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Diverse autoantibodies were suggested to contribute to severe outcomes of COVID-19,
but their functional implications are largely unclear. ACE2, the SARS-CoV-2 receptor and
a key regulator of blood pressure, was described to be one of many targets of autoanti-
bodies in COVID-19. ACE2 in its soluble form (sACE2) is highly elevated in the blood of
critically ill patients, raising the question of whether sACE2:spike complexes induce ACE2
reactivity. Screening 247 COVID-19 patients, we observed elevated sACE2 and anti-ACE2
IgG that were poorly correlated. Interestingly, levels of IgGs recognizing ACE2, IFNα2, and
CD26 strongly correlated in severe COVID-19,with 15% of sera showing polyreactivity ver-
sus 4.1% exhibiting target-directed autoimmunity. Promiscuous autoantibodies failed to
impair the activity of ACE2 and IFNα2, while only specific anti-IFNα2 IgG compromised
cytokine function. Our study suggests that the detection of autoantibodies in COVID-19 is
often attributed to a promiscuous reactivity, potentially misinterpreted as target-specific
autoimmunity with functional impact.
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� Additional supporting information may be found online in the Supporting Information section
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections can be asymptomatic or manifest in coronavirus disease
2019 (COVID-19) with mild to severe, as well as long-lasting
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symptoms. Pre-existing autoantibodies that neutralize type 1
interferons were suggested to increase the risk of severe COVID-
19 [1], representing a potentially predictive biomarker with
direct implications for medical treatment. Other studies described
anti-phospholipid autoantibodies and a causal link to thrombo-
sis in COVID-19, or anti-heart antibodies that were correlated
with clinical symptoms [2–4]. High-throughput autoantibody
discovery platforms unraveled that COVID-19 patients have
a high prevalence of self-reactive antibodies against diverse
immunomodulatory proteins that perturb immune function [5].
A similar study showed that about 80% of COVID-19 patients
develop autoantibodies recognizing secreted or cell surface
antigens [6]. A broad literature review on self-reactive antibodies
and autoimmune manifestations in COVID-19 summarizes a total
of 17 different autoantibody targets and 15 autoimmune diseases
associated with SARS-CoV-2 infections [7]. Causal links between
autoantibodies and COVID-19 pathogenesis need, however,
careful evaluation and depend on the affinity, specificity, and
longevity of the antibodies.

Angiotensin-converting enzyme 2 (ACE2), the high-affinity
receptor for SARS-CoV-2 [8], was reported to be a target of
autoantibodies that potentially contribute to COVID-19 pathogen-
esis via antibody-mediated inhibition of ACE2 enzymatic activity
[9–11]. ACE2 has several physiological functions including reg-
ulation of blood pressure [12] and inflammation [13], which
were shown to protect mice from acute lung injury [14]. The
membrane-bound form of the ACE2 receptor is cleaved by a dis-
integrin and metalloprotease 17 (ADAM17) [15] and transmem-
brane protease serine subtype 2 (TMPRSS2) [16]. Soluble ACE2
(sACE2) is increased in the blood of COVID-19 patients and cor-
relates with disease severity [17]. However, the contribution of
sACE2 to autoimmunity, as well as the functional consequences
of anti-ACE2 immunoglobulin (Ig) in COVID-19 pathogenesis, is
rather obscure.

Results and discussion

Anti-ACE2 autoantibodies in COVID-19 are unlikely to
result from high concentration of soluble ACE2

To measure titers of ACE2-reactive IgG, serial dilutions of 640
serum samples from 247 COVID-19 patients and 96 serum sam-
ples from 96 healthy donors were tested by ELISA. COVID-19
patients were stratified according to the World Health Organi-
zation (WHO) ordinal scale ranging from WHO1–2 for outpa-
tients, WHO3–5 for moderate cases, WHO6–7 for a severe dis-
ease course with need for invasive mechanical ventilation, and 8
for patients who died [18]. Patients and healthy donors were not
vaccinated, as samples were collected during the first COVID-19
wave. Overall, anti-ACE2 IgG titers observed in patients were very
low in comparison to anti-SARS-CoV-2 RBD titers, likely reflect-
ing modest auto-antibody affinity and concentration (Fig. 1A).
However, anti-ACE2 IgG was significantly higher in moderate and
severe COVID-19 (2.34-fold increase for WHO3-5 and 4.24-fold

increase for WHO6+ patients in comparison to healthy donors,
Fig. 1B). Anti-ACE2 IgG levels peaked during the acute phase of
the disease at 25 days post symptom onset and persisted for up
to 2 months in some individuals (Fig. 1C). The level of ACE2-
reactive IgG was increased 1.57-fold for female compared to male
patients and 1.75-fold for patients above the age of 45 within
the severe COVID-19 cases (Supporting information Fig. S1A and
B). The titers of anti-ACE2 IgG rarely exceeded an ED50 (effec-
tive dilution 50; effective serum dilution at which half of specific
IgG is bound) of 100. By contrast, the level of anti-SARS-CoV-
2 RBD IgG was two orders of magnitude higher (median ED50
anti-ACE2: 5.35; median ED50 anti-RBD 573.7; Fig. 1D and E).
Anti-ACE2 IgG levels did not show a strong correlation with anti-
RBD IgG, suggesting that the degree of ACE2-directed autoimmu-
nity is independent of the immune response against the pathogen
(Fig. 1F).

If sACE2 were recruited into the GC response through the for-
mation of sACE2:spike complexes, we expect that onset, strength,
and time course of anti-ACE2 IgG are sACE2 dose-dependent,
with the lowest titers for subimmunogenic amounts of sACE2.
Induction of autoimmunity through an sACE2:spike piggyback
has also been suggested in a theoretical review by McMillan
et al. [19]. To address if complex formation may drive ACE2
autoimmunity, we made use of our existing dataset to assess
whether the levels of anti-ACE2 IgG in COVID-19 patient sera
are associated with serum concentrations of sACE2 and observed
a weak but significant correlation (p = 1.3 × 10−9, R = 0.4,
Fig. 1G). However, the increased level of sACE2 does not tem-
porally precede the emergence of anti-ACE2 IgG and decent titers
were even observed for patients with the lowest levels of sACE2
(Fig. 1G; Supporting information Fig. S1C). Collectively, our data
suggest that sACE2 is not the main driver eliciting anti-ACE2
IgG.

Anti-ACE2 autoantibodies in COVID-19 patients do not
affect ACE2 enzymatic function

ACE2 is an important regulator of blood pressure and inflam-
mation 12, 13. We previously found that in contrast to healthy
donor samples, COVID-19 patient sera inhibit enzymatically
active, recombinant ACE2, suggesting that ACE2-reactive IgG
might inhibit the enzymatic activity. However, we observed that
the level of ACE2-reactive IgG correlates weakly and negatively
with inhibition of ACE2 by COVID-19 serum (Fig. 1H), suggesting
that autoantibodies do not affect ACE2 regulatory functions. To
formally exclude that patient immunoglobulins are capable of
impairing ACE2 activity, we purified Ig from COVID-19 sera by
protein G pull-down and determined the inhibitory potential of
the eluate and the IgG-depleted fraction. The pull-down removed
99.97% of serum IgG (Supporting information Fig. S1D) but
not the inhibitory potential of the depleted fraction (Fig. 1I).
Conversely, purified Ig did not reduce the enzymatic activity
of ACE2. To assess the concentration of polyclonal anti-ACE2
Ig that would be sufficient to inhibit ACE2 activity, we used a
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Figure 1. ACE2-reactive IgG is significantly elevated in COVID-19 but insufficient for enzyme inhibition. (A) ACE2-reactive IgG in sera of healthy
donors in blue (HD, n = 96, one sample per donor), moderate COVID-19 in yellow (WHO3-5, n = 107 patients, n = 210 samples) and severe patients
in red (WHO6+, n = 94 donors, n = 370 samples). Shown are the ELISA optical density (OD) values for indicated reciprocal serum dilutions. An
RBD-hFcg1 control at indicated concentrations (gray numbers, ng/mL) was added to each plate (n = 57). (B) Normalized ED50 of anti-ACE2 IgG
in COVID-19 patients and recovered (Rec) individuals. (C) Kinetics of anti-ACE2 IgG (ED50) with median trend over indicated days post symptom
onset (PSO). (D) SARS-CoV-2 RBD-reactive IgG at indicated serum dilutions. The monoclonal antibody S309 (gray numbers, concentration in ng/mL)
was added to each plate (n = 68) for standardization of the ED50. (E) ED50 values of ACE2- versus RBD-reactive IgG by COVID-19 severity class. (F)
Spearman correlation of anti-RBD IgG and anti-ACE2 IgG in n = 392 serum samples drawn ≥ 15 days PSO from 133 donors. (G) Spearman correlation
ofmaximal anti-ACE2 IgG (ED50) andmaximal sACE2 serum concentrations that were detected in n= 201 COVID-19 patients. (H) Levels of anti-ACE2
IgG versus the capability of serum samples to inhibit the activity of recombinant ACE2 (rACE2) that was added at a final serum concentration of 50
ng/mL (n = 300 serum samples drawn ≥ 15 days PSO from 125 donors). Spearman correlation analysis in (F–H) and the curve fitting was performed
with a 95% confidence interval. (I) The ACE2 inhibitory potential of whole serum was compared to protein G pull-down fractions. Severe (red, n
= 15) and moderate (orange, n = 10) COVID-19 patient samples with high (n = 8) and low (n = 17) inhibitory potentials were compared to healthy
donor sera (blue, n = 4). Combined data from four independent experiments, each sample was tested in six serial, single dilutions (A–H). For ACE2
activity and rACE2 inhibition, combined data from three experiments are represented, samples tested in a single dilution in two replicates (G–H).
Data from a single experiment is represented in I, samples are tested in two replicates. Symbols represent individual samples, boxes show the
median and the interquartile range, and the whiskers display 95% confidence interval. ****p < 0.0001; ns = no significance.
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commercial polyclonal antibody with moderate binding affinity
to human ACE2. To reduce ACE2 enzymatic activity by half,
concentration of anti-ACE2 had to exceed 10 μg/mL (Supporting
information Fig. S1E). Taken together, our data suggest that ACE2
inhibition in COVID-19 sera stems from an unknown factor as
the levels of anti-ACE2 Ig are too low to impact ACE2 regulatory
functions.

The majority of COVID-19 patients develop
polyreactive serum IgG

As ACE2-reactive IgG was unlikely to stem from a target-driven
response, we postulated that similar levels of autoreactivity might
be detected for other serum proteins. We chose soluble CD26,
also called dipeptidyl peptidase 4 (DPP4), as a control antigen,
because it is an enzyme that circulates in sera of healthy indi-
viduals at levels similar to sACE2 in COVID-19 patient blood
[20]. We observed a significant increase of autoreactivity against
sDPP4 in COVID-19 patients, comparable to the autoreactivity
against ACE2 (anti-ACE2 IgG ED50 median 5.35 vs. anti-DPP4
IgG ED50 median 8.47, including WHO1-8 class severities, Sup-
porting information Fig. S2A and B). Similar to ACE2-reactive
IgG, longitudinal measurement unraveled the highest level of
anti-DPP4 IgG during the acute phase of the disease up to 50
days post symptom onset, with a gradual decline over 7 weeks
(Fig. 2A).

The risk of severe illness upon SARS-CoV-2 infection is
increased if pre-existing autoantibodies neutralize type I IFNs [1].
To compare levels of anti-DPP4 and anti-ACE2 reactive antibodies
to functionally relevant autoimmune Ig in COVID-19, we mea-
sured antibodies recognizing IFNα2 (Supporting information Fig.
S2C and D). As expected, COVID-19 patients displayed elevated
levels of IFNα2 reactive antibodies, which peaked over the first
month of the infection, similar to anti-ACE2 IgG (Fig. 2B). Of
note, all tested self-reactivities were strongly and positively cor-
related, including antibodies recognizing bovine serum albumin
(BSA) (ACE2 vs. BSA, r = 0.89; ACE2 vs. DPP4, r = 0.88; ACE2
vs. IFNα2, r = 0.77, p < 0.0001, Fig. 2C–F). These data suggest
that the majority of COVID-19 sera display a promiscuous reactiv-
ity of serum IgG. Of note, only a small fraction of patient samples
showed autoantibody titers for a particular self-antigen beyond
the levels of polyreactivity (elevated ACE2-reactive IgG in n = 8
sera [5 donors], 1.3% of total samples [2.0% of total donors],
elevated anti-IFNα2 IgG in n = 18 sera [10 donors], 2.8% of total
samples [4.0% of total donors], with reactivity defined as ED50
> 2 × maximum healthy donor titer and specificity defined as
the ratio of anti-ACE2/anti-IFNα2 IgG deviating by more than 1.5
× SD from the median ratio). While ACE2-reactive samples were
not able to inhibit recombinant ACE2, IFNα2-specific samples dis-
played a moderate inhibitory potential (Supporting information
Fig. S2E). Samples obtained from patients with systemic lupus
erythematosus (SLE, 58 donors), displayed low levels of polyre-
activity as indicated by low levels of ACE2 and BSA reactive IgG
(Fig. 2G).

Polyreactive serum IgG in COVID-19 patients poorly
compromises IFN signaling

Finally, we aimed to test the inhibitory potential of promiscu-
ous versus target-reactive sera with similar titers of anti-IFNα2
IgG. We, therefore, selected n = 7 donors per group and applied
published protocols [1] to determine STAT1 (signal transduc-
ers and activators of transcription 1) activation after stimulating
healthy donor PBMCs (peripheral blood mononuclear cells) with
10 ng/mL IFNα2 in the presence of selected sera. Interestingly,
we found that only one out of eight donors with polyreactive sera
impaired STAT1 activation. By contrast, six out of seven donors
with sera containing anti-IFNα2 IgG effectively blocked IFN sig-
naling (Fig. 2H–J). To determine whether polyspecific sera may
impair STAT1 signaling for lower concentrations of IFNα2, we
selected a subset of promiscuous and IFNα2-reactive donor sam-
ples (n = 3 per group) and performed the experiments with IFNα2
concentrations ranging from 10 pg/mL to 10 ng/mL. For two out
of three promiscuous samples, we observed a moderate drop in
STAT1 phosphorylation in presence of 1 ng/mL IFNα2 in com-
parison to healthy donor control, while the IFNα2-reactive sera
strongly inhibited the STAT1 activation in presence of any IFNα2
concentration (Supporting information Fig. S2F). In conclusion,
our data suggest that compared to promiscuous autoantibodies,
target-specific Ig is more likely to interfere with the function of
the self-protein.

Concluding remarks

Collectively, our study highlights a relevant aspect at the inter-
section of autoimmunity and COVID-19, namely that SARS-CoV-2
infection is associated with high levels of polyreactive IgG that
can confound the detection of target-specific and functionally
relevant autoantibodies. Diverse autoantibodies were described
to be associated with COVID-19. Confirming previous reports,
we found that ACE2- and IFN-reactive IgG significantly correlate
with COVID-19 disease severity. However, our findings argue that
autoantibodies need to be evaluated in the context of multiple
self-reactivities to discriminate promiscuous from target-specific
autoimmunity. Such discrimination may be of particular relevance
when guiding the prediction of disease course as well as therapeu-
tic interventions. For instance, the capability of serum IgG to inter-
fere with IFN activity may be carefully considered when applying
therapies enhancing IFN-signaling, urging to prioritize functional
assays over ordinary titer measurements for diagnostic testing. In
fact, validation of ELISA assays by a competition assay has been
suggested as part of a diagnostics pipeline to exclude anti-IFN-Ig
false positives [21].

It has been shown in the past that a large proportion of mem-
ory B cells and serum antibodies in healthy donors display polyre-
activity [22]. Therefore, the rise of IgG binding self-antigens after
SARS-CoV-2 infection might be explained by the differentiation
of polyreactive memory B cells into antibody-secreting plasma
cells, giving rise to large amounts of IgG capable of binding
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Figure 2. Serum IgGs of severe COVID-19 patients that are promiscuously self-reactive lack inhibition of cytokine function, while COVID-sera
containing target-specific anti-IFNα2 IgG are inhibitory. (A) Anti-human DPP4 IgG at indicated days post symptom onset (PSO) for moderate and
severe COVID-19 patients. Trendlines for median ED50 values are shown. (B) The ED50 of anti-IFNα2 IgG over time PSO. Boxplots for healthy donors
(HD) in blue showmedian and the interquartile range, whiskers represent 95% confidence interval. (C) Spearman correlations showing ED50 values
of anti-IFNα2 IgG versus anti-DPP4 IgG, (D) anti-BSA IgG versus anti-DPP4 IgG. In (C) and (D), n = 188 samples from 45 COVID-19 patients are shown.
(E) Anti-ACE2 IgG versus anti-IFNα2 IgG (n = 449 samples from 150 COVID-19 patients); (F) anti-ACE2 IgG versus anti-BSA IgG for 429 serum samples
of 168 COVID-19 patient donors. In (D–F), n = 96 samples from healthy donors are shown in blue. (G) Spearman correlations of anti-ACE2 IgG versus
anti-BSA IgG of sera collected from n = 58 systemic lupus erythematosus (SLE) patients (one sample per donor). (H) The IFNα2 blocking activity was
assessed by stimulating peripheral blood mononuclear cells (PBMCs) with 10 ng/mL IFNα2 in the presence or absence of 10% healthy control or
patient serum. Fluorescence staining of phosphorylated (p-) STAT1 is depicted for an unstimulated control (gray), three healthy donors (blue), four
donors with anti-IFNα2 IgG (IFNα2+, violet), four donors with unspecific IgG (unspecific, yellow), and four donors with promiscuous IgG (DP, orange).
(I) Inhibitory potential was calculated as a relative decrease in p-STAT1 mean fluorescence intensity (MFI) in comparison to the level in absence
of IFNα2 (NoAct, gray line) and in presence of healthy donor sera (HD, blue). Sample type was assigned based on the anti-IFNα2 and anti-ACE2 IgG
level, criteria are illustrated in (J) and described in the text. Each point represents a sample, bar plot shows the median level for a donor. (J) The
ED50 values of anti-ACE2 versus anti-IFNα2 IgG with the zones discriminating ACE2-specific (ACE2+, cyan fill), promiscuous (DP, orange fill), and
IFNα2-reacive (IFNα2+, purple fill) sera, respectively. Orange line denotes the median ratio between anti-ACE2 and anti-IFNα2 IgG, cyan, and purple
lines delineate median ± 1.5 × SD anti-ACE2/IFNα2 IgG, accordingly. Serum samples with less than 30% (gray), 30–80% (orange), and more than
80% (green) STAT1 phosphorylation inhibition are highlighted. Vertical and horizontal gray lines denote double of the maximum anti-IFNα2 and
anti-ACE2 IgG titers for healthy donors, correspondingly. Combined data from three experiments are shown in (A) and (B); (C–G) the combined data
from seven experiments are represented. In (A–G), each sample is tested in six dilutions in one replicate. For STAT1 phosphorylation assay, data
from two independent experiments are combined, the samples are tested in a single dilution in two replicates (H–J).

multiple distinct targets promiscuously and with low affinity. In
addition, certain viral infections were shown to promote polyre-
activity including EBV, hepatitis viruses, and HIV [23]. Similarly,
SARS-CoV-2 may drive the emergence of polyreactive serum
antibodies.

Interestingly, polyreactivity was suggested to confer a selective
advantage to virus-specific antibodies against HIV [24]. Owing to
the exceptionally low number of spike proteins per virion [25], a
binding mode called heteroligation would ensure bivalent bind-
ing of antibodies with one binding site attaching to the specific
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target with high affinity, while the second site would bind a
distinct molecular structure on HIV with low affinity [24]. As
spike proteins on SARS-CoV-2 can be scarce [26], polyreactivity
may similarly enhance antibody binding through an avidity gain.
However, formal clarification demands the analysis of monoclonal
SARS-CoV-2 spike-reactive antibodies for polyreactive properties.

Finally, the deep characterization of self-reactive antibod-
ies, including their kinetics and longevities, may in future
be expanded toward the definition of target-focused versus
promiscuous reactivities to support clinical prognosis and inform
the impact of autoantibodies on COVID-19 or long-COVID
pathologies.

Materials and methods

Patient samples

A total of 640 samples were obtained from healthy donors and
COVID-19 patients, recruited as outpatients (19 donors) or at
hospitals (228 donors of the Pa-COVID-19 study cohort). Based
on patient availability, single blood draws or longitudinal sam-
pling up to 7 months post symptom onset was provided (146
patients of the Pa-COVID-19 study cohort). Patients included in
this analysis were not vaccinated and recruited from March 4,
2020 until January 5, 2021. Treatment followed the standard of
care throughout the study period with the administration of dex-
amethasone for patients requiring respiratory support from mid-
June, 2020 according to the preliminary results of the RECOV-
ERY trial [27, 28]. Some patients received prednisolone or equiv-
alents of other glucocorticoids before the introduction of dex-
amethasone or as a substitute for dexamethasone for individual
reasons. A healthy donor cohort enrolled SARS-CoV-2 negatively
tested Charité healthcare workers (96 donors with single dona-
tions). COVID-19 severity states were categorized according to the
WHO ordinal scale for clinical improvement: no clinical or viro-
logical evidence of infection (WHO0), ambulatory without limi-
tation of activities (WHO1), ambulatory with limitations of activ-
ities (WHO2), hospitalized mild disease without oxygen therapy
(WHO3), hospitalized mild disease with oxygen by mask or nasal
prongs (WHO4), hospitalized severe disease with non-invasive
ventilation or high-flow oxygen (WHO5), hospitalized severe dis-
ease with intubation and mechanical ventilation (WHO6), hos-
pitalized severe disease with intubation, mechanical ventilation,
and additional organ support—pressors, RRT, or ECMO (WHO7),
death (WHO8). Outpatient subjects recovered from mild or mod-
erate COVID-19 (WHO1-3) for at least 4 weeks before convales-
cent plasma donations. All samples were collected in compliance
with the principles laid down in the 1964 Declaration of Helsinki
and its later amendments. All patients gave written informed con-
sent. Note that 68.9% of hospitalized COVID-19 patients were
male. Female patients had a median age of 60 years (min.: 18;
max.: 89 years) and a median BMI of 29.0 kg/m2 (min.: 20; max.:
56 kg/m2). Male patients had a median age of 61 years (min.:

21; max.: 92 years) and a median BMI of 27.8 kg/m2 (min.: 16;
max.: 54 kg/m2). COVID-19 outpatients were 42% male and had
a median age of 52 years (min.: 26, max.: 79 years). The healthy
donor cohort was 54% male. Female donors had a median age
of 43 years (min.: 23; max.: 83 years) and a median BMI of 22.6
kg/m2 (min.: 17.4; max.: 33.7 kg/m2). Male donors had a median
age of 49 years (min.: 20; max.: 86 years) and a median BMI of
25.3 kg/m2 (min.: 20.7; max.: 36.9 kg/m2). A total of 58 sam-
ples (one sample per donor) were received from patients suffer-
ing from SLE. Patients included in this analysis were recruited
from May, 2020 until May, 2021. SLE patients were diagnosed
in accordance with the joint guidelines by the European League
Against Rheumatism and the American College of Rheumatol-
ogy [29]. All SLE patients tested positive for antinuclear anti-
bodies. Note that 95% of SLE patients were female. Male SLE
patients had a median age of 50 years (min.: 32, max.: 67 years).
Female SLE patients had a median age of 38.5 (min.: 19, max.:
72 years).

Collection of sera and plasma

Sera were obtained from blood collected in tubes containing clot
activator of silica particles, followed by centrifugation. Serum and
plasma were stored at 4°C.

Cloning of recombinant protein

Q18-V739 fragment of human ACE2 (Uniprot: Q9BYF1, GeneID:
59272) was cloned into mammalian expression pcDNA3.1 vector
containing a signal peptide (SP) and a molecular tag composed of
eight histidine moieties (His-tag) connected to the C-terminus of
ACE2 via GSSGSSGSS linker. It was determined experimentally
that C-end His-tag is not suitable for efficient protein purification,
likely due to the cleavage by proteases such as a disintegrin and
metalloprotease 17 (ADAM17) expressed by 293 cells. Therefore,
a His-tag was introduced between the SP and the N-terminus
of the ACE2 fragment. An RBD expression vector was kindly
provided by Krammer and colleagues [30]. R319-F541 fragment
of Wuhan SARS-CoV-2 Spike was cloned upstream to CH2 and
CH3 domains of human IgG1 to generate RBD-hFcg1. Human
DPP4 fragment S39-P766 (Uniprot: P27487, GeneID: 1803) was
cloned into mammalian expression pcDNA3.1 vector containing
an SP and a molecular tag composed of eight histidine moieties
(His-tag) connected to the N-terminus of DPP4. Human IFNα2
fragment C24-E188 (Uniprot: P01563, GeneID: 3440) was cloned
into mammalian expression pcDNA3.1 vector containing an SP
and a molecular tag composed of eight histidine moieties (His-
tag) connected to the C-terminus of IFNα2 via GSSGSSGSS linker.
Begelomab heavy and light chain variable domains (PubChem
SID: 252166891) were assembled via overlap-extension PCR
and cloned into pcDNA3.1 vector containing an SP and heavy
and light chain constant domains. Monoclonal polyreactive IgG
control was constructed by cloning the variable domain of heavy
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chain-only antibody VHH J3 [31] flanked by GS-linkers and
IgG1 hinge motifs (EPKSCDKTHTCPPCP) into the anti-influenza
stem FY1 antibody [32] downstream to the variable domain.
The heavy chain was paired with the cognate light chain of
the FY1 antibody and expressed in FreeStyle 293-F cells (Life
Technologies, #R79007) according to the procedure described
below.

Production of recombinant proteins

Cloning constructs were used to transiently transfect FreeStyle
293-F cells that were grown in suspension using Expi293 expres-
sion medium (Life Technologies; #A1435101) at 37°C in a humid-
ified 8% CO2 incubator shaking at 120 rpm. Cells were grown
to a density of 2.5 million cells per milliliter, transfected using
polyethylenimine (PEI; Polysciences Europe GmbH; #23966-1) (4
μg/mL in cell suspension) and plasmid DNA (1.2 μg/mL in cell
suspension) that were diluted in Opti-MEM (Gibco; #31985047)
medium and cultivated for 3 days. The supernatants were har-
vested and proteins purified by His or Ab SpinTrap columns
according to manufacturer’s protocol (Cytiva; His: #28-9321-
71; Ab: #28-4083-47). The eluted protein was buffer exchanged
to PBS (Sigma-Aldrich; #D8537-500ML) using Amicon Ultra-4
ultrafiltration column with 10 kDa (Millipore, #UFC801096) or
100 kDa cutoff (Millipore, #UFC810008). Protein concentration
was determined by a DS-11 spectrophotometer (DeNovix). Pro-
tein production was confirmed by Western blot.

ACE2 enzymatic activity measurement

Enzymatic activity of ACE2 was determined by cleavage of
the fluorescent substrate Mca-Ala-Pro-Lys(Dnp) (Mca = (7-
methoxycoumarin-4-yl)acetyl; Dnp = (2,4-dinitrophenyl),
Carbosynth Limited, #FM111000), which quenches the Mca flu-
orescence (Max Absorption/Emission upon cleavage = 325/393
nm) until the Pro-Lys linker is cleaved [33]. The reaction was per-
formed by mixing 7.5 μL serum (or protein G pull-down eluate)
in 1:2–1:54 dilutions with 7.5 μL PBS-1% BSA (or, when ACE2-
inhibitory capacity was measured, 7.5 μL 100 ng/mL rACE2-
N’His) followed by the addition of 85 μL of substrate solution.
For antibody-mediated inhibition measurement, RBD-hFcg1, goat
anti-human ACE2 antibody (R&D Systems, #AF933), and goat
anti-human IgG (Southern Biotech, #2040-01) were added at the
indicated concentration. Substrate solution contained 8 μM Mca-
Ala-Pro-Lys(Dnp) substrate, 75 mM trisaminomethane adjusted
to pH 6.5 with hydrochloride, 1 M sodium chloride, 100 μM zinc
chloride, and freshly added protease inhibitors: 10 μM Captopril
(Sigma-Aldrich, #PHR1307), 10 μM bestatin hydrochloride
(Sigma-Aldrich, #B8385), and 10 μM Z-Pro-prolinal (Sigma-
Aldrich, #SML0205). All fluorescence measurements were
performed using 340 nm excitation and 420 nm emission light
filters (Cytation 5, BioTek). The sample baseline fluorescence
(F340/4200) and absorbance at 450 nm were determined imme-

diately after substrate addition, followed by incubation at 37°C in
the dark. The second fluorescence measurement was performed
after 1 h (F340/420). The concentration of active soluble ACE2
(a-sACE2) level was determined by interpolating the enzyme
velocity (relative fluorescent units/time) of different amounts
of self-made rACE2-N’His, calibrated with different commercial
human recombinant ACE standards (Abcam, #ab151852; and
Bon-Opus, #BP042) in the linear range of the calibration curve.
Recombinant ACE2 was diluted to various concentrations from
0.01–100 ng/mL to obtain a calibration curve via linear regres-
sion with a zero-point intercept. All samples were measured
in duplicates or in serial dilutions. The specificity of ACE2
substrate cleavage in serum and plasma was confirmed using
the ACE2 selective inhibitor DX600 (Enzo LifeSciences GmbH,
BV-9687-100). Sample storage and freezing did not alter ACE2
activity.

ELISA

Antigens were immobilized on a high-binding 96-well ELISA plate
(Corning, #CLS3690) by incubating 25 μL of 10 μg/mL protein
in PBS solution for at least 8 h at +4°C. After washing 3× with
100 μL/well PBS containing 0.05% of Tween-20 (PBST buffer),
plates were blocked for 1 h with 100 μL/well 1% BSA in PBS
(w/v), followed by 3× washing with 100 μL/well PBST. Sera
were diluted in PBS-1% BSA to indicated serial dilutions, added to
coated plates, and incubated for 1 h at room temperature. Distinct
antibodies (S309, RBD-hFcg1, Begelomab, mPRIgG) were added
at indicated concentrations. Plates were developed with an anti-
human IgG-alkaline phosphatase (AP)-coupled antibody (South-
ernBiotech #2040-04) diluted 1:500 in PBS 1% BSA. Bicarbon-
ate buffer with 4-nitrophenyl phosphate disodium salt hexahy-
drate substrate (Sigma-Aldrich, #S0942-50TAB; 1 tablet per 20
mL buffer) was added (50 μL/well) and absorbance was mea-
sured at 405 nm after 30 min in a Cytation 5 device (BioTek).
SARS-CoV-2 RBD fused to the Fc portion of human IgG1 (RBD-
Fcg1) at distinct concentrations served as a reference to calcu-
late a proxy for the amount of ACE2 autoantibodies in serum
that corresponds to the RBD-Fcg1 ACE2 interaction. Note that
50% of maximum IgG binding (ED50) was determined by sig-
moid curve fitting with nonlinear regression performed in R
(stats package).

Protein G pull-down

Antibodies from patients’ sera were pulled down by Pierce Pro-
tein G magnetic beads (Thermo Scientific, #88848) according to
the manufacturer’s instructions. Briefly, 50 μL serum was used
to resuspend the beads washed in Tris buffer containing 0.1%
Tween 20. After 1-h incubation on the shaker at RT, the beads
were washed three times in Tris-Tween buffer and resuspended in
42 μL of 0.1 M Gly-HCl (pH 2.0) for 10 min. The eluate was col-
lected in a separate tube and neutralized by one-sixth volume of 1
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M Tris-HCl (pH 8.0). The successful pull-down was confirmed by
absorbance measurement at 280 nm by a DS-11 spectrophotome-
ter (DeNovix).

STAT1 phosphorylation analysis

PBMCs were extracted via Ficoll centrifugation and immediately
used for activation. Note that 0.5 million cells were incubated
with 10 ng/mL recombinant human IFNα2 in presence of 10%
sera samples for 15 min at 37°C in RPMI complete medium.
The activated cells were fixed with 1.5% formaldehyde for 10
min at room temperature, washed in PBS, permeabilized with
100% methanol for 20 min on ice, washed in PBS, and stained
with 5 μg/mL p-STAT1 antibody (Y701, R&D Systems, AF2894)
diluted in PBS + 10% FBS + 2 mM EDTA. After 20 min of stain-
ing, cells were washed twice in PBS-FBS-EDTA and stained with
donkey anti-rabbit IgG conjugated with AlexaFluor-647 (Jack-
son ImmunoResearch, #711-605-152). Cells were washed twice
in PBS-FBS-EDTA and analyzed in BD Fortessa. The MFI of
forward/side-scatter pre-gated cells was calculated with FlowJo
v10.8.1 software (BD Biosciences).

Statistics

Tests were two-tailed, and a p-value lower than 0.05 was con-
sidered statistically significant. A Shapiro–Wilk test was used for
normality testing of continuous variables. An independent t-test
was used when continuous data met the criteria of the normality
test. Otherwise, the Mann–Whitney U test was used. Spearman
correlations were performed with a 95% confidence interval.
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