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Abstract

Antiphospholipid antibodies (aPL), assumed to cause antiphospholipid syndrome (APS), are notorious
for their heterogeneity and detect phospholipids and phospholipid-binding proteins. The persistent
presence of Lupus anticoagulant and/or aPL against cardiolipin and/or B2 glycoprotein | have been
shown to be independent risk factors for vascular thrombosis and pregnancy morbidity in APS. Among
others, viral infections have been proposed to trigger the production of aPL while mostly being con-
sidered non-pathogenic. Yet, the potential pathogenicity of infection-associated aPL has gained mo-
mentum since an increasing number of patients infected with Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) has been described with coagulation abnormalities and hyperinflamma-
tion, together with the presence of aPL. Here, we present data from a multicentric, mixed-severity
study including three cohorts of individuals who contracted SARS-CoV-2 as well as non-infected blood
donors. We simultaneously measured 10 different criteria and non-criteria aPL (IgM and 1gG) by using
a line immunoassay. Further, 1gG antibody response against three SARS-CoV-2 proteins was investi-
gated using tripartite automated blood immunoassay technology. Our analyses revealed that select
non-criteria aPL are enriched concomitant to or after an infection with SARS-CoV-2. Linear mixed-ef-
fect models suggest an association of aPL to prothrombin (PT) with the strength of the antibody re-
sponse against SARS-CoV-2 and further influenced by SARS-CoV-2 disease severity and sex of the indi-
viduals. In conclusion, our study is the first to report an association between disease severity, anti-

SARS-CoV-2 immunoreactivity and aPL against PT in patients with SARS-CoV-2.

Keywords: antiphospholipid antibody, viral infection, COVID-19, SARS-CoV-2, prothrombin antibody,

non-criteria aPL
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was found to elicit a spectrum of au-
toimmune reactions (Bastard et al., 2020; Lucas et al., 2020; Wang et al., 2020; Woodruff et al., 2020;
Zhou et al., 2020), similar to other viral infections (Bangs, McMichael and Xu, 2006; Tengvall et al.,
2019; Kanduc and Shoenfeld, 2020). Patients with severe SARS-CoV-2 infection, some of whom require
mechanical ventilation in specialised hospitals wards, have shown to be at high risk of developing
thrombotic vessel occlusion (Helms et al., 2020). Notably, ischemic events such as stroke have been
generally linked with infection, in particular infections affecting the respiratory tract (Sebastian, Stein
and Dhamoon, 2019). Along these lines, large-artery ischemic stroke has been identified not only in
patients in the current SARS-CoV-2 outbreak (Oxley et al., 2020) but also in 2004 with SARS-CoV-1
(Umapathi et al., 2004).

An association of antiphospholipid antibodies (aPL), mainly of the IgA type, and multiple cerebral in-
farctions has been reported (Zhang et al., 2020), linking SARS-CoV-2 to a systemic autoimmune disease,
the antiphospholipid syndrome (APS) (Taha and Samavati, 2021). Infection-induced non-criteria aPL
(Radin et al., 2020) could rise in a transient manner and may reflect a non-pathogenic epiphenomenon.
Conversely, aPL extracted from SARS-CoV-2 infected patients were reported to induce an accelerated
hypercoagulation via activation of neutrophils and release of neutrophil extracellular traps (NETs) that
points to a pathogenic role of aPL in SARS-CoV-2 infected individuals (Zuo et al., 2020). The hyperco-
agulable state (Violi et al., 2020) with platelet activation, endothelial dysfunction, increased circulating
leukocytes as well as cytokines and fibrinogen in these patients might be the result of an acquired

thrombophilia as described for patients with APS (Miyakis et al., 2006).

To our knowledge, the relationship between criteria and non-criteria aPL and the strength of the anti-
body response triggered upon infection with SARS-CoV-2 has not been extensively studied. We there-
fore investigated three cohorts of individuals who contracted SARS-CoV-2 as well as non-infected
blood donors in a multi-center, mixed-severity study. aPL were measured using an established line
immunoassay, including criteria aPL against cardiolipin (CL) and B2-glycoprotein | (B2) as well as non-
criteria aPL detecting phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), prothrombin (PT),
and annexin V (AnV), respectively. Additionally, we used the tripartite automated blood immunoassay
(TRABI) technology (Emmenegger et al., 2020) to investigate anti-SARS-CoV-2 IgG in these cohorts.
Overall, our data indicate that PT IgM aPL emerge as dependency of the strength of the antibody re-

sponse elicited against SARS-CoV-2 proteins, with disease severity and sex as additional contributors.
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Methods and Materials
Cohort of patients, convalescent individuals, and healthy blood donors

For this study, we included serum and heparin plasma samples from individuals from Branden-
85 burg/Saxony area, Germany, the University Medical Center Mainz, Mainz, Germany, and the University
Hospital Zurich, Zurich, Switzerland. All experiments and analyses involving samples from human do-
nors were conducted with the approval of the local ethics committee (BASEC-Nr. 2020-01731, KEK
Zurich; EK2020-16, BTU Cottbus-Senftenberg; reference number 2020-14988-2, ethics committee of
the state medical association of Rhineland-Palatinate), in accordance with the provisions of the Decla-
90 ration of Helsinki and the Good Clinical Practice guidelines of the International Conference on Harmo-

nisation.

Measurement of autoantibodies against criteria and non-criteria phospholipid and phospholipid-re-

lated antigens

Line immunoassays (LIA; GA Generic Assays GmbH, Dahlewitz, Germany) for the detection of criteria

95 and non-criteria antiphospholipid antibodies were used as previously described (Nalli et al., 2018;
Thaler et al., 2019). Briefly, serum and plasma samples were analysed for IgG and IgM autoantibodies
against CL, PA, PC, PE, PG, PI, PS, AnV, B2, and PT, according to the manufacturer’s recommendations.

Briefly, diluted samples (1:33) were transferred onto LIA stripes, incubated for 30 min at room tem-
perature (RT) while shaking. A 20 min wash step with 1 ml wash buffer (10 mM TRIS with 0.1% Tween)

100  was used to remove unbound or loosely attached unspecific components from the LIA stripes. HRP-
conjugated anti-human IgM or 1gG were incubated for 15 min at RT to bind to autoantibodies. After a
subsequent wash step, 50 pl of tetramethylbenzidine (TMB) were added to each LIA stripes as a sub-

strate followed by drying the stripes for at least 30 min at RT. Optical density (OD) of processed strips

were analysed densitometrically using a scanner and the corresponding evaluation software, Dr. Dot

105 Line Analyzer (GA Generic Assays GmbH, Dahlewitz, Germany) with a grayscale calibration card for

standardization provided with the kit.

High-throughput SARS-CoV-2 serology using TRABI technology

ELISA-based serology was carried out as previously described (Emmenegger et al., 2020). In brief, high-
binding 1536-well plates (Perkin Elmer, SpectraPlate 1536 HB) were coated on the CertusFlex dis-
110  penser (Fritz Gyger AG) with 3 pL/well 1 pg/mL SARS-CoV-2 spike ectodomain (S), receptor binding
domain (RBD), and nucleocapsid protein (NC) in PBS at 37 °C for 1 h, followed by 3 washes with PBS
0.1% Tween-20 (PBS-T) using Biotek EI406 and by blocking with 10 puL 5% milk in PBS-T for 1.5 h. Serum
samples were diluted in sample buffer (1% milk in PBS-T) and dispensed using acoustic dispensing

technology using the ECHO 555 (Labcyte). Thereby, we serially diluted the samples in a range between
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115 1:50-1:6,000, at an assay volume of 3 puL/well. After the sample incubation for 2 h at RT, the wells were
washed five times with wash buffer and the presence of IgGs directed against above-defined SARS-
CoV-2 antigens was detected using an HRP-linked anti-human IgG antibody (Peroxidase AffiniPure Goat
Anti-Human IgG, Fcy Fragment Specific, Jackson, 109-035-098, at 1:4000 dilution in sample buffer), at
a volume of 3 pL/well. The samples were then incubated for one hour at RT and subsequently washed
120  three times with PBS-T. Finally, TMB was added using the syringe dispenser on the MultifloFX (BioTek)
at the same assay volume as before, plates were incubated for three minutes at RT, and 3 pL/well 0.5
M H,S0, was added to stop the chromogenic reaction. The absorbance at 450 nm was measured in a
plate reader (Perkin Elmer, EnVision) and the inflection points of the sigmoidal binding curves p(EC50)
values of the respective sample dilution) were determined using the custom designed fitting algorithm

125 referred to earlier (Emmenegger et al., 2020).

Exploratory data analysis

Pair-wise non-parametric statistical testing was performed to assess differences between controls
(non-infected) and SARS-CoV-2 infected individuals. Statistical testing was carried out using MATLAB
(Mathworks). Fisher’s exact test was performed with two-tailed probability (95% confidence interval,
130 i.e. a-level = 0.05) to detect differential distributions of positives/negatives between two groups.
Mann-Whitney/Wilcoxon rank sum test was performed on groups with significant differences in the
Fisher’s exact test to assess whether ODs between the two conditions (non-infected/infected) derive
from different populations and a Benjamini-Hochberg post-hoc test (Groppe, 2021) was applied to
account for multiple comparisons. Two-sample Kolmogorov-Smirnov test was used to test for differ-
135  ences in the age distributions between the control and SARS-CoV-2 infected groups. Principal compo-
nent analysis (PCA) and heatmaps were generated in MATLAB. UMAPs were computed using the umap
(https://CRAN.R-project.org/package=umap) package in R (version 4.03) using default configuration

parameters and plotted using ggplot2.

Development and application of linear fixed-effect and mixed-effect models

140  We used a linear regression model (fixed-effects) to describe the relationship between a response
variable, y, (e.g., B2 or PT IgM) and one or more independent variables, X;. The independent varia-
bles were a mix of continuously valued covariates (e.g., PC1-SARS-CoV-2-1gG, age, days post onset of
symptoms) and categorical factors (sex, severity score, test positivity). A linear model of the following

form was considered:
145 y= ‘80+ ‘81X1+"' ﬁan‘l' &

where € is the random error.
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Least square estimates of the regression coefficients, By, B4, ... Bn, were computed using the QR de-

composition algorithm.

We developed mixed-effects models as an extension of our fixed-effects models. Here, the regres-
150  sion coefficients could vary with respect to one or more grouping variables. In addition to the fixed-
effects, these models included random effects associated with individual experimental units drawn at

random from a population. Linear mixed models of the following form were considered:
y=XB+Zb+ ¢

where y is the response variable; X and Z are fixed and random effect design matrices. 8 is a p-by-1
155 fixed-effects vector while b is a g-by-1 random effects vector and p, q here refer to the number of
fixed and random effects respectively in the model. The random effects vector, b and the random

error term & were assumed to have the following prior distributions:
b~N(0,5%2D(0)) and e~N(0,d2I)

D is a positive semidefinite matrix parametrized by a variance component vector 6. I is the identity
160 matrix, and 082 the residual variance. Mixed-effect models were fitted using the maximum likelihood

method.

Model development and variable selection was performed using a manual forward step-up proce-
dure. Starting from a constant model, at each step, we explored an alternative model by adding vari-
ables — one at a time — either as a fixed or a random effect. The relative quality of the revised model
165  was assessed using the Akaike Information Criterion (AlS), log likelihood and adjusted R?. The revised
model was retained only if it passed a likelihood ratio test at an a-level of 0.05. The null hypothesis

for the test was that the observed response is generated by the simpler model.
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Results
170  Multi-centre, mixed severity study cohort

Non-infected blood donors (controls, n=20) and samples from individuals who had an RT-qPCR-con-
firmed SARS-CoV-2 infection (n=75 samples, from 70 individuals, with 5 repeat samples) were included
in our study. Non-infected blood donors had a median age of 47 (interquartile range (IQR): 33-55)
years, with 45% of individuals being of female and 55% male sex (Table 1 and Fig. S1). Individuals who
175  contracted SARS-CoV-2 had a median age of 56 (IQR: 47-70) years and a female-to-male ratio of 41:59.

Twenty-two individuals with a history of SARS-CoV-2 infection were sampled in Brandenburg/Saxony
area, Germany, at 59 (IQR:57-87) days post onset (DPO) of symptoms (Table 2). They had a severity
score of 1, which may include symptoms such as anosmia, fever, fatigue, or headache but did not re-
quire hospitalization. The cohorts from University Medical Center Mainz (Mainz), Germany (n=27, of
180 whom 22 were unique patients whereof 5 patients had repeat samples) and University Hospital Zurich
(Zurich), Switzerland (n=26) were cohorts of patients hospitalized due to COVID-19, with severity
scores 2 (hospitalization without requiring oxygen supplementation), 3 (hospitalization requiring oxy-
gen supplementation), and 4 (hospitalization with treatment in the intensive care unit (ICU), mostly
including ventilation). The median DPO of symptom for Mainz and Zurich were 13 (IQR: 6-20) and 12
185 (IQR: 8-15) days, respectively, reflecting earlier time points that still include the acute phase of the
infection, unlike for the 22 convalescent individuals who never required hospitalization and were sam-

pled at later timepoints.

Exploratory analyses indicate association of SARS-CoV-2 infection with autoantibodies against 82-gly-

coprotein I, and prothrombin.

190 We used an extended IgG and IgM panel of the LIA (Nalli et al., 2018; Thaler et al., 2019)) to measure
autoantibodies against criteria and non-criteria aPL, including CL, PA, PC, PE, PG, PI, PS, AnV, 32, and
PT, in heparin plasma and serum samples of SARS-CoV-2 infected individuals and non-infected con-
trols. For the individuals pertaining to the Zurich cohort, the panel could be applied only to the meas-

urement of IgM APLs due to insufficient sample volume.

195  Wefirst aimed to gain insights into the reactivity profile by looking at all data in an exploratory manner.
We therefore generated a heatmap of the respective IgM (Fig. 1A) and 1gG aPL profiles (Fig. 1B). I1gG
aPLs were typically absent and only rarely close to or above the clinically relevant threshold of OD > 50
in both non-infected controls and SARS-CoV-2 infected individuals. IgM aPL titres were generally higher
than the corresponding IgGs. PC, PE, and PG IgM aPLs did not show any reactivity (median OD O, for all

200 the three antibodies), with none (PC IgM) or one (PE and PG IgM) individual having values above
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threshold. Conversely, IgM aPLs against CL, PA, PI, PS, AnV, B2, and PT showed a heterogeneous pat-

tern with titres in both the non-infected controls as well as the SARS-CoV-2 infected individuals.

We then investigated whether the overall IgM or IgG aPL profiles were distinct between the SARS-CoV-
2 infected individuals and the non-infected controls. We used Uniform Manifold Approximation and
205  Projection (UMAP) to reduce the dimensionality of the dataset while preserving the maximum varia-
bility, accounting for potential nonlinear relationships. Neither IgM (Fig. S2A) nor IgG profiles (Fig. S2B)
displayed clear clusters, suggesting that possible differences between non-infected controls and SARS-
CoV-2 infected individuals could not be explained in the feature space and require a more granular
analysis. On the positive side, the absence of distinct clusters suggests that SARS-CoV-2 infection does

210 notleadto a global and broad dysregulation of aPLs.

We subsequently categorised IgM and IgG aPL data according to an OD threshold of 50, used in the
clinical setting, with values = 50 considered positive, and values < 50 negative. Using Fisher’s exact test,
we found significant distributional differences between non-infected controls and SARS-CoV-2 infected
individuals for AnV IgM (p-value = 0.0026), B2 IgM (p-value = 0.0012), and PT IgM (p-value = 0.0052)

215 (Fig. 1C) but for none of the IgGs (Fig. 1D). To further increase the stringency of our analysis, we sub-
jected AnV, B2, and PT IgM to the Wilcoxon rank sum test, followed by the Benjamini-Hochberg cor-
rection for multiple comparisons. Here, we aimed to infer whether the probability of an OD value ran-
domly drawn from the control group being greater than one drawn from the infected population was
higher than chance level (a-level = 0.05). We identified significant distributional changes for B2 (p-

220  value =0.005), and PT (p-value = 0.005) IgM but not for AnV IgM (p-value = 0.13, i.e. non-significant).
Thus, only B2 and PT IgM displayed statistical significance when applying both criteria, indicating ro-
bust SARS-CoV-2 associated changes.

We further evaluated these changes in the light of potentially confounding factors when performing
pair-wise testing. We first performed a stratified analysis of associations between the response varia-
225 ble and each of the potential confounding factors: sex and age. To confirm our findings, we used mul-
tivariate regression and a percent change-in-estimate criterion. A 10% change or more is commonly

used as an indicator of a confounding effect (Greenland, 2008; VanderWeele, 2019).

We first explored the influence of sex by stratifying the dependent (32 IgM and PT IgM OD values) and
independent variables (infection status or test positivity) by sex. No trends were found between male
230  and female OD values in each group. Males and females were also similarly distributed among non-
infected controls and SARS-CoV-2 infected individuals (Fig. S1B). These observations suggest that sex
is unlikely to be a confounder. We confirmed this using multivariate regression. Briefly, an ordinary

least square regression model was fitted between OD values and infection status. The estimate of the
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regression coefficient associated with SARS-CoV-2 positivity was highly significant (p-value = 0.008 for
235 PT IgM and 0.001 for B2 IgM). We then added sex as an additional independent variable to the regres-
sion equation while observing the change in estimate of the coefficient associated with SARS-CoV-2
positivity. The percent change in the coefficient estimate was less than 4% for both 2 and PT IgM.

Hence, we ruled out sex as a confounding factor in our analysis.

We next assessed the confounding effect of age in the comparisons between non-infected and SARS-
240  CoV-2-infected groups (see Fig. S1A). Although the age distribution varied between the control and
SARS-CoV-2 infected groups (p-value=0.009, two-sample Kolmogorov-Smirnov test), we found no sig-
nificant correlations between age and (B2 or PT IgM) OD values, either overall, or within the non-in-
fected and SARS-CoV-2-infected groups. Moreover, we discovered that the estimate of the coefficient
associated with positivity remained stable when age was added as an additional covariate. The percent
245  change in estimate was less than 5% for both B2 and PT IgM. Hence, age was also ruled out as a con-

founder in our analysis.

In sum, our data suggests that B2 as well as PT IgM values were upregulated as a function of infection
with SARS-CoV-2. An overview of distributional effects including both test statistics used is provided in

Table 3.

250 Titre determination of antibodies directed against three SARS-CoV-2 proteins using the TRABI technol-
ogy.

The clinical picture of SARS-CoV-2 infection is diverse (Gavriatopoulou et al., 2020; Grasselli et al.,
2020), the manifestation of first symptoms is highly individual, and its documentation dependent on
the governance of the clinical department or the clinician. We have therefore aimed to obtain addi-

255  tional data by determining the respective SARS-CoV-2 antibody titres using the (TRABI) technology
(Emmenegger et al., 2020), to better characterise the immune profile. While the titres were already
available for the cohort from Zurich (published in (Emmenegger et al., 2020)), we measured IgG anti-
bodies against the SARS-CoV-2 spike ectodomain (S), its receptor-binding domain (RBD), and the nu-
cleocapsid protein (NC), in all additional individuals in this study, including the non-infected controls.

260  To this end, eight dilutions (range: 1:50-1:6,000) per sample and antigen were conducted using acous-
tic dispensing technology and the values were fitted with a logistic regression whereby the p(EC50),
i.e. antibody titre, was derived, as previously shown (Emmenegger et al., 2020). We then visualised the
respective titres in a heatmap (Fig. 2A). Visibly, some of the individuals infected with SARS-CoV-2 dis-
played titre values in the range of the non-infected controls, most likely because IgG seroconversion

265 had not yet occurred at the time point of sampling. However, the overall separation between non-
infected controls and individuals who contracted SARS-CoV-2 was obvious when applying UMAP (Fig.
S2C).
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We next illustrated the apparent multicollinearity of the IgG antibody response among S, RBD, and NC
(Fig. 2B) and applied principal component analysis (PCA), to obtain linear combinations. The first prin-
270  cipal component (PC), named PC1-SARS-CoV-2-IgG, accounted for 90.9% (second PC: 7.2%, third PC:
1.9%) of the variability contained within the p(EC50) titres and could therefore be reasonably em-
ployed to represent the IgG response against SARS-CoV-2 proteins as a composite metric, explaining

most of the variability, in subsequent analyses.

Linear mixed-effect model corroborates the relationship between SARS-CoV-2 infection and aPL against

275  prothrombin and is associated with strength of the antibody response, disease severity, and sex.

Autoantibody responses concomitant to or following a viral infection could be driven by many param-
eters, including the strength of the specific immune response to components of the viral pathogen.
Some of these features are supposedly independent, others inter-dependent, and the hierarchy of the
contributors is unclear, suggesting mixed effects. We aimed to further investigate the relationship be-
280 tween infection to SARS-CoV-2 and IgM aPLs against 2 and PT. Using all values available and without
segregating the non-infected controls and the SARS-CoV-2 infected individuals, we inspected B2 and
PT IgM aPL levels as a function of PC1-SARS-CoV-2-IgG levels, looking at sex, disease severity, DPO, and
age (Fig. 3A). Visually, data seemed indicative of a potential effect of sex on PT IgM levels. Additionally,
severity might be partially predictive of 2 and PT IgM levels, while DPO and age did not display a
285 perceptible linear relation. As a point of caution, the distributions of f2 and PT IgM were skewed, with
an enrichment at OD 0 as well as at ca. OD 40, leading to the appearance of a quasi-binomial distribu-
tion (Fig. 3A). To account for this, individuals with OD < 5 for a given antigen were removed from the
subsequent regression analysis. Thus, we aimed to specifically investigate the most important factors
regulating the presence, and not the absence, of IgM aPL against 2 and PT. Generally, we first fitted
290 an ordinary least square regression model, then added variables as fixed and as mixed effects and
assessed general model parameters (Akaike Information Criterion (AIC), log-likelihood, adjusted R?,
and the p-value of the likelihood ratio) and whether the slopes or intercepts improved. While we ob-
served that the fits for both B2 and PT improved when including PC1-SARS-CoV-2-1gG for prediction,
none of the additional variables added as a fixed- or mixed-effect were informative in predicting the
295 best fit for 2 IgM. B2 IgM values, in general, were not found to be well explained by a linear model,
fixed or mixed. Even if the inclusion of DPO seemed to be informative according to the likelihood ratio,
it caused a change in the estimate of PC1-SARS-CoV-2-1gG by 55% and worsened the adjusted R?. Thus,
DPO should be interpreted as a confounder for B2 IgM, in this context. Conversely, the inclusion of sex
proved informative on the intercept as well as the slope for PT IgM, and the information contained in
300 DPO further refined the model, in addition to PC1-SARS-CoV-2-1gG (see Table 4). The best fits for both
B2 as well as PT IgM are plotted in Fig. 3B.
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Finally, we investigated the relationship between PC1-SARS-CoV-2-IgG and B2 or PT IgM levels strictly
in the fraction of individuals who contracted SARS-CoV-2, using a similar approach to the one described
above (see Table 5). This is an important addition as we needed to ensure that the weak antibody
305  score, PC1-SARS-CoV-2-IgG, characteristic for non-infected individuals is not biasing the analyses of
those individuals who contracted SARS-CoV-2. While B2 IgM levels did not display robust improve-
ments upon inclusion of age, sex, DPO, disease severity (in line with the model that includes the non-
infected controls), or PC1-SARS-CoV-2-IgG (opposed to the model that includes the non-infected con-
trols), the best fit model indicated that the addition of the composite metric (PC1-SARS-CoV-2-1gG),
310 the severity score, and sex were informative to predict PT IgM levels. The best models for B2 and PT
IgM, in the absence of non-infected controls, are shown in Fig. 3C. We thus conclude that PT IgM aPL
levels are mostly associated with the strength of the antibody response elicited against SARS-CoV-2

proteins tested here and are further influenced by disease severity and sex.
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315 Discussion

Here, we aimed to study patients who contracted SARS-CoV-2 for the occurrence of aPL, in three co-
horts originating from three different centers, with mixed disease severity scores. We first measured
IgG and IgM aPL against criteria (CL and B2) and non-criteria antigens (PA, PC, PE, PG, PI, PS, PT, AnV)
and then supplemented our dataset with detailed information on the antibody status of all participants
320 by measuring the presence of IgG directed against SARS-CoV-2 S, RBD, and the NC protein. Our cohorts
comprised patients presenting with uncomplicated, mild, moderate and severe disease courses of
COVID-19 as well as healthy blood donors who had not contracted SARS-CoV-2. To characterise these
patients, we availed of features such as aPL levels, SARS-CoV-2 antibody titres, disease severity, basic

demographic information (sex and age) and DPO of sample.

325 Prior knowledge is suggestive of the presence of a plethora of aPL, including LA, to COVID-19 (Taha
and Samavati, 2021). Moreover, severe disease courses, including COVID-19-associated coagulopathy
(CAC) are reminiscent of so-called catastrophic APS (CAPS), which features venous and/or arterial vas-
cular thrombosis as well as pulmonary and heart damage with endothelial injury and microthrombosis
(Goshua et al., 2020; Iba et al., 2020, 2021; Varga et al., 2020; Maccio et al., 2021). CAPS is an utterly
330 devastating disease with around 30% mortality (Cervera et al., 2009), in which patients usually develop
multiple organ damage over a short period of time (Asherson and Cervera, 1994; Cervera, 2010). CAPS
appears to be linked to infections in the first place in nearly half of the patients (Cervera et al., 2009).
Uncontrolled complement activation may further contribute to an unfavorable disease course (Cervera

et al., 2009).

335 In our study, we pursued two main objectives. We (1) aimed to provide further evidence for the occur-
rence of aPL as a result of infection with SARS-CoV-2 and (2) aimed to identify potential correlates.
Indeed, we found that, globally, IgM or IgG levels are increased upon infection with SARS-CoV-2, with
66% of individuals having aPL against 21 antigen (non-infected controls: 15%), 40% against 22 antigens
(non-infected controls: 0%), and 21.3% against >3 antigens (non-infected controls: 0%), using a thresh-

340 old of OD 2 50. Thus, the prevalence of aPL was higher in our study than previously reported (Borghi
et al., 2020; Zuo et al., 2020; Cristiano et al., 2021; Taha and Samavati, 2021), despite not including LA
in the measurements, and in spite of omitting IgA aPL. Importantly, we detected significant distribu-
tional changes between non-infected controls and SARS-CoV-2-infected individuals for IgM aPL against
AnV, B2, and PT using Fisher’s exact test (p-values < 0.01), and for 2, and PT using Wilcoxon rank sum

345  test (p-values < 0.01 after Benjamini-Hochberg correction). Hence, in our study, we found an associa-

tion of IgM, and not of IgG, aPL with SARS-CoV-2 infection.

Polyreactive circulating IgM antibodies can bind to membrane phospholipids (Fu et al., 2007) and are

supposed to have a protective function (Briles et al., 1981). In contrast, such antibodies may not only
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clear the system from damaged cells but may also drive subsequent cell damage by additional com-
350 plement activation (Narang et al., 2017). In the context of infection with SARS-CoV-2, increased cell
death/apoptosis has been described (Li et al., 2020). Specifically, phospholipid-rich pulmonary surfac-
tant leakage (Fessler and Summer, 2016) following SARS-CoV-2-induced pulmonary cell necrosis may
further trigger the rise of aPL. AnV, B2, and PT IgM aPL are enriched after SARS-CoV-2 infection and
may last longer than three months, at least in a subset of COVID-19 patients (Vollmer et al., 2021). AnV
355 aPL have been linked to a (pro)thrombotic state in several diseases including sickle cell disease (Sater
et al., 2011) and APS (Zhang et al., 2017). Additionally, AnV IgG or IgM were associated with higher
occurrence of pulmonary arterial hypertension and were detectable throughout a 2-year follow-up in
patients with systemic sclerosis (Horimoto et al., 2020). B2 and PT aPL were reported to cause LA (1)
via direct interaction of B2 aPL with FV and activation by FXa and (2) via PT aPL competition with FXa
360 for PL binding sites (Noordermeer et al., 2021), actions which may account for the higher prevalence
of LA described in patients with COVID-19 (Taha and Samavati, 2021). However, a very recent study
indicated LA as a transient phenomenon during SARS-CoV-2 infection (Vollmer et al., 2021). We then
decided to focus on B2 and PT IgM aPL and asked what features are predictive for their occurrence. To
this end, we started with an ordinary least square regression model, then added variables as fixed and
365  as mixed effects in multiple linear regressions and assessed general model parameters (AIC, log-likeli-
hood, adjusted R?, and the p-value of the likelihood ratio) and searched whether the slopes or inter-
cepts improved. We accounted for collinearity of antibodies against SARS-CoV-2, thus, intrinsic corre-
lation, by using the first PC derived from linear combinations of S, RBD, and NC p(EC50) values (PC1-
SARS-CoV-2-1gG). While B2 IgM aPL levels were found to be correlated with the strength of the anti-
370  SARS-CoV-2 antibody response, none of the other features showed significant predictive power. Con-
versely, PT IgM aPL were best predicted by the strength of the antibody response against SARS-CoV-2
(PC1-SARS-CoV-2-1gG) but also by sex as well as disease severity in patients who contracted SARS-CoV-
2.

The detection of antibodies against negatively charged phospholipids and plasma proteins other than
375  CL and B2 may have diagnostic and/or therapeutic consequences. Such aPL e.g. against members of
the coagulation cascade like PT or against the PS/PT complex have been described in patients with
unprovoked venous thromboembolism (Ho and Rigano, 2020) seronegative APS (Zohoury et al., 2017),
and SLE (Tsutsumi et al., 2006). Although aPL against PT and PS/PT significantly correlate with each
other, conformational changes after PT binding to PS may expose different epitopes for aPL binding
380  (Tsutsumi et al., 2006). Both aPL require different reaction environments for their specific detection
(Roggenbuck et al., 2016). Still, the pathogenicity of these non-criteria (mainly lipid-reactive) aPL asso-
ciated with SARS-CoV-2 infections is a matter of debate. Recently, a report suggested an association of

high-titer aPL (mainly PS/PT) with increased NETosis and more severe respiratory disease in COVID-19
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patients (Zuo et al., 2020). In addition, purified IgG from these patients further led to immune dysreg-
385 ulation and thrombosis in mice (Zuo et al., 2020). Thus, non-criteria aPL may have pro-thrombotic po-

tential in humans, even if only transiently present.

In conclusion, our study further emphasizes a potentially pathogenic role of PT IgM aPL in SARS-CoV-2
infected individuals. We find its levels significantly correlating with the anti-SARS-CoV-2 antibody re-
sponse elicited upon infection and additionally influenced by disease severity and sex. Further studies
390 are needed to assess whether only a specific subset of patients (e.g. genetically defined) would be at

risk for developing such aPL.
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Figures and Tables

Figure 1. Heatmaps and boxplots for IgM and IgG aPL. A. and B. Colour-coded representation of IgM
(A) and 1gG (B) aPL. Higher OD values are evident for AnV, B2, and PT IgM aPL. C. and D. Boxplot rep-
590 resentation of IgM (C) and IgG (D) aPL. Dotted line: critical value for clinical decision making at OD
value 50. Pink star: statistically significant distributional differences between non-infected controls and
SARS-CoV-2 infected individuals according to Fisher’s exact test. Brown star: statistically significant
distributional differences between non-infected controls and SARS-CoV-2 infected individuals accord-

ing to Wilcoxon rank sum test after Benjamini-Hochberg correction.
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Figure 2. Antibodies against SARS-CoV-2 proteins using a tripartite autoimmune blood immunoas-
say. A. Colour-coded representation of the IgG antibody reactivity profile of non-infected controls and
SARS-CoV-2 infected individuals for the SARS-CoV-2 spike protein (S), its receptor binding domain
(RBD), and the nucleocapsid protein (NC). The p(EC50) value of the respective sample dilution reflects
the inflection point of the logistic regression. B. Multicollinearity plot to display the individual reactivity
profile of distinct anti-SARS-CoV-2 IgG antibodies. Antibodies against S, RBD, and NC are approximately

linear against each other, indicating that information of one is predictive for the other.
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Figure 3. Exploratory multi-parametric data analysis and best-fit model for B2 and PT IgM. A. Data

exploration to inspect potential relationships between OD values for PT or 32 IgM with PC1-SARS-CoV-

2-1gG, sex (f for female, m for male), disease severity (scores 0-4), days post onset of first disease man-

ifestation, or age (in years). A histogram of OD values was included to display the relative frequencies.

After a peak at ca. OD value 40, a second peak at 0 emerges for both PT as well as for B2 IgM. B. The

fitted vs. observed B2 and PT IgM values. While for 2 IgM, only PC1-SARS-CoV-2-IgG is informative,

PC1-SARS-CoV-2-IgG, disease severity, and sex, all contribute to the accurate prediction of OD values

of PT IgM. C. Same as (B) in the absence of non-infected controls.
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Table 1. Number of samples (N), median age, and sex distribution of non-infected controls and SARS-

620  CoV-2infected patients (IQR, interquartile range).

Cohort n Median age (IQR), years Sex distribution, ratio

Non-infected controls 20 47 (33-55) female:male = 45:55

SARS-CoV-2 infected 75 56 (47-70) female:male = 41:59
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Table 2. Number of samples (N), severity group, and median day post onset (DPO) of symptom of

patients who contracted SARS-CoV-2, belonging to three cohorts (IQR, interquartile range).

Cohort N Severity group Median DPO (IQR), Sample type
days
Brandenburg/Saxony 22 1 59 (57-87) Serum
Mainz 27 2-4 13 (6-20) Serum
Zurich 26 2-4 12 (8-15) Heparin plasma

625
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Table 3. Overview of antiphospholipid antibodies (aPL) and pair-wise statistical testing (AnV, annexin
5; B2, B2-glycoprotein |, IQR, interquartile range; cardiolipin (CL), OD, optical density; PA, phosphatidic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG phosphatidylglycerol; Pl, phosphati-

dylinositol; PS, phosphatidylserine; PT, prothrombin).
aPL Median (IQR), OD % of individuals p-value (Fisher’s p-value (Wil-
above nominal cut- exact test) coxon rank sum
off (OD 2 50) test, Benjamini-
Hochberg)
Non-infected SARS-CoV-2 in- Non-in- SARS-
controls fected fected CoV-2
controls infected
cL IgG 15.5 (9.5,24) 0(0, 18) 0 0 ns -
IgM 14 (0, 18.5) 0(0, 34) 0 12 ns =
PA IgG 12(0, 19) 0(0,0) 0 0 ns -
IgM 19 (12.5, 29) 11 (0, 37) 0 14.67 ns =
PC lgG 0(0, 0) 0(0,0) 0 0 ns -
IgM 0 (0, 0) 0 (0, 0) 0 0 ns -
PE lgG 0(0, 0) 0(0,0) 0 0 ns -
IgM 0 (0, 0) 0 (0, 0) 0 1.33 ns -
PG lgG 0(0, 0) 0(0,0) 0 0 ns -
IgM 0 (0, 0) 0 (0, 0) 0 1.33 ns -
Pl lgG 0(0,3) 0(0,0) 0 0 ns -
IgM 0 (0, 0) 0 (0, 0) 0 6.67 ns -
PS IgG 12.5 (0, 20.5) 0(0, 0) 0 0 ns -
IgM 18.5 (12.5, 28) 0(0, 17.5) 5 6.67 ns =
AnV IgG 0(0, 3.5) 0(0,0) 0 2.04 ns -
IgM 21.5 (13, 27) 36 (0, 52) 0 29.33 0.0026 ns
B2 IgG 8 (0, 16) 0(0, 14.5) 5 2.04 ns -
IgM 31 (24, 37) 45 (30.25, 72.5) 5 42.67 0.0012 0.005
PT IgG 0(0, 8.5) 0(0,0) 0 0 ns -
IgM 15 (0, 32) 35 (16, 54.75) 0 28 0.0052 0.005
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Table 4. Equation and performance characteristics of multiple linear fixed-effect and mixed-effect
models using data from non-infected controls and SARS-CoV-2 infected individuals. The best model is
shown in bold letters (AIC, Akaike information criterion; B2, B2-glycoprotein I; DPO, day post onset;

PC, principal component).

Equation AIC Log-like-  RZ;; Likelihood ra-
lihood tio (p-value)
B21gM ~1 855.08 -426.54 0 -
B21gM ~ 1+ PC1-SARS-CoV-2-IgG 845.76 -420.88 0.110 11.32 (<0.001)
B2 1gM ~ 1+ PC1-SARS-CoV-2-1gG + (1 | Sex) 849.76 -420.88  0.110 0 (ns)
B21gM ~ 1+ PC1-SARS-CoV-2-IgG + (PC1-SARS-CoV-2-I1gG - 1 | Sex) 849.76 -420.88 0.110 0 (ns)
B2 IgM ~ 1 + severity + PC1-SARS-CoV-2-1gG 849.69 -420.84 0.101 0.78 (ns)
B21gM ~ 1+ Age + PC1-SARS-CoV-2-IgG 849.16 -420.58 0.106 0.6 (ns)
B2 IgM ~ 1 + DPO + PC1-SARS-CoV-2-IgG 681.23 -336.61 0.003 168.53 (<0.001)
PTIgM~1 700.69 -349.35 0 -
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG 678.15 -337.08 0.279 24.5 (<0.001)
PT IgM ~ 1 + PC1-SARS-CoV-2-1gG + (1 | Sex) 677.29 33464  0.353 4.87 (0.027)
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG + (1 | Sex) + (PC1-SARS-CoV-2-1gG -1| 675.09 332.55 0.417 4.19 (0.041)
Sex)
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG + severity + (1 | Sex) + (PC1-SARS-CoV-2- 674.52 331.26 0.433 2.57 (ns)
18G -1| Sex)
PT IgM ~ 1 + PC1-SARS-CoV-2-1gG + severity + Age + (1 | Sex) + (PC1-SARS- 673.41 329.71 0.450 5.68 (ns)
CoV-2-1gG -1| Sex)
PT IgM ~ 1 + PC1-SARS-CoV-2-1gG + DPO + (1 | Sex) + (PC1-SARS-CoV-2- 559.16 273.58 0.439  117.94 (<0.001)
18G -1| Sex)
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Table 5. Equation and performance characteristics of multiple linear fixed-effect and mixed-effect
models using data from SARS-CoV-2 infected individuals without the non-infected controls. The best
model is shown in bold letters (AIC, Akaike information criterion; DPO, day post onset; PC, principal

component; PT, prothrombin).

Equation AIC Log-like-  RZ,; Likelihood ra-
lihood tio (p-value)
B21gM ~1 677.5 -337.75 0 -
B2 I1gM ~ 1+ PC1-SARS-CoV-2-IgG 677.39 -336.70 0.015 2.10 (ns)
B21gM ~ 1+ PC1-SARS-CoV-2-1gG + (1 | Sex) 681.50 -337.75 0.000 0 (ns)
B2 IgM ~ 1 + PC1-SARS-CoV-2-IgG + (PC1-SARS-CoV-2-IgG | Sex) 681.40 -336.7 0.016 2.10 (ns)
B2 IgM ~ 1 + severity + PC1-SARS-CoV-2-1gG 680.46 -336.23 0.014 3.04 (ns)
B21gM ~ 1+ Age + PC1-SARS-CoV-2-IgG 681.16 -336.58 0.004 2.34 (ns)
B2 I1gM ~ 1 + DPO + PC1-SARS-CoV-2-IgG 681.23 -336.61 0.003 2.27 (ns)
PTIgM~1 578.95 -288.48 0 -
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG 565.83 -280.91 0.213 15.13 (<0.001)
PT IgM ~ 1 + PC1-SARS-CoV-2-1gG + (1 | Sex) 563.67 -277.83 0.328 6.16 (0.013)
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG + (1 | Sex) + (PC1-SARS-CoV-2-IgG -1| 561.19 -275.6 0.402 4.48 (0.034)
Sex)
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG + severity + (1 | Sex) + (PC1-SARS-CoV- 558.67 -273.34 0.446 4.52 (0.033)
2-1gG -1] Sex)
PT IgM ~ 1 + PC1-SARS-CoV-2-IgG + severity + Age + (1 | Sex) + (PC1-SARS- 557.93 -271.97 0.464 2.74 (ns)
CoV-2-1gG -1| Sex)
PT IgM ~ 1 + PC1-SARS-CoV-2-1gG + DPO + (1 | Sex) + (PC1-SARS-CoV-2-1gG 560.14 -273.07 0.442 0.53 (ns)
-1]| Sex)
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Supplementary Figures

Figure S1. Demographic features of non-infected controls and SARS-CoV-2 infected individuals. A.
Age distribution of entire cohort for non-infected controls (orange) and SARS-CoV-2 infected individ-
uals (blue). The distribution of the controls indicates a generally younger age versus the SARS-CoV-2

645  infected individuals. B. Sex distribution of entire cohort for non-infected controls (orange) and SARS-
CoV-2 infected individuals (blue). The distribution in both cohorts is slightly skewed towards males
versus females.
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Figure S2. UMAP representation of APL profiles and SARS-CoV-2 IgG antibodies. A. and B. UMAP of
IgM APLs do not reveal any clear cluster between non-infected (black) and SARS-CoV-2 infected (tur-
quoise) individuals, both for IgM (A) as well as for 1gG (B) APLs. C. UMAP representation of anti-SARS-
CoV-2 protein antibodies displays clear clusters, with non-infected controls (black) and non-lgG-reac-
tive SARS-CoV-2 infected individuals (turquoise) clustering separately from IgG-reactive SARS-CoV-2

infected individuals.
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