Genetic justification of severe COVID-19 using a rigorous algorithm
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Abstract

Recent studies suggest excessive complement activation in severe coronavirus disease-19 (COVID-
19). The latter shares common characteristics with complement-mediated thrombotic
microangiopathy (TMA). We hypothesized that genetic susceptibility would be evident in patients with
severe COVID-19 (similar to TMA) and associated with disease severity. We analyzed genetic and
clinical data from 97 patients hospitalized for COVID19. Through targeted next-generation-sequencing
we found an ADAMTS13 variant in 49 patients, along with two risk factor variants (C3, 21 patients;
CFH,34 patients). 31 (32%) patients had a combination of these, which was independently associated
with ICU hospitalization (p = 0.022). Analysis of almost infinite variant combinations showed that
patients with rs1042580 in thrombomodulin and without rs800292 in complement factor H did not



require ICU hospitalization. We also observed gender differences in ADAMTS13 and complement-
related variants. In light of encouraging results by complement inhibitors, our study highlights a patient
population that might benefit from early initiation of specific treatment. ematology Division,
Department of Internal Medicine, Johns Hopkins University, Baltimore, USA

1. Introduction

Coronavirus disease-19 (COVID-19) caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) has led to unprecedented changes in public health, research, social life, and the world
economy [1]. Although many individuals remain asymptomatic, significant morbidity and mortality is
observed worldwide. The triumph of SARSCoV-2 vaccination is expected to overcome many
challenges of this pandemic [2]. Nevertheless, it is not likely to address the issue of morbidity and
mortality from severe COVID-19 in the short-term. Despite the plethora of studies in the field, early
predictors of outcomes remain to be defined. Clinical factors such as older age, comorbidities, low
lymphocyte count and high Radiographic Assessment of Lung Edema (RALE), have been identified as
clinical predictors [3]. Lymphocyte subsets have been also extensively studied with regard to the
clinical outcome [4,5]. In this context, the role of systemic inflammation is continuously studied, along
with potential strategies to mitigate it in patients with severe disease [6-13]. Indeed, severe COVID-19
is a systemic disease associated with small and large vessel thrombosis, renal, cardiac and
neurological manifestations [14]. Endothelial dysfunction seems to be a common denominator of this
multiorgan pathology. Nevertheless, the pathophysiology of endothelial dysfunction and driver of
multiorgan pathology in COVID-19 remains to be elucidated [15].

Studies of previous coronaviruses have shown that blocking C3 activation significantly attenuates the
lung-directed proinflammatory sequelae of infections. Both the genetic absence of C3 and blockade
of downstream complement effectors, have shown therapeutic promise by containing the detrimental
proinflammatory consequences of viral spread mainly via inhibition of monocyte/neutrophil activation
and immune cell infiltration into the lungs [16,17]. More importantly, C3 blockade has already
provided promising anti-inflammatory results in a small cohort of severe COVID19 patients [18,19]. A
recent study also revealed that coronaviruses’ proteins (SARS-CoV, MERS-CoV and SARSCoV-2) bind
to a key protein of the lectin pathway (MASP-2/Mannanbinding lectin serine protease 2), leading to
complement-mediated inflammatory lung injury [20]. In addition, Magro et al. have detected deposits
of C5b-9, C4d, and MAPS-2 in the microvasculature of lung and skin biopsies of severe COVID-19
patients [21]. Furthermore, SARSCoV-2 spike protein subunits, but not N protein or spike protein from
a more benign human coronavirus OC43, have been identified as potent activators of the alternative
pathway, withC5 and factor D inhibitors preventing the complement-mediated damage [22].
Interestingly, both C3 and C5aR inhibition have been shown to attenuate thromboinflammation driven
by neutrophil extracellular traps (NETs); while the compstatin-based C3 inhibitor Cp40 could disrupt
tissue factor expression in NET-releasing neutrophils exposed to COVID-19 sera [23]. Indeed, several
studies have shown dysregulation of the classical/lectin, alternative, and terminal pathway activation
products in COVID-19 patients [23-26]. Complement activation is a key feature in a number of
complementmediated disorders, also called complementopathies [27]. Among them, complement-
mediated thrombotic microangiopathies (TMAs) have been thoroughly investigated, with the prototype
disease being atypical hemolytic uremic syndrome (aHUS) [28]. Complement-mediated TMAs present
with the typical triad of a TMA (thrombocytopenia, microangiopathic hemolytic anemia and organ
damage mostly to the kidneys and central nervous system), caused by excessive complement
activation [29]. Although the phenotype of a complementopathy may vary significantly including TMAs,
age-related macular degeneration (AMD), catastrophic antiphospholipid antibody syndrome (CAPS) or
HELLP (hemolysis, elevated liver enzymes and low platelets), the pathophysiology is common [30].



According to the “two-hit hypothesis”, germline mutations in complement-related genes or
autoimmune antibodies are the first hit; while complement-amplifying conditions, including
inflammation orAccording to the “two-hit hypothesis”, germline mutations in complement-related
genes or autoimmune antibodies are the first hit; while complement-amplifying conditions, including
inflammation or infections, represent the second hit. Except for complement-mediated TMAs, the
other pillar of TMA phenotype is thrombotic thrombocytopenic purpura (TTP), caused by severe
ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13)
deficiency. Genetic variants in ADAMTS13 have been described not only in the hereditary but also in
the acquired syndrome [31]. Suggested mechanisms of actions are summarized in Fig. 1 for proteins
encoded by TMA-associated genes. Taken together, these data suggest that severe COVID-19 may
resemble TMAs. The importance of this similarity is highlighted by the safety and efficacy of
complement inhibitors in these disorders [27], that has been also confirmed by recent results in
COVID-19 as summarized by Satyam et al. [32]. Therefore, the “two-hit” hypothesis that has been
mentioned above for complement-mediated disorders needs to be further investigated in COVID-19.
The second-hit or trigger may be due to inflammatory states, such as diabetes and obesity, or viral
infection per se that also activate complement and thus, may exacerbate complement-mediated
injury [33]. The first hit is most likely due to a germline predisposition, that has not been confirmed yet.
On these grounds, we hypothesized that genetic susceptibility might be present in severe COVID-19
patients at the level of complementrelated genes and ADAMTS13. Furthermore, we investigated the
association of genetic variants with clinical outcomes aiming to characterize a group of high-risk
patients that might benefit from complement inhibition.

2. Materials and methods
2.1. Study population

We prospectively studied consecutive adult Caucasian patients hospitalized with COVID-19 in our
referral centers during the first and second wave of the pandemic (April-May and September-October
2020). Diagnosis was confirmed by reverse-transcriptase polymerase chain reaction (RT-PCR). COVID-
19 severity was assessed based on World Health Organization’s (WHO) criteria into moderate and
severe disease. Additional data on patients’ history and course were recorded by treating physicians
that followed patients up to discharge or death. The final analysis included only patients with available
data on clinical course and outcome. The study was approved by Institutional Review Boards (IRBs) of
recruiting centers (G Papanicolaou and Attikon Hospital) and conducted according to the Declaration
of Helsinki. 2.2. Genetic analysis Genomic DNA was isolated from peripheral blood samples and
analyzed using next generation sequencing (NGS) with a customized complement-related gene panel
(complement factor H/CFH, CFHrelated, CFl, CFB, CFD, C3, CD55, C5, CD46,
thrombomodulin/THBD), including TMA-associated ADAMTS13 (A Disintegrin and Metalloproteinase
with Thrombospondin motifs). Probes were designed using DesignStudio (Illumina, San Diego,
California) to cover all exons spanning 15 bases into the intronic regions (98% coverage). We used 10
ng of initial DNA material. Libraries were quantified using Qubit and sequenced on a MiniSeq System
ina 2 x 150 bp run (Ilumina, San Diego, California). Both Ensembl and Refseq resources were used for
annotation of the output files. Variants clinical significance was based on ClinVar and the current
version of the Complement Database [34-37]. 2.3. Statistical analysis Data were analyzed using the
statistical program SPSS 22.0 (IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp).
Continuous variables were described as median and range and categorical variables as frequencies.
Variables were compared using chisquare statistics for categorical variables and Mann-Whitney for
continuous variables. Multivariate analysis was performed using binary logistic regression.
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Fig. 1. Potential interactions of proteins encoded by studied genes in COVID-19. Complement
activation leads to C3 activation and C3 convertase formation on C3- opsonized surfaces, culminating
in pronounced C3 fragment deposition on complement-targeted surfaces (proximal complement). In
the presence of increased surface density of deposited C3b, the terminal complement is triggered,
leading to membrane attack complex (MAC) formation on the surface of target cell. The present study
focused on complement pathway dysregulation resulting from loss-of-function mutations in
regulatory factors (Factor H, I, THBD/thrombomodulin, Membrane Cofactor Protein/MCP or CD46)
shown in red, gain-of-function mutations (C3 and Factor B) shown in green, mutations shown in black,
indicating the unknown effect on complement cascade. In addition, variants in ADAMTS13 were
studied. ADAMTS13 cleaves von Willebrand factor anchored on the endothelial surface, in circulation,
and at the sites of vascular injury. Proteins found to be of potential clinical significance (FH, C3, THBD,
ADAMTS13) in COVID-19 are shown in black letters. AP: alternative pathway; Properdin: P; MAC:
membrane attack complex. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2.4. Proposed algorithm

To find the variants that predict severe disease we developed a collaboration of four international
computational centers (Iran, Italy, Malaysia, Greece). This multi-disciplinary approach was necessary
to address the multidimensional aspects of COVID-19 infection by established collaborations [38-40].
Through this collaboration, a rigorous algorithm, based on laws and rules of logic, has been developed
and trained for the disease risk prediction/assessment of patients with a confirmed infection caused
by COVID-19. To this end, the optimum pattern/combination of genetic variants associated with
thrombotic microangiopathy which can justify the different clinical response among infected patients
has been investigated. This was a challenging task mainly due to their infinite combinations (more
than yotta = 1024). To this end experts, from data science and computational mechanics as well as
large computer clusters were required in the framework of a multilnstitutional and multidisciplinary
approach. In order to implement the proposed rigorous algorithm, a computer program has been
developed in Matlab environment, at the Computational Mechanics Laboratory, School of Pedagogical
and Technological Education, Athens, Greece. The proposed algorithm is implemented in five distinct
steps, described as follows:



Step 1: Obtaining the genetic profile of each Covid-19 infected patient, with emphasis on the genetic
variants in her/his genome as identified in the laboratory. Based on the work presented herein,
patients exhibit heterogeneous variant profiles including pathogenic, benign, likely benign, and
variants of unknown significance.

Step 2: Developing the variants’ list (vector) using the list of genetic variants for the entire population of
Covid-19 patients under study, as identified in the laboratory.

Step 3: Developing the database registering each patient’s genetic variants. This database is defined
as atwo-dimensional matrix (PGD —-Patients Genome Data) of dimension m x n, where m is the
number of variants identified in the entire population of patients, and n is the number of patients
under study. Each element, denoted as PGD(i,j) where i is the row index and j is the column index of
the matrix, can take binary values, either 0 or 1. Specifically, PGD(i,j) = 0 signifies that a patient
(corresponding to column with index j) does not exhibit the genetic variant which corresponds to row
index i. On the other hand, PGD(i,j) = 1 signifies that a patient (corresponding to column with index j)
exhibits the genetic variant which corresponds to row index i.

Step 4: Identification of the optimal combination of genetic variants, identified in the total population
of patients (appearing in the relevant list of step 2). The optimal combination categorizes the impact of
the disease on the patient’s health, in two classes, namely, (i) the patient’s needed entry to intensive
care unit (ICU), and (ii) no needed entry to ICU. An additional classification can be considered, that is,
(a) the combination can be found in the patient’s genome, and (b) the combination cannot be found in
the patient’s genome. According to these classifications, four rules were considered for the genetic
variants combinations in the patients cohort under study. Rule I. Investigation of genetic variants
combination, existing in the genome of a Covid-19 patient for whom ICU entry is necessary. Rule .
Investigation of genetic variants combination, existing in the genome of a Covid-19 patient, not leading
to ICU entry. Rule lll. Investigation of genetic variants combination, not existing in the genome of a
Covid-19 patient for whom ICU entry is necessary. Rule IV. Investigation of genetic variants
combination, not existing in the genome of a Covid-19 patient, not leading to ICU entry. Step 5:
Identification of the optimal combination of genetic variants (from all combinations studied in the
previous step). The optimal combination categorizes the impact of the disease on patient’s health, and
should take into account additional findings obtained from clinical studies, such as gender differences
in ICU cases [41].

3. Results

We studied 100 patients hospitalized for COVID-19. Among them, we analyzed only patients with
available genetic and clinical data: 63 with moderate disease hospitalized in COVID-19 general ward
(GW) and 34 with severe disease hospitalized in intensive care units (ICU). Fig. 2 presents in detail the
statistics of the infected patients based on their age, gender, and severity of their disease. Additional
patients characteristics are shown in Table 1. Among them, 12 patients succumbed due to COVID-19
disease (p = 0.229). Using steps 1 and 2 of the outlined methodology, we developed the database
indicating which specific mutation of the genome was available in each patient. Based on the
available statistics of the database, a total of 347 variants were identified, while the number of
variants per infected patient ranged from 47 to 101 with an average value of 71 and standard deviation
12. We found a variant of ADAMTS13 (rs2301612, missense) in 49 (51%) of patients, previously
described in congenital TTP [42]. We also detected two missense risk factor variants, previously
described in complement-related diseases: rs2230199 in C3 (21 patients) [43]; and rs800292 in CFH
(34 patients) [44]. Among them, 31 (32%) patients had a combination of these characterized variants
(18 in the discovery and 13 in the validation cohort). This combination was significantly associated



with severe disease that required intensive care (p = 0.042), as well as low lymphocyte counts (p =
0.049) and high neutrophil-tolymphocyte ratio (p = 0.038). Therefore, we performed a multivariate
model (binary logistic regression) to understand which of the abovementioned factors was associated
with this combination of variants. ICU hospitalization (p = 0.022) was independently associated with
double heterozygocity in these variants. Furthermore, one patient had a rare germline missense
variant in CFl (rs112534524), previously detected in aHUS [45]. This patient suffered from severe
disease but survived after long-term ICU hospitalization. Interestingly, 11 (11.5%) patients showed a
likely protective missense variant in CFB (rs641153) [46]; while 9 of them did not require ICU
hospitalization. Two patients with a protective variant that did require ICU hospitalization had a
concomitant combination of ADAMTS13 and C3 variants as mentioned above. To understand the
genetic differences of patients that develop severe COVID-19, we developed a rigorous algorithm,
based on laws and rules of logic, trained for disease risk prediction/assessment of patients with
confirmed COVID-19. Statistical analysis of all the possible combinations of variants showed that
among COVID-19 infected patients, patients with THBD variant rs1042580 and without CFH variant
rs800292 were not admitted in ICU. The opposite was true for ICU patients. Fig. 3 shows that this
condition was true for 100% of female patients not admitted in ICU during the first and second wave of
the pandemic. Interestingly, the percentage of male patients with variant rs1042580 and without
variant rs800292 not in ICU significantly increased during the second wave (p = 0.032). This finding
might be attributed to a more stringent selection of patients requiring ICU due to lower number of
available units during the second wave of the pandemic. More importantly, Fig. 3 highlights the gender
differences in patients with THBD rs1042580 and without CFH rs800292 variant. The combination of
these variants predicted ICU hospitalization in all female patients (100%), compared to 78% of male
patients (p = 0.003). These results support the existing notion that the clinical response of COVID19
infected patients is strongly gender-dependent. To further characterize differences between genders,
Fig. 4 highlights that variant THBD rs1042580 is by 21.09% likely more present in the genome of
women, and also presents variants with different ratios in male and female participants.

Table 1
Summary of laboratory characteristics.
Characteristics General ward Intensive care unit p-value
patients patients

Total lymphocyte count 1.0[1.0] 1.1[0] 0.172

Neutrophil-to-lymphocyte 3.1[2.0] 6.4(8] <0.001
ratio

Platelets (x10°/mm®) 222 + 103 322 + 189 0.016

Alanine aminotransferase (U/ 47(74] 52[95] 0.111
L)

Asparate aminotransferase (U/ 32[48] 46[85] 0.676
L)

Direct bilirubin (mg/dl) 0.19[0.06] 0.55[0.54] 0.208

Lactate dehydrogenase (U/L) 272 + 98 417 £ 172 <0.001

Creatinine (mg/dl) 0.8[0.2] 1.1[1.4] 0.627

Activated partial 349 = 6.9 36.7 £ 5.0 0.287
thromboplastin time (sec)

D-dimer (ng/mL) 875[542] 2115[2312] 0.011

C-reactive protein (mg/dl) 49 + 44 118 + 69 <0.001

Procalcitonin (ng/ml) 0.40 = 1.24 0.49 = 0.76 0.794

Ferritin (ng/ml) 594 + 597 1055 + 829 0.024
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Fig. 2. Number of COVID-19 patients categorized by age, gender and disease severity (requiring hospitalization in intensive care unit or not). ICU: intensive
care unit.
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Fig. 3. Graphs categorizing patients according to gender, age, and percentage of variants predicting
ICU hospitalization. A. Percentage of infected patients with THBD variant rs1042580 not in ICU: The
majority of patients (78% with age up to 65 years and 89% over 65 years) with this variant did not
require ICU hospitalization. Frequencies tend to be higher in female compared to male patients (p =
0.080). B. Percentage of infected patients without CFH variant rs800292 not in ICU. The majority of
patients (67% with age up to 65 years and 78% over 65 years) without this variant did not require ICU
hospitalization. C. Percentage of infected patients with THBD variant rs1042580 and without CFH
variant rs800292 not in ICU. The combination of these variants predicted ICU hospitalization in all
female patients (100%), compared to 78% of male patients (p = 0.003). D. Percentage of infected
patients with THBD variant rs1042580 and without CFH variant rs800292 not in ICU during the first and
the second wave. The percentage of male patients with variant rs1042580 and without variant
rs800292 not in ICU significantly increased during the second wave (p = 0.032). The combination of
these variants predicted ICU hospitalization in all female patients (100%). ICU: intensive care unit.
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Fig. 4. Graph of variants with a higher than 10% difference in frequency between gender. Bars represent the percentage difference between genders. Red bar is used
for variants with a higher percentage in female patients, while blue bar for variants with a higher percentage in male patients. THBD: thrombomodulin; CFH:
complement factor H; ADAMTS13: a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; CFD: complement factor D. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

We found for the first time variants associated with complementopathies and TMAs in patients with
severe COVID-19. We were also able to generate a rigorous algorithm that detected a combination of
variants predicting ICU hospitalization in all female (100%) and 78% of male patients. Patients with a
variant in THBD (rs1042580) and without a variant in CFH (rs800292) did not require ICU
hospitalization. Interestingly, we also observed gender differences in several complementrelated and
ADAMTS13 variants that might contribute to increased morbidity in male COVID-19 patients. Our study
sheds light on the genomic landscape in COVID-19 that is generally under-recognized, although



familial clusters have been identified from the early stages of the pandemic [47]. Genetic
susceptibility in COVID-19 has so far focused on the role of ABO blood group, angiotensin-converting
enzyme 2 (ACE2) polymorphisms and interferons. The genome wide association study involving 1980
patients with COVID-19 and severe disease (defined as respiratory failure) has identified a 3p21.31
gene cluster as a genetic susceptibility locus in patients with COVID-19 and respiratory failure
confirming a potential involvement of the ABO blood group system [48]. In addition, variants of ACE2
were found in different populations indicating that some individuals may be less susceptible to SARS-
CoV-2 infection than others [49]. Furthermore, loss-of-function rare variants at the 13 human loci
known to govern type | interferon immunity to influenza virus were found in 3.5% of adult patients with
COVID-19 [50]. Epigenetic dysregulation of ACE2 and interferon-regulated genes also suggested
increased COVID-19 susceptibility and severity in lupus patients [51].

Focusing on prediction of severe disease, a most recent study in a large cohort from the United
Kingdom identifies and replicated genome-wide associations, on genes encoding antiviral restriction
enzyme activators (OAS1, OAS2, OAS3), tyrosine kinase 2 (TYK2), dipeptidyl peptidase 9 (DPP9), and
interferon receptor gene IFNAR2 [52]. Despite the delicate methods and analysis of this study, it
should be noted that severe COVID-19 patients were compared only to non-COVID-19, non-
hospitalized controls. Furthermore, recent clinical studies have shown conflicting results of anti-
inflammatory treatment in COVID-19 [53,54]. Regarding complement variants, they have been only
detected in a comprehensive genetic and transcriptional analysis of complement and coagulation
variants [55]. This study confirms susceptibility to complement activation in large COVID-19 cohorts,
although markers of severe disease were not included in the analysis. Another question remains
unanswered during this pandemic: gender differences. Indeed, men present with an increased case
fatality rate worldwide [56]. Although this feature also suggests a germline susceptibility to severe
infections for male patients, differences have been so far attributed to social and economical factors,
along with different expression of ACE2 between genders [57]. A most recent meta-analysis confirmed
that men have almost three times the odds of requiring ICU hospitalization and higher odds of death
[41]. The authors discuss that known gender differences in the innate and adaptive immunity might be
responsible. Our study is the first to describe such differences in germline variants. Interestingly, these
differences in complement-related variants may enhance the already observed higher complement
activity in healthy male compared to female individuals [58]. Our study is also the first to show that a
combination of risk factor variants in complement-related genes (CFH or C3) with a variant in another
TMA-associated gene (ADAMTS13) is independently associated with severe disease. Arecent
experimental study in the field of TMAs provides a rationale for this association, suggesting a
synergistic effect of severe ADAMTS13 deficiency and complement activation in TMA pathogenesis
[59]. Relevant reports are rare in humans because testing for ADAMTS13 and complement-related
genes in the same panel is limited [60]. In addition, the traditional analysis of variants in these patients
is only limited to rare variants. In line with this study, previous reports from our group have also
suggested that more common variants are also associated with a TMA phenotype, especially where
two or more variants are combined [61]. The potential interactions of proteins encoded by genes
studied in the present report for patients with COVID19 is shown in Fig. 1. Our main finding of variants
in THBD and CFH is also a very interesting one. Taking into account that in misssense variants a single
nucleotide change results in a codon that codes for a different amino acid, a plethora of studies in
other disorders characterized by endothelial dysfunction support our findings. Interestingly, THBD
participates in both complement and hemostatic system, potentially proliferating the vicious cycle of
thromboinflammation [62]. One of the first studies has found rs1042580 along with other THBD single
nucleotide polymorphisms (SNPs) in patients with the model disease of complementmediated TMA,
aHUS [63]. In accordance with the clinical manifestations of COVID-19, rs1042580 has been
associated with increased mortality in patients with acute respiratory distress syndrome (ARDS) [64].



Interestingly, the same variant has been also reported to be associated with endothelial dysfunction
syndromes post allogeneic hematopoietic cell transplantation [65,66]. On the other hand, the CFH
variant rs800292 is characterized a risk factor variant for a complementrelated disease, AMD [44]. In
line with our data, COVID-19 patients with AMD have been recently shown at significantly increased
risk of severe disease and death [55]. Interestingly, COVID-19 spike protein binds heparan sulfate and
blocks factor H binding to perturb factor H function, at the same location as the AMD variants [22]. Our
results are in line with a recent study, showing decreased deposition of CFH in the COVID19 infected
lung tissue; therefore, speculating genetic dysregulation in patients who do not fare well in response to
infection with SARS-Cov-2 [26]. It should be also noted that the detected frequency of variants in our
study is similar to the frequency reported in the European population, confirming the validity of our
results. The importance of our findings is underlined by the long-term efficacy and safety of
complement inhibition in complement-mediated TMAs [27]. Off-label use of the terminal complement
inhibitor eculizumab has been also reported in COVID-19. Diurno et al. treated four severe COVID-19
patients with eculizumab. They observed an immediate reduction of C reactive protein levels and
clinical improvement leading to successful disease outcomes [67]. Further supporting evidence has
been shown by eculizumab treatment in three cases of critical COVID-19 [68]. Given the promising
preclinical data and the severity of COVID-19 infections, eculizumab is currently studied in patients
with severe COVID-19 infections. Eculizumab has also the advantage of safety in the pediatric
population [69]. In contrast to frequent intravenous infusions every two weeks that are required for
eculizumab treatment, the C5 inhibitor ravulizumab has the advantage of 4-fold longer half-life. Using
ravulizumab, a single intravenous dose should be sufficient in patients with COVID-19 infections.
Since C3 and the lectin pathway have been implicated in the pathophysiology of coronaviruses
infections, inhibitors of proximal complement pathways, under clinical development for
complementmediated TMAs, could also be efficacious in COVID-19 infections. The first case report of
C3inhibition with the compstatin-based inhibitor AMY-101 has shown safety and efficacy in severe
COVID-19[18]. Further comparative results of AMY-101 to eculizumab point toward a broader
pathogenic involvement of C3-mediated pathways in thromboinflammation [19]. The lectin pathway
inhibitor narsoplimab has also reported favorable results in six COVID-19 patients compared to
retrospectively studied control groups [70].

Our study has certain limitations. Due to its observational nature, our present findings cannot be
considered as definitive, indicating the need for future studies. Furthermore, our study highlights the
significant amount of data derived from NGS that are not readily available for clinicians. Further
studies are needed to incorporate these data into clinical practice. Translating the genotype to
phenotype is also an important aspect of this field that was not available in our patients and might be
feasible through novel ex vivo assays to detect complement activation in complementopathies
[28,71]. In addition, our study design did not permit incorporation of all related variables in one model.
Last but not least, it is evident that a larger population of COVID-19 patients from different centers
could provide more information on the clinical importance of genetic susceptibility. Therefore, our
multi-institutional and multi-disciplinary team is currently planning to overcome these obstacles in
future studies. In conclusion, variants associated with complementopathies and TMAs were for the
first time detected in adult patients with severe COVID-19, confirming our hypothesis of genetic
susceptibility. Furthermore, a combination of certain variants led to a high prediction rate of clinical
outcomes, highlighting the need for further studies utilizing a multi-disciplinary approach in the field.
Genetic testing in highrisk patients might be an important aspect aiming at intensified monitoring and
early initiation of specific treatment in patients with genetic susceptibility.
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