5b-9 and NETs,
as well as the presence of a pathogenic or deleterious variant in
multivariate analysis. The only independent predictor was C5b-9
levels.
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(A) Patients who later presented a complication had a significantly higher rate of modified Ham test (5/23, 21%, p = 0.001) at steady state. (B) During
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FIGURE 2 (A) Similar ADAMTS13 activity during steady state and follow-up. (B) There was a significant increase of NETs measured at follow-up compared to

steady state.

In our study, we reveal activation of complement and throm-
boinflammation, even in the steady state of SCD patients who later
develop complications. Notably, these markers experience a significant
surge during the onset of complications. Germline genetic variants may
contribute to the predisposition to complement activation, linked to
clinical characteristics. Importantly, C5b-9 independently predicts
complications in our multivariate analysis.

The inflammatory response becomes a key driver in SCD's
pathophysiology, fueled by recurrent ischemic reperfusion events.
Besides direct tissue damage, chronic inflammation contributes to
cumulative damage in SCD. Complement activation plays a crucial
role in both inflammation and the prominent hemolysis seen in SCD.
Given the disease's multifactorial nature, markers such as NETs and
ADAMTS13 are explored as potential treatment targets.

Assessing complement activation in clinical labs faces challenges
due to limited access to robust assays.” Our study addresses this by
introducing a modified Ham test for early and robust detection of
complement activation, alongside confirming soluble C5b-9 as a prac-
tical marker for complications' evaluation. The increase in Bb fragments
supports alternative pathway activation. Previous research using less
precise assays indicated alternative pathway activation in SCD.*!

Exploring the genomic landscape of complement-related variants
in SCD is a novel aspect of our study. Genetic analysis using multiple
tools identifies pathogenic variants, highlighting an association
between variants and clinical characteristics.'?> Our study has ap-
proached genetic analysis with multiple tools, while previous studies in
complement-related disorders have reported only rare variants.*®> As
our group has shown in thrombotic microangiopathies (TMA),** addi-
tional variants might also harbor clinical significance. In an effort to
better understand the clinical significance of rare variants, novel
databases have been created, such as the Database of Complement
Gene Variants.'? These databases are considerably helpful in linking
the genotype with the phenotype in these patients. However, this
approach does not take into account the majority of detected variants,
whose functional and clinical significance remains to be studied.
Variants such as rs1047286, rs2230199, rs800292 for C3, as well as
rs1061147, rs1061170 for CFH, and the deleterious variant rs12614
for CFB have been implicated in the development of age-related ma-
cular degeneration (AMD).1>1¢

Current SCD pharmacological treatments, including hydroxyurea
and voxelotor, show positive effects, but the need for novel ther-
apeutic approaches persists.t” Crizanlizumab, initially promising, was
discontinued by the European Medicines Agency (EMA) due to efficacy
issues.’® Eculizumab, a complement inhibitor, shows encouraging

results, but challenges hinder wider study.'” Preclinical data suggest
that MASP-2 or MASP-3 inhibition may prevent SCD complications.?°
The CROSSWALK trial is investigating the benefits of a C5 inhibitor in
VOC prevention.?!

Our study has limitations, including varying patient treatments
across centers and limited population size. Long-term observations in
a larger cohort could provide additional insights. Data gaps on
ADAMTS13Ag hinder a full understanding of its role in SCD. The
predominantly S/B genotype in our population limits generalizability,
and the impact of hydroxyurea on complement profiles is explored
but inconclusive. The study's timing during the COVID-19 pandemic
affected sample collection and patient visits. One other limitation is
that 20 of our patients were on a chronic transfusion schedule.
Moreover, our study's cohort is rather small, and further studies with
bigger cohorts are needed to determine whether or not genetic
variants play a role.

In conclusion, complement activation and thromboinflammation
are evident in SCD patients, especially during complications. Con-
sidering the safety and efficacy of complement inhibitors in other
complementopathies and preliminary data from SCD, our study
highlights useful tools to early detect patients that might benefit from
complement inhibition.
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