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Soluble ACE2 correlates with severe
COVID-19 and can impair antibody responses
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Charlotte Thibeault,5 Benedikt Obermayer,8 January Weiner 3rd,8 Ilais Moreno Velásquez,9 Cathrin Gerhard,1

Paula Stubbemann,5 Leif-Gunnar Hanitsch,5 Tobias Pischon,2,9,10 Martin Witzenrath,5,6,7 Leif Erik Sander,5,6,12

Florian Kurth,5,6 Michael Meyer-Hermann,4,11,* and Kathrin de la Rosa1,2,12,13,*
SUMMARY

Identifying immune modulators that impact neutralizing antibody responses against severe acute respi-
ratory syndrome coronavirus type 2 (SARS-CoV-2) is of great relevance. We postulated that high serum
concentrations of soluble angiotensin-converting enzyme 2 (sACE2) might mask the spike and interfere
with antibody maturation toward the SARS-CoV-2-receptor-binding motif (RBM). We tested 717 longitu-
dinal samples from 295 COVID-19 patients and showed a 2- to 10-fold increase of enzymatically active
sACE2 (a-sACE2), with up to 1 mg/mL total sACE2 in moderate and severe patients. Fifty percent of
COVID-19 sera inhibited ACE2 activity, in contrast to 1.3% of healthy donors and 4% of non-COVID-19
pneumonia patients. A mild inverse correlation of a-sACE2 with RBM-directed serum antibodies was
observed. In silico, we show that sACE2 concentrations measured in COVID-19 sera can disrupt germinal
center formation and inhibit timely production of high-affinity antibodies. We suggest that sACE2 is a
biomarker for COVID-19 and that soluble receptors may contribute to immune suppression informing
vaccine design.

INTRODUCTION

Neutralizing antibodies (nAbs) specific for the severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) crucially contribute to pro-

tective immunity against the virus.1–4 A prominent target of nAbs is the receptor-binding motif (RBM), which is part of the receptor-binding

domain (RBD) of the SARS-CoV-2 spike protein.5–7 The RBM represents the direct binding interface of the virus spike to its host cell receptor

angiotensin-converting enzyme 2 (ACE2). Many potent nAbs bind the RBM, thereby interfering with virus entry into cells.4,8,9 Such ACE2-

competing antibodies are therefore desired products after virus infection and vaccination.

ACE2 is an essential component of the renin-angiotensin system and contributes to the regulation of bloodpressure.10 The disintegrin and

metalloprotease 17 (ADAM17) cleaves the ACE2 ectodomain of the membrane-bound receptor, inducing its shedding into the extracellular

space.11 ACE2 thus exists as a membrane-bound and soluble protein in the human body. For SARS-CoV-1, in vitro studies have shown that

binding of the viral spike increases ADAM17-mediated release of soluble ACE2 (sACE2),12,13 which may consequently lead to an excess of

sACE2 during SARS-CoV infection. Hypoxia and low oxygen conditions, which are common features of SARS, were shown to upregulate

the expression and protease activity of ADAM17 in vitro.14 Furthermore, elevated blood concentrations of circulating sACE2 were associated

with cardiovascular disease, high waist-to-hip ratio, diabetes, chronic kidney disease, and male sex.15–18 These preconditions are known risk

factors for severe COVID-19.19,20 Interestingly, previous reports suggested elevated sACE2 in COVID-19.21–25

Circulating virus receptors could potentially mask crucial viral epitopes recognized by B cells and thus interfere with the generation of

neutralizing antibodies, which can be weak in COVID-19.6,26,27 Antigen binding by ectopically applied or pre-existent antibodies can
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downregulate the maturation of B cells and immunoglobulins specific for the covered epitope,28–30 which was recently also shown for active

and passive SARS-CoV-2 vaccinations.31,32 The fragment crystallizable (Fc) constant part of antibodies and Fc-receptors were suggested to be

dispensable for epitopemasking.30 Consequently, any high-affinity ligandmay mask B cell recognition of a particular epitope, and ACE2 was

shown to bind the SARS-CoV-2 spike with high affinity.33–35

In this study, we show that large amounts of sACE2 circulate in severe COVID-19 and demonstrate in an in silicomodel that masking by the

soluble virus receptor can negatively impact the maturation of germinal center B cells.

RESULTS

Soluble ACE2 concentration is increased in moderate and severe COVID-19 patients

To study sACE2 in COVID-19, we optimized the detection of enzymatically active sACE2 (a-sACE2). Cleavage of an ACE2-specific fluorescent

substrate was previously measured in plasma15,16,18 and, less frequently, in serum samples.17 Chelating agents in plasma can decrease cat-

alytic activity of the ACE2 metalloprotease18 and might explain some of the variability observed in previous studies. Therefore, we collected

serum and plasma samples from three randomly selected, severe COVID-19 patients and three healthy controls. Substrate cleavage velocity

in serum outperformed plasma due to a wider and sample-independent optimum of the enzyme cofactor zinc (Figure S1, Table S1). Assay

specificity was confirmed by the ACE2 inhibitor DX600.36 Several factors were adjusted to improve assay sensitivity (STAR Methods section).

Next, we measured a-sACE2 in 717 serum samples from 295 PCR-confirmed COVID-19 patients collected between March 4th, 2020 until

January 5th, 2021 over a time course of up to eight months post-symptom onset (PSO) plus 151 samples from donors tested negatively for

SARS-CoV-2 (one sample each) (Table S2). COVID-19 severity was assessed at each sampling point and ranged from mild with ordinal scale

WHO 1–2 (14.9%, outpatients), moderate WHO 3–5 (46.1%, hospitalized), and severe WHO 6+ cases requiring intubation and intensive care

(39.0%). To address the dynamics of a-sACE2, we studied sera of 45 patients that reached moderate severity and 82 patients with a severe

course of infection that providedmultiple blood samples over time. COVID-19 patients with a severe disease course displayed highly elevated

a-sACE2 concentrations during the first two months PSO, reaching 17.9 ng/mL at 15 days PSO (median, N = 314 samples; min 0.01, max

210.3 ng/mL; Figure 1A) when compared with 6.6 ng/mL for moderate cases (15 days PSO, N = 104; min 0.01, max 25.6 ng/mL, Figure 1B)

and 1.7 ng/mL a-sACE2 in the healthy donor group (N = 151; min 0.1, max 13.4 ng/mL; Figures 1A and 1B).

Healthy donors and patients suffering frommoderate and severeCOVID-19 displayed significant differences in sACE2 levelsmeasured in a

time framebetween 10 and 20 days (mean value within the time frameper donor, Figure 1C). Healthy donors included volunteering healthcare

workers and covered a wide range of demographic factors. No association of a-sACE2 with age, sex, or body mass index (BMI) was observed

in severe disease, but a-sACE2 concentration was associated with sex in moderate disease (Figure S2). Male patients with moderate COVID-

19 displayed on average a 2.1-fold increase in a-sACE2 compared with moderate female patients (median 8.4 vs. 3.9 ng/mL, p < 0.05). A sex

association and significantly lower quantities of a-sACE2 were detected in healthy individuals (1.2-fold, median 1.9 for male vs. 1.6 ng/mL for

female, p < 0.05).

Reported medical treatments, such as dexamethasone, did not significantly impact a-sACE2 level in severe COVID-19 (Figure S3). Like-

wise, diabetes, chronic kidney disease, or cancer did not significantly affect a-sACE2, although we detected a 2.4-fold elevation in WHO

3–5 patients with cardiovascular disease (Figure S4). Cardiovascular disease diagnosis in WHO 6+ patients was not associated with

a-sACE2 level differences. In a separate cohort of 91 participants self-reported to suffer frommyocardial infarction and/or diabetes mellitus37

with no COVID-19 diagnosis, a-sACE2 level was 1.3-fold higher compared with COVID-19-negative participants (Figure 1C).

Of note, a peak of a-sACE2 in the first 10–20 days after admission was associated with an increased risk of death, indicated by the receiver

operating characteristic (ROC) curve with an area under the curve of 73%–77% (Figures 1D and S5). Thus, besides laboratory markers such as

interleukin-6 (IL-6) and C-reactive protein (CRP),38 a-sACE2 is an independent predictor of death in COVID-19 (Figures 1E, 1F, and S5). Inter-

estingly, non-COVID pneumonia patients (26 patients, 2–3 longitudinal samples per donor) with disease severities corresponding to COVID-

19 WHO classes displayed significantly lower a-sACE2 levels (Figures 1C, S6A, and S6B).

sACE2 activity is inhibited in sera of moderate and severe COVID-19 patients

Determination of a-sACE2 in the blood might underestimate total sACE2 levels if enzymatically inactive sACE2 is present. Interferon

(IFN)-inducible and enzymatically inactive ACE2 isoforms were recently described, which lack the SARS-CoV-2 binding site.39–41 To es-

timate total sACE2 capable of binding the spike, we conducted a serum pull-down using beads coated with the RBD, followed by west-

ern blotting. Surprisingly, sACE2 pull-down fractions largely exceeded the amounts of protein detected by enzymatic activity measure-

ments (Figure 2A). The specificity of the pull-down and western blot was confirmed by an RBD mutant unable to bind sACE2 (Figure 2B).

Moreover, the activity of recombinant ACE2 was inhibited after the addition to patient serum in 49.6% of COVID-19 samples (below

median + 2-fold SD of healthy donors), further suggesting that enzyme activity measurements underestimate total sACE2 in blood sam-

ples (Figure S6C). When a-sACE2 was plotted against ACE2 inhibition, a likelihood-ratio test showed a significantly better U-shape fit

compared with linear regression for both moderate and severe COVID-19, indicative of a negative feedback mechanism that may regu-

late ACE2 activity (Figure 2C). Inhibition was mediated by high-molecular-weight serum components >100 kDa (Figure 2D, Table S3).

Compared with COVID-19, other pneumonia samples were lacking ACE2 inhibitory potential (Figure S6C). Importantly, upon serum dilu-

tion, an average 2-fold increase and amounts as high as 1,093 ng/mL a-sACE2 were observed (Figures 2E and 2F, Table S3). Together,

our data indicate that ACE2 activity is dysregulated in COVID-19 and that large amounts of ACE2 virus receptor can circulate in patient

blood.
2 iScience 27, 109330, March 15, 2024
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Figure 1. Circulating a-sACE2 correlates with mortality in COVID-19

(A and B) Concentration of a-sACE2 in (A) 82 severe and (B) 45 moderate patients up to 50 days post-symptom onset (PSO). Patients who donated blood more

than once are selected here, WHO severity class corresponds to the highest severity level that a patient reached over the whole disease course. Black lines

represent median values for the selected patients calculated as a trend over the whole course with five days binning; healthy donors (HD) median sACE2

level over the whole recruitment period is depicted in blue.

(C) Levels of a-sACE2 in healthy donors (151 samples, one sample per donor, no time-based selection performed), COVID-19 patients (717 samples from 295

patients), patients with commonly acquired pneumonia (CAP, 69 samples from 25 patients), and persons with self-reported history of diabetes mellitus and/

or myocardial infarction (DM/MI, 91 samples, one sample per donor, NAKO study). WHO severity class is assessed at the time of sampling. Rec denotes

recovered COVID-19 patients. For COVID-19 and CAP patients, a mean level within a time frame 10–20 days PSO is depicted. Time frame selection is based

on the a-sACE2 level change over the disease course and samples availability, depicted in (A) and (B). Minimum (Min), maximum (Max), and median values

by patient/donor group are shown.

(D) Receiver operating characteristic (ROC) curves for predicting death in all patients. Area under curve (AUC) calculated for maximum a-sACE2-concentrations

within indicated days post-hospital admission.

(E and F) Cox regression models with two-sided 95% confidence interval for a-sACE2 and IL-6 showing overall survival probability based on maximum marker

concentrations within 15 days post-admission (gray area). N = 12 patients in (E) and (F) are chosen independently based on a-sACE2 and IL-6 level and do not

represent the same group. Statistical analyses by two-sided Mann–Whitney test (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05; ns, not significant). In

(A–C), sample mean is calculated from technical duplicates. Boxplots depict median +/� interquartile range. Whisker length is 1.5 interquartile ranges.
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sACE2 level correlates inversely with ACE2-RBD interaction blocking potential in severe COVID-19 patients

We next aimed to address if sACE2 in COVID-19 may mask the receptor-binding motif on the RBD and interfere with the antibody response

(Figure 3A). We observed high levels of RBD-reactive immunoglobulin G (IgG) in both moderate and severe patients (Figures 3B and S7A).

However, although the ACE2-RBD blocking potential of sera from moderate patients positively correlated with a-sACE2 (r = 0.25, p < 0.05,

Figure 3C), severe patients showed a weak negative correlation (r = �0.19, p < 0.01, Figure 3D). The latter was not attributed to a weak

humoral immune response as no correlation of a-sACE2 with anti-nucleocapsid IgG was observed (Figures S7B and S7C). It needs to be

considered that blood levels of sACE2 may not represent the concentration of ligands available in ACE2-expressing tissues and may neither

correspond to levels of the soluble receptor at the time when B cells encounter their antigen. Therefore, we aimed to determine if masking by

sACE2 biases antibody recognition of RBD epitopes.

ACE2-RBDbinding can be prevented by so-called class 1 and class 2 nAbs, both targeting epitopes that overlapwith the RBM.5,8 Although

class 1 nAbs bind the RBDonly in the ‘‘up’’ conformation of the spike, class 2 nAbs additionally recognize the RBD in the ‘‘down’’ state, which is

inaccessible for ACE2 binding. Therefore, class 2 nAbswould be less affectedbymasking through sACE2.We selected 16 patients with similar

ACE2 competition potential but low (N = 5) versus high (N = 11) RBD-specific IgG titers (Figure 3E). Patients with low and high RBD titers

showed similar levels of nucleocapsid-specific IgG indicative of similar immune activation (Figures 3F–3H, Table S4). We addressed the contri-

bution of class 1 versus 2 antibodies to RBD reactive serum antibodies in a competition ELISA, using the affinitymatched class 1 nAbCC12.142

and class 2 nAb P2B-2F643 (Figure 3I, methods). We observed a similar blocking potential of selected sera for both antibodies (Figure S8A,

Table S4). CC12.1 and P2B-2F6 recognize distinct RBDepitopes butmoderately competewith each other, as also shownwith a panel of class 1

and class 2 monoclonal antibodies (Figure 3J, Table S4). Therefore, it is difficult to decipher the contribution of individual nAb target sites to

the ACE2 blocking potential by competition ELISA due to overlapping epitopes of class 1 and 2 nAbs. Hence, we made use of two RBD mu-

tants, namely F456A and E484K, that lie within the class 1 or 2 nAb recognition sites, respectively (Figure 3K). Mutations at both residues are
iScience 27, 109330, March 15, 2024 3
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Figure 2. A large fraction of serum sACE2 is inactive and binds the SARS-CoV-2 spike

(A) ACE2was pulled down from indicated volumes of serum frompatients andHDs using RBD-coupled beads. Recombinant ACE2 (rACE2) was loaded as control.

Markers (M) in kDa. *Unspecific bands.

(B) Specificity confirmed by a mutant RBD (A475R/G496R) lacking ACE2 binding and by an HIV gp140 control.

(C) Percent inhibition (%) of 50 ng/mL rACE2 after addition to serum plotted against a-sACE2. Significance indicates a likelihood ratio test to compare a two-

degree polynomial model with linear regression for moderate or severe COVID-19.

(D) Activity of rACE2 spike-in (%) determined in serum fractions collected after ultrafiltration with indicated cut-off values.

(E) Determination of a-sACE2 in indicated reciprocal serum dilutions.

(F) Pearson correlation with a 95% confidence interval of a-sACE2 in undiluted samples and maximum a-sACE2 detected after serum dilution. (C), (E), and

(F) include measurements of repeated longitudinal blood drawings. For gel source data, see Figure S11.
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predominantly selected in RBD escape screenings in presence of convalescent plasma and have similar effects on loss of antibody binding.44

We aimed to address if RBD binding and competition for ACE2 binding to RBD correlate with titers of antibodies that target E484 or F456 by

depleting sera with mutant RBDs. Interestingly, although antibodies remaining after E484K depletion separated the two patient groups with

low and high RBD-specific antibody titers, no pattern could be observed for F456A depletions (Figures 3L and S8B–S8H, Tables S4 and S5).

Although singlemutant RBDs do not recapitulate the whole spectrumof class 1 and 2 nAbs, our data indicate that E484, which compared with

F456 is also accessible when the RBD is in ‘‘down’’ state, may be a main determinant for blocking of ACE2 binding to RBD.

High sACE2 level inhibits germinal center evolution and neutralizing antibody production in silico

Given the limited availability of animalmodels that recapitulate severeCOVID-19with elevated levels of sACE2 over a long period of time, the

effect of sACE2 on germinal center (GC) evolution was further investigated by adapting a previously published agent-based mathematical

model.45,46 The model has been shown to quantitatively and qualitatively reproduce main GC characteristics by comparison with different

sets of in vivo data.45,47–49 The broad schematic of the model is shown in Figure 4A. In the model, sACE2 as well as endogenous antibodies

produced by the GC output cells inhibit B cell antigen (Ag) uptake. The effect of sACE2 on GC is modeled as an antibody feedback effect,

which assumes that sACE2 acts like an antibody and alters antigen acquisition by B cells. The dissociation constant (KD) of sACE2 was set at

3.8 nMdetermined by bio-layer interferometry. As a fraction of sACE2 can be represented bymonomeric enzyme, we also tested lower affinity

of 25 nM as reported previously.50 We explored two scenarios: the epitope masking model (scenario A) and the epitope masking combined

with a mean field increase of Ab-B cell competition (scenario B). Scenario A assumes that sACE2 masks antigen in an affinity-dependent

manner. B cells only acquire unmasked antigen with a binding probability proportional to their B cell receptor (BCR) affinity (Figure 4B,

see STARMethods). In this scenario,masked antigen cannot be acquired by a B cell irrespective of its BCR affinity. Scenario B extends scenario

A and entails that sACE2 reduces the binding probability of B cells for antigen as a function of sACE2 affinity (Figure 4C, see STARMethods).

First, we analyzed the impact of different concentrations of sACE2, including the value of 800 ng/mL (�10 nM), observed in severe COVID-

19 cases (Figure 2F). A fixed sACE2 concentration was injected at the start of the GC reaction and kept static over time: 1, 10, or 50 nM

(Figures 4D–4G, 4L–4O, and S9). Additionally, to replicate the physiological range of sACE2 concentration and its temporal change, we in-

jected 0.05 or 0.23 nM, theminimumandmaximum value of themedian sACE2 concentration observed in severeCOVID-19 cases. In this case,
4 iScience 27, 109330, March 15, 2024
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Figure 3. Serology suggests that sACE2 impairs generation of antibodies preventing RBD-ACE2 interaction

(A) Scheme depicting SARS-CoV-2 spike epitope masking by sACE2.

(B) Serum IgG binding to RBD (ED50, serum dilution corresponding to 50% of maximum binding activity) of HDs (blue, N = 151), moderate (yellow, N = 120) and

severe (red, N = 198) patients collected >20 PSO. Patients are stratified into the respective WHO class at the time of sampling. Statistical analyses by two-sided

Mann–Whitney test (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05; ns, not significant). Boxplots depict median +/� interquartile range. Whisker length is

1.5 interquartile ranges.

(C) Blocking of ACE2-RBD interaction (BD50, serum dilution corresponding to 50% of maximum blocking activity) plotted against a-sACE2 for moderate and

(D) severe COVID-19. Data for individual samples are shown; samples drawn after 15 days PSO are selected. Spearman correlation performed with a 95%

confidence interval.

(E) ED50 of anti-RBD IgG plotted against blocking of ACE2-binding (BD50).

(F) ACE2 competition, (G) anti-RBD IgG, and (H) anti-nucleocapsid IgG confirmed for two sample groups with high (gray, N = 12) versus low (black line, N = 5) RBD

titers. Positive and negative controls in blue and red, respectively.

(I) Structural depiction of the RBD bound to CC12.1 and P2B-2F6. PDB: 6XDG, 7BWJ, and 6XC2.

(J) RBD binding of recombinant antibodies in competition with class 1 nAb CC12.1 and class 2 nAb P2B-2F6.

(K) Localization of class 1 and 2 abrogating RBD mutations F456A and E484K. ACE2 footprint shown in blue.

(L) RBD high versus low binding sera cleared by a pull-down with RBD WT, RBD-F456A, RBD-E484K, and MERS-CoV RBD as control. Remaining IgG binding to

RBD and ACE2 competition is depicted in %.
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Figure 4. Soluble ACE2 interferes with the germinal center reaction in silico

(A) Scheme depicting the germinal center (GC) response: GC reaction starts with an influx of low-affinity seeder cells. These cells are in a pro-apoptotic state and

must acquire survival signals by antigen acquisition and T follicular helper cell (Tfh cell) signaling. Ag binding probability (PAg) is proportional to the mutational

distance of the BCR to the Ag (MutDist, see STARMethods and supplemental information). The Tfh cells preferentially provide signal to B cells that acquire larger

amounts of antigen. Some of the selected B cells exit the GC and become output cells, whereas the rest recycle back and proliferate with mutations, resulting in

daughter cells of higher affinity. These new cells again compete for survival signals, resulting in progressive B cell affinity increase. Serum sACE2 and the

antibodies produced by output B cells can feedback to the GC by making antigen acquisition harder (mechanisms in B and C).

(B) Epitopemaskingmechanism (scenario A): sACE2 and antibodies can bind to the antigen andmask it, thus lowering the amount of antigen available for B cells.

(C) Epitope masking and mean field Ab-B cell competition mechanism (scenario B): BCR probability of binding the unmasked Ag is reduced depending on the

average affinity of sACE2 and endogenous Abs (ACE2/Ab affinity).

(D–K) Simulation results for different sACE2 concentrations (0, 1, 10, and 50 nM constant concentration in D–G; 0, 0.05, 0.23 nM constant concentration and 0.05–

0.23 nM linear increase in H–K): IP (D, H) andGC size (E, I) with scenario A; IP (F, J) and GC size (G, K) withmean field Ab-B cell competition. (L–S) Simulation results

for different sACE2 affinities (0.475, 1.9, and 3.8 nM in L–O; 5, 25, 125 nM in P–S): IP (L, P) and GC size (M, Q) with epitopemasking only; IP (N, R) and GC size (O, S)

with scenario B.Mean (continuous lines) and standard deviation (shaded area) of simulations for a total of 20 simulatedGCs are shown. Schemes (A–C) are created

with BioRender.
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the concentration was either kept static over time or linearly increased from 0.05 to 0.23 between day 5 and day 15 (Figures 4H–4K, 4P–4S, and

S10). To measure the effect of sACE2 on antibody production, we quantified the immune power (IP) of the GC reaction (Figures 4D–4F, 4H,

and 4J), which accounts for both affinity and quantity of endogenous antibodies51 (see STAR Methods). In scenario A, the sACE2 concentra-

tion affects the IP only at a concentration of 50 nM (�4000 ng/mL) (Figure 4D). At the highest median concentration (0.23 nM, 18.4 ng/mL), the

GC evolved as in the no-injection case (Figures 4H, 4I, and S10B) and could produce output cells of equal quantity and quality (Figures S10C

and S10D).

On the contrary, in scenario B, the impact of sACE2was evident even at the lowest concentration (0.05 nM, Figures 4J and 4K). Under every

simulated sACE2 concentration, the IP was detectable five days later than in the no injection case and remained significantly lower (Figures 4F

and 4J). Similarly, the GC expansion phase was delayed for all sACE2 concentrations (Figure 4K). Of note, despite a comparable GC peak size

(Figure 4K) and increased affinity maturation of the GC and output cells (Figures S10E and S10G), the initial loss of output cells number could

not be compensated before GC shutdown (Figure S10F).

Given that circulating sACE2 could include amixture of various cleaved products, we tested a variation in sACE2 affinity (0.475–125 nM KD),

whereas the sACE2 concentration either stayed constant (Figures 4L–4O) or followed the linear rise observed in the severe COVID-19 patients

(Figures S10A, 4P–4S and S10H–S10M). Analogously to the variation of sACE2 concentration, under the assumption of scenario A, we did not

detect a difference in the IP nor in theGCevolution (Figures 4H, 4I, 4P, 4Q, S9I, and S10H). Similarly, the quantity and quality of the output cells

were altered only in the highest affinity of 0.475 nM (Figures S9G, S10I, and S10J). However, in scenario B, we found that the sACE2 affinity

increase corresponded to a decrease in the IP (Figures 4J and 4R), due to the significant delay of the GC expansion phase (Figures 4K and 4S).

Our simulations show that concentrations and affinities of soluble receptors tested here are sufficient to produce significant suppression of

the GC response. However, this was only observed in a scenario of intense feedback (scenario B). We conclude that soluble ACE2-mediated

feedback is a possible mechanism for GC suppression in SARS-CoV-2 infections. However, a final proof requires further in vivo investigation.

Collectively, our data suggest that large amounts of sACE2 in COVID-19 may impair the antibody response to the RBM, which is a crucial

target for neutralizing antibodies.

DISCUSSION

Our work suggests that substantial shedding of the ACE2 ectodomain occurs during SARS-CoV-2 infection. Previous findings already re-

ported elevated ACE2 in plasma of COVID-19 patients21–23 ranging from median values of 8.524 to 15.1 ng/mL25 in severe disease. Here,

we observed a median a-sACE2 serum concentration of 17.9 ng/mL in patients with severe COVID-19 (15 days PSO), with the total ACE2 con-

centration reaching 1,093 ng/mL. We recently observed that COVID-19 sera inhibit ACE2 activity, which can explain the discrepancy between

a-sACE2 and total sACE2 measurements.52 ACE2 reactive autoantibodies were described in multiple studies.53–55 However, our work sug-

gests that anti-ACE2 IgG does not affect ACE2 enzymatic function, and its detection can be explained by polyreactivity.52

The dual role of soluble ACE2 in COVID-19 remains to be a subject of debate. Soluble ACE2 has been found to facilitate the SARS-CoV-2

entry into cells, and its increased level was associated with viremia.56–58 In a disease, a loss of ACE2 enzyme activity in tissues exacerbates acid

aspiration or sepsis-induced acute lung injury.59 Massive shedding of ACE2 receptor into circulation suggests that tissue homeostasis of

ACE2-dependent regulatory systems may be altered, including the renin-angiotensin, the kinin-kallikrein, and the coagulation system,60

thereby potentially contributing to inflammation, cardiovascular instability, or thrombosis in COVID-19. It was also assumed that endocytosis

of virus-bound soluble ACE2 and membrane-bound ACE2 might exacerbate renin-angiotensin system dysregulation.23 In addition, it was

suggested that circulating ACE2 contributes to hypotension and acute kidney disease.25 On the other hand, recombinant human ACE2

(rhACE2) was proposed as therapeutic agent for COVID-19 and decreased the viral load in a case study.61 A clinical trial, however, did not

reveal a significant reduction of viremia (ClinicalTrials.gov: NCT04335136). Currently available data assume that although soluble ACE2

does not inhibit viral replication, rhACE2 therapy might be beneficial due to the restoration of the renin-angiotensin system function.62

SARS-CoV-2 neutralization by serum antibodies can be detected in most individuals after infection.6,26,27 Our in silicomodeling suggests

that levels of sACE2 detected in patients can interfere with the generation of nAbs that compete with ACE2 for binding to the RBM. A subset
iScience 27, 109330, March 15, 2024 7
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of sera exceeded 0.3 mg/mL sACE2. Assuming a dissociation constant of KD 3.8 nM, 1 mg/mL sACE2 (10 nM) may mask about 70% of RBM at

viral loads of 1010 particles per milliliter considering up to 30 spikes per virion.63 Such masking resulted in a substantial reduction of germinal

center size and immune power in simulations. Two simulation scenarios were investigated here, scenario A (epitope masking only) and sce-

nario B (epitope masking with sACE2-affinity-dependent reduction in B cell binding for antigen). Although both are biologically plausible,

scenario B was found to better agree with experiments.46 Of the two scenarios simulated, GCs in scenario B were much more susceptible

to sACE2-mediated suppression. Therefore, our data might in part explain a disconnection of serum neutralization and RBD-specific anti-

bodies64,65 and a delayed generation of neutralizing antibodies in severe COVID-19.27 Interestingly, individuals who received therapeutic

monoclonal antibodies prior to SARS-CoV-2 vaccination displayedmoderately reduced neutralizing antibody titers and an altered RBD target

specificity ofmemory B cells.32 Likewise, high titers of high-affinity andmono-epitope-specific antibodies elicited during a primary response in

mice attenuated cognate naive B cell recruitment into germinal centers.31

Immunodominance of class 2 over class 1 antibodies was suggested for convalescent plasma43 and was in part explained by accessibilities

of the RBD in ‘‘up’’ and ‘‘down’’ conformations.66 As structural studies imply that around two-thirds of spikes display 1–2 RBDs in an ACE2-

available ‘‘up’’-state,55,59 we suggest that sACE2-mediated masking may further contribute to the dominance of class 2 antibodies.

Our data suggest that decoy receptors with high binding affinities can negatively impact humoral immunity by masking the most vulner-

able sites of the virus. ACE2 can be released after spike binding,12 and the receptor is widely expressed in healthy tissue.We recently showed

that an SARS-CoV-2 RBD designed to lack ACE2 receptor binding improves the neutralizing antibody response.67 As cognate receptors of

other viruses are present at even higher concentrations and with broader expression profiles, our findings might be extrapolated beyond

SARS-CoV-2 and inform vaccine design.
Limitations of the study

In this study, we analyzed samples from patients infected during early stages of the pandemic. All early variants of concern that circulated

during the sampling period (March 2020–January 2021) featured a high-affinity Spike-ACE2 interaction.66,68–74 As Omicron variants were

shown to bind to the host receptor with lower strength,75 a masking effect might be less pronounced. Furthermore, current study does

not provide the information on viral load and ACE2 polymorphisms of the patients.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EY6A Zhou et al.76 N/A

P2B-2F6 Ge et al.43 N/A

P2C-1F11 Ge et al.43 N/A

REGN10933 Hansen et al.77 N/A

REGN10987 Hansen et al.77 N/A

CC12.1 Rogers et al.42 N/A

C144 Robbiani et al.1 N/A

VRC01 Wu et al.78 RRID: AB_2491019

S2H13 Pinto et al.2 N/A

S309 Piccoli et al.5 RRID: AB_2941328

4A8 Chi et al.79 N/A

Anti-human IgG-alkaline phosphatase (AP)-coupled antibody SouthernBiotech #2040-04

Anti-human ACE2 antibody AF933 R&D Systems #AF933

Anti-human ACE2 antibody F49433 NSJ Bioreagents #F49433

Anti-human ACE2 antibody 3215 ProSci Incorporated #3215

Anti-human ACE2 antibody AHP888 Bio-Rad Laboratories #AHP888

IRDye� 800CW donkey anti-goat IgG Li-Cor Biosciences #925-32214

IRDye� 800CW donkey anti-rabbit IgG Li-Cor Biosciences #925-32213

IRDye� 800CW donkey anti-mouse IgG Li-Cor Biosciences #925-32212

Biological samples

Pa-COVID-19 study human sera samples Charité DRKS00021688

NAKO study human sera samples NAKO, Peters et al.37 N/A

CAPNETZ study human sera samples CAPNETZ, capnetz.de N/A

Chemicals, peptides, and recombinant proteins

Recombinant human ACE2 (N-terminus His-tagged) In-house production Uniprot: Q9BYF1

Recombinant human ACE2 (hFcg1-tagged) In-house production Uniprot: Q9BYF1

Recombinant SARS-CoV-2 Wuhan-Hu-1 RBD and Spike Zhou et al.80 GenBank: MN908947.3

Recombinant MERS-CoV RBD In-house production Uniprot: R9UQ53

Recombinant SARS-CoV-2 nucleocapsid protein GeneTex #GTX135357-PRO

(7-methoxycoumarin-4-yl)acetyl-Ala-Pro-Lys-2,4-dinitrophenyl

(Mca-APK-Dnp)

Carbosynth Limited #FM1-11000

Captopril Sigma-Aldrich #PHR1307

Bestatin hydrochloride Sigma-Aldrich #B8385

Z-Pro-prolinal Sigma-Aldrich #SML0205

DX600 Enzo LifeSciences #BV-9687-100

Strep-Tactin�XT magnetic beads IBA GmbH #2-4090-002 or �010

4-Nitrophenyl phosphate disodium salt hexahydrate substrate Sigma #S0942-50TAB

Recombinant DNA

SARS-CoV-2 Wuhan-Hu-1 RBD and Spike Zhou et al.80 GenBank: MN908947.3

human ACE2 NCBI NIH NLM Gene ID: 59272

MERS-CoV Spike NCBI NIH NLM Gene ID: 14254594
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Software and algorithms

RStudio 2023.06.2 posit.co N/A

R 4.3.1 r-project.org N/A

In silico germinal center model Meyer-Hermann et al.46,48,49 Zenodo: https://doi.org/10.5281/zenodo.10605480

GelAnalyzer 19.1 gelanalyzer.com/?i=1 N/A

UCSF ChimeraX v. 1.1 Goddard et al.81 N/A

Inkscape Graphics Editor inkscape.org N/A

Affinity Photo software Serif (Europe) Ltd. N/A

SWISS-MODEL protein modeling server Waterhouse et al.82 N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kathrin de la Rosa

(Kathrin.delarosa@mdc-berlin.de). Further information on the in silico GC modeling shall be addressed to Michael Meyer-Hermann (mmh@

theoretical-biology.de).

Materials availability

The presented study did not generate new unique materials.

Data and code availability

� Data: Data are provided in Tables S1, S2, S3, S4, and S5 including a-sACE2measurements, patient age, gender, bodymass index, sam-

pling time point, and WHO score of patient samples, as well as raw data for the analyses performed.
� Code: The mathematical model code is publicly available at Zenodo repository, https://doi.org/10.5281/zenodo.10605480. Any addi-

tional information is available upon request from the corresponding authors.

� Other items: no other items were generated throughout the study.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Sample donors and cohort characteristics

A total of 717 samples were obtained from COVID-19 patients, recruited as outpatients (37 donors, one sample each) or at hospitals (258

donors, 680 samples of the Pa-COVID-19 cohort study). Based on patient availability, single blood draws or longitudinal sampling up to

7months post symptomonset were provided (160 patients of the Pa-COVID-19 cohort study). Patients included in this analysis were recruited

from March 4th, 2020 until January 5th, 2021. Treatment followed the standard of care throughout the study period with the administration

of dexamethasone for patients requiring respiratory support from mid-June, 2020 according to the preliminary results of the RECOVERY

trial.83–85 Some patients received prednisolone or equivalents of other glucocorticoids before the introduction of dexamethasone or as a sub-

stitute for dexamethasone for individual reasons. Healthy donors group includes volunteering Charité healthcare workers tested negatively

for SARS-CoV-2 (151 donors with single donations).

COVID-19 severity states were categorized at each sampling point according toWHOordinal scale for clinical improvement: no clinical or

virological evidence of infection (WHO0), ambulatory without limitation of activities (WHO1), ambulatory with limitations of activities (WHO2),

hospitalized mild disease without oxygen therapy (WHO3), hospitalized mild disease with oxygen by mask or nasal prongs (WHO4), hospi-

talized severe disease with non-invasive ventilation or high-flow oxygen (WHO5), hospitalized severe disease with intubation andmechanical

ventilation (WHO6), hospitalized severe disease with intubation, mechanical ventilation, and additional organ support - pressors, RRT, or

ECMO (WHO7), death (WHO8). The Pa-COVID-19 study cohort was approved by the Charité Ethics Committee (EA2/066/20) and registered

at the German Clinical Trials Register and WHO International Clinical Trials Registry Platform (DRKS00021688).86,87 The use of outpatient

blood and further healthy donor samples was approved by the Charité Ethics Committee (EA2/092/20 and EA2/066/20). Outpatient subjects

recovered from mild or moderate COVID-19 (WHO1-3) for at least 4 weeks before convalescent plasma donations.88 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 consent.

67% of hospitalized COVID-19 patients weremale. Female patients had amedian age of 59 years (min 18; max 99 years) and amedian BMI

of 27.8 kg/m2 (min 18; max 56 kg/m2). Male patients had amedian age of 61 years (min 21; max 92 years) and amedian BMI of 27.7 kg/m2 (min

16; max 54 kg/m2). COVID-19 outpatients were 43%male and had amedian age of 45.4 years (min 20, max 64 years). The healthy donor group
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was 47%male. Female donors had amedian age of 49 years (min 23; max 83 years) and amedian BMI of 23.5 kg/m2 (min 17.4; max 37.9 kg/m2).

Male donors had a median age of 49 years (min 20; max 86 years) and a median BMI of 25.4 kg/m2 (min 20.7; max 36.9 kg/m2). Information on

ancestry, race, or ethnicity of study participants is not available.

69 serum samples were obtained from 25 pneumonia-affected individuals (SARS-CoV-2 PCR negative) recruited from February 2017 till

June 2020 at hospitals within Community-Acquired Pneumonia Community Network (CAPNETZ). Based on patient availability, two (0 and

3 days after admission, 6 donors) or three blood draws were provided (0, 3, and 7 days after admission, 19 donors). Inclusion criteria were

age R18 years, radiological proof of a new lung infiltrate, and either cough, fever, purulent sputum, or focal chest sign on auscultation.

The median age of the patients was 67 years (range 26–85 years), 8 patients (32%) were female. Median BMI was 25.5 kg/m2 (range 17.3–

38.1 kg/m2). Patients were classified into four groups according to the treatment administered: 1) invasive intubation and ICU, 2) non-invasive

ventilation and ICU, 3) non-invasive ventilation only, 4) ICU only. The CAPNETZ study was approved by the Hannover Medical School com-

mittee, registration number 301–2008. All patients gavewritten informed consent. The diabetesmellitus and/ormyocardial infarction samples

are a part of the NAKO study and included single blood drawings from 33 volunteers with self-reported diabetes mellitus, 33 volunteers with

self-reported myocardial infarction, and 25 with both myocardial infarction and diabetes mellitus. Diabetes mellitus group (DM) consisted of

23 men and 10 women with a mean age of 59.8 years. Myocardial infarction group (MI) comprised 25 men and 8 women with a mean age of

59.7 years. MI + DM group included 22 men and 3 women with a mean age of 62.8 years. The study was approved by the local ethics com-

mittee and is in accordance with national law and with the Declaration of Helsinki of 1975.37

Collection of sera and plasma

Sera were obtained from blood collected in tubes containing clot activator of silica particles, followed by centrifugation. Plasma was isolated

from blood drawn using tubes or syringes pre-filled with EDTA (healthy donors) or heparin (patients), followed by 1:2 dilution with PBS/2mM

EDTA and Ficoll density gradient centrifugation. Sera and plasma were stored at�80�C freezers and/or at 4�C. In NAKO, the sample collec-

tion and local processing was highly standardised by use of an automated liquid handling system for sample aliquoting.89 Samples used for

this analysis had been stored in the vapor phase of liquid nitrogen at temperatures below �160�C in a fully automated sample handling ro-

botic system.

Patient laboratory assessment

SARS-CoV-2 viral concentration was assessed by real-time RT-PCR in respiratory samples (nasopharyngeal swabs).90 Determination of

C-reactive protein (CRP), ferritin, interleukin-6 (IL-6), and procalcitonin was carried out in accredited laboratories at Charité, Universitätsme-

dizin Berlin.

Ethical approval

The Pa-COVID-19 study and outpatient cohort were approved by the Charité Ethics Committee (EA2/066/20, EA2/092/20, EA2/066/20). The

CAPNETZ study was approved by Hannover Medical School committee, registration number 301–2008. NAKO study was approved by the

local ethics committee and is in accordance with national law and with the Declaration of Helsinki of 1975.

METHOD DETAILS

Cloning

Recombinant ACE2 with an N-terminal His-tag (rACE2-N’His) contained theQ18-V739 fragment of humanACE2 (Uniprot: Q9BYF1, GeneID:

59272, mRNA GenBank: AB046569.1) and was cloned into mammalian expression pcDNA3.1 vector containing a signal peptide (SP)

(MGWSCIILFLVATATGVHS) and a molecular tag composed of eight histidine moieties (His-tag) connected to the N-terminus of ACE2

via a GSSGSSGSS-linker. We determined experimentally that C-end His-tag is not suitable for efficient protein purification likely due to

the cleavage by proteases such as ADAM17 expressed by FreeStyle 293-F cells. Therefore, a His-tag was introduced between the SP

and the N-terminus of the ACE2 fragment. The construct contained amino acids 615–732, which were previously shown to be crucial to

form stable ACE2 dimers by Procko and colleagues.91 ACE2-hFcg1 was produced by fusing recombinant human ACE2Q18-V739 fragment

to human IgG1-Fc (E99-K330 portion, where 1st amino acid is G encoded by J-CH1 fusion). An RBD expression vector was kindly provided by

Florian Krammer & colleagues.80 The mammalian expression vector pCAGGS containing the signal peptide spanning amino acids M1-Q14

and R319-F541 of the SARS-CoV-2 Wuhan-Hu-1 isolate (GenBank: MN908947.3) was complemented by a Twin-Strep-tag sequence

(WSHPQFEKGGGSGGGSGGSAWSHPQFEK) upstream of the C-terminal hexahistidine tag. Two amino acid modifications, A475R and

G496R, were introduced by PCRmutagenesis to create an RBDmutant that does not bind ACE2.80 Similarly, RBDwith amino acid exchanges

F456A or E484K were introduced to abrogate binding of class 1 or class 2 antibodies, respectively. Full spike comprising a 2-P-mutation (M1-

Q1208 of the Wuhan SARS-CoV-2 variant GenBank: MN908947.3 with substitutions K986P and V987P) was cloned into the pcCDNA3.1 vec-

tor followed by a tobacco etch virus protease recognition site, GGGSG linker, fold-on trimerization domain (YIPEAPRDGQAYVRKDG-

EWVLLSTFL), Twin-Strep-tag and a hexahistidine encoding sequence. HIV gp140 BG505 NFL sequence92 was cloned into pcDNA3.1

with a 6xHis-tag. The signal peptide of SARS-CoV-2 (M1-Q14) was linked to an Avi-tag (GLNDIFEAQKIEWHE) followed by MERS-CoV

RBD WT (G372-L588, GenBank: AFS88936.1) and C-terminal Twin-Strep-tag as well as hexahistidine tag. Heavy and light chain sequences

of the following monoclonal antibodies were cloned into IgG1 heavy and kappa or lambda light chain expression vectors from Oxford
iScience 27, 109330, March 15, 2024 15
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Genetics (pSF-CMV-HuIgG1, pSF-CMV-HuLambda, and pSF-CMV-HuKappa): EY6A,93 P2B-2F6 and P2C-1F11,43 REGN10933 and

REGN10987,77 CC12.1,42 C144,1 VRC01,78 S2H13,5 S309,2 4A8.79

Production of recombinant proteins

Cloning constructs were used to transfect FreeStyle 293-F cells that were grown in suspension using FreeStyle 293 expression medium (Life

Technologies) at 37�C in a humidified 8% CO2 incubator rotating at 125 rpm. Cells were grown to a density of 2.5 million cells per ml, trans-

fected using PEI (4 mg/ml in cell suspension) and DNA (1200 ng/ml in cell suspension), and cultivated for 3 days. The supernatants were har-

vested and proteins purified by His SpinTrap columns according to manufacturer’s instructions (Cytiva, 95056-290). The eluted protein was

transferred to phosphate-buffered saline (PBS) via buffer exchange using Amicon Ultra-4 ultrafiltration column with 50 kDa cut-off (Millipore,

UFC805008). Protein concentration was determined by His-tag specific ELISA using a mouse anti-His-tag antibody (Abcam, #ab18184) and a

goat anti-mouse IgG Fc antibody conjugated to alkaline phosphatase (Southern Biotech, #SBA-1033-04) as detection reagent. Protein pro-

duction was confirmed by SDS-PAGE andwestern blot using amouse anti-His antibody (Abcam, #ab18184) and an IRDye 800CWdonkey anti-

mouse antibody (Li-Cor Biosciences, #925-32212).

Serum fractionation

Inhibitory capacity was measured in different serum size fractions by loading 100 ml on Amicon Ultra-0.5 ultrafiltration column with 10 or

100 kDa cut-off membrane (Merck, #UFC501024 or #UFC510024, respectively). The column was centrifuged at 20 000 g for 20 min (10 kDa

cut-off) or at 10 000 g for 5 min (100 kDa cut-off). Flow-through (low molecular weight, MW) and supernatant (high MW) fractions were

collected and tested along with the untreated serum samples for endogenous a-sACE2 enzymatic activity and inhibition of recombinant

ACE2 spike-in as described below.

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), whichquenches theMca fluorescence (MaxAbsorption/Emission upon cleav-

age= 325/393 nm) until the Pro-Lys linker is cleaved.94 The reactionwas performedbymixing 7.5ml serum in 1:2 - 1:54 dilutionswith 7.5ml PBS-1%

BSA (or,whenACE2-inhibitory capacitywasmeasured, 7.5ml 100 ng/ml rACE2-N’His) or byusing 15ml plasma, followedby the addition of 85 ml of

substrate solution. Substrate solution contained 8 mMMca-Ala-Pro-Lys(Dnp) substrate, 75mM trisaminomethane adjusted to pH 6.5 with hydro-

chloride, 1 M sodium chloride, 100 mM zinc chloride, and freshly added protease inhibitors: 10 mMCaptopril (Sigma-Aldrich, #PHR1307), 10 mM

bestatin hydrochloride (Sigma-Aldrich, #B8385), 10 mM Z-Pro-prolinal (Sigma-Aldrich, #SML0205). All fluorescence measurements were per-

formed using 340 nm excitation and 420 nm emission light filters, (Cytation 5, BioTek). The sample baseline fluorescence (F340/4200) and absor-

bance at 450 nmweredetermined immediately after substrate addition, followedby incubation at 37�C in the dark. The second, third, and fourth

fluorescencemeasurements were performed after 1h, 3-7h, and 20-24h (F340/420), 1-hourmeasurement was used formost of the samples, while

subsequent time points were used only for samples in which the signal was below the detection limit. The number of fluorescence readings was

minimized to avoid fluorescence bleaching. For data analysis, the amount of the substrate cleaved is calculated using the formula:

SubstrateCleaved;pmol =
F340=420ðsecondnfollowingMeasurementÞ � F340=4200

202:94 � 123:33 lgðA450Þ
The absorbance at 450 nm was determined (A450), as samples displayed a wide variation in absorbance that affected the fluorescence

measurement. The relation between 450 nm absorbance and 340/420 nm fluorescence was established by mixing different amounts of

the low-density fraction of human serum (lipids fraction) with PBS-BSA buffer containing various amount of cleaved substrate. The RFU/

[Mca] linear fit slope was determined to be equal to 202.94 – 123.3 * log10(A450) by linear regression.

The concentration of 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: initial enzyme velocity before fluorescence saturation. Recombinant ACE2

was diluted to various concentrations from 0.01 to 100 ng/ml to obtain a calibration curve via linear regression with a zero-point intercept.

The slope coefficient of the fitted line was used to calculate the a-sACE2 activity in the samples using the following formula:

ACE2;ng

�
ml =

SubstrateCleaved;pmol

LinearFitSlope;pmol �ml
�
ng

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.

ACE2 pull-downs

Recombinant RBD was expressed as described, containing the nucleotide sequence for the RBD of the Wuhan variant, codon-optimized for

expression in human cells, and containing a Twin-Strep-tag (WSHPQFEKGGGSGGGSGGSAWSHPQFEK) - a peptide sequence allowing the
16 iScience 27, 109330, March 15, 2024
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recombinant protein to bind to Strep-Tactin. 10 mg SARS-CoV-2WTRBD, amutant RBD that abrogates ACE2binding (A475R/G496R), or a HIV

gp140 BG505 control antigen was mixed with 100 ml of 5%magnetic beads suspension covalently coated with Strep-Tactin (Strep-Tactin�XT

#2-4090-002 or -010 from IBAGmbH) after equilibration according tomanufacturer protocol. Themixture was incubated at 37�C for 1h on the

orbital shaker set at 1400 rpm. The unbound RBDwas removed by pelleting and resuspending themagnetic beads 5 times in 1ml phosphate-

buffered saline (PBS). The RBD-bound beads were resuspended in 500 ml freshly collected serum and incubated at +4�C overnight with con-

stant mixing. The beads were pelleted and washed 3 times with 1 ml PBS with 0.05% Tween-20. Pelleted beads are resuspended in 20–40 ml

buffer containing94mMtrisaminomethaneadjusted topH6.8withhydrochloride, 12.5%glycerol, 2.3%SDS, and0.005%bromphenolblueand

incubated at 95�C for 30 minutes. Beads were pelleted, and supernatants were collected for western blot analysis.

RBD pull-downs

Antibody depletion from serumwas performedwith SARS-CoV-2WT,MERS-CoVWT, ormutant RBDs (E484K, F456A) carrying amino acid ex-

changes to abrogate class 1 or class 2 antibody binding. After equilibration according tomanufacturer protocol, 120ml of 5% Strep-Tactin�XT

magnetic beads (IBA GmbH, #2-4090-002 or -010) were coupled with 24 mg of recombinant RBD via a C-terminal Twin-Strep-tag at 37�C for 1

hour. The unboundRBDwas removedby pelleting themagnetic beads andwashing the latter 3 times in 1ml phosphate-buffered saline (PBS).

Beadswereblockedwith PBS1%BSAshakingat 37�C for 1 hour.Afterwashing, serumwas added to thebeads to reacha final dilutionof 1/10 in

200ml final volume and themixturewas incubated in a rotisserie shaker overnight at 4�C. The next day, tubeswere placedon amagnetic holder

and supernatants were collected. Depleted sera were analyzed by ELISA assays to determine RBDbinding andACE2 competition potential of

the remaining antibodies. Percent of remaining antibodies after depletion with mutant RBDs were determined using MERS-CoV WT (corre-

sponding to 100%) and SARS-CoV-2 WT (corresponding to 0%) control RBD pull downs.

ELISA

In-house produced recombinant SARS-CoV-2 RBD or commercial nucleocapsid protein (GeneTex, #GTX135357-PRO) was immobilized on a

high-binding 96 well ELISA plate (Corning, #CLS3690) at 4 mg/ml in PBS (Sigma Aldrich, MO, USA) overnight at +4�C. Plates were blocked for

1h with 1% BSA (Thermo Fisher, Gibco, MA, USA) in PBS at room temperature. Sera were diluted in PBS 1% BSA to indicated serial dilutions,

added to coated plates and incubated for 1h at room temperature. Plates were developedwith an anti-human IgG-alkaline phosphatase (AP)-

coupled antibody (SouthernBiotech #2040-04) diluted 1:500 in PBS 1% BSA. Bicarbonate buffer with 4-Nitrophenyl phosphate disodium salt

hexahydrate substrate (Sigma, #S0942-50TAB) was added and absorbance was measured at 405 nm in a Cytation 5 device (BioTek). Between

all indicated incubation steps, plates were washed 3 times with PBS 0.05% Tween-20. 50% of maximum IgG binding to RBD or nucleocapsid

(ED50) was determined for each sample by sigmoid curve fitting with non-linear regression performed in R (stats package). For curve fitting,

upper and lower plateaus of the S309 reference antibody (RBD) or of a COVID-19 WHO6 reference serum (Nucleocapsid) were applied to all

samples. The positive control was used to normalize independent measurements.

Competition ELISA

Serial dilutions of sera or indicated concentrations of unlabeled monoclonal antibodies in PBS 1% BSA were added to RBD-coated 96-well

plates. After 1h of incubation at room temperature, in-house produced biotinylated ACE2-hFcg1 was added to a final effective concentration

70 (EC70) in PBS 1% BSA. For class 1 and class 2 nAb competition assays, biotinylated CC12.1 or P2B-2F6 were added to a final EC30. After

another hour at room temperature, plates were incubated with an AP-coupled streptavidin (Southern Biotech, #SBA-7100-04) at a 1:500 dilu-

tion in PBS 1% BSA to detect biotinylated ACE2-hFcg1, CC12.1 and P2B-2F6 antibodies that were not prevented by serum antibodies from

binding to RBD. Similar to ED50, 50% of maximum ACE2-, CC12.1- and P2B-2F6-blocking potentials (BD50) were determined by sigmoid

curve fitting with non-linear regression performed in R (stats package). The area under the curve (AUC) was determined by GraphPad Prism

software. Upper and lower plateaus of the non-biotinylated ACE2-hFcg1, CC12.1 and P2B-2F6 controls served as a reference.

The equilibrium dissociation constant (KD) for binding SARS-CoV-2 spike or RBD ranged from 1-37 nM for ACE2 (KD = 1.2 nM, ka = 1.43105

[1/Ms], kd = 1.63 10�4 [1/s]34; KD = 36.6 nM, ka = 1.363 105 [1/Ms], kd = 4.73 10�3 [1/s]32); 17 nM for CC12.1 (KD = 17 nM, ka = 8.623104 [1/Ms],

kd = 1.5 3 10�3 [1/s]95); and 5–16 nM for P2B-2F6 (KD = 5 nM4, and KD = 15.62 nM, ka = 6.42 3 106 [1/Ms], kd = 0.098 [1/s]43).

Western blotting

Different amounts of pull-down eluates corresponding to indicated volumes of the serum were loaded into the wells of a 4–15% gradient

polyacrylamide gel (Bio-Rad, #4568083) together with the Precision Plus Protein Dual Color Standard (BioRad, #1610374). Proteins were trans-

ferred to a nitrocellulose membrane (BioRad, #1704159), blocked with 30 ml of 5% skimmed cow milk diluted in trisaminomethane-buffered

saline with 0.1% Tween-20 (TBST) for an hour at room temperature on the orbital shaker. Themembrane was stained in 5ml anti-human ACE2

antibodies (R&D Systems, #AF933; #F49433, NSJ Bioreagents, #3215, ProSci Incorporated, #AHP888 Bio-Rad Laboratories) diluted to 0.2 mg/

ml at +4�C overnight with constant mixing on the roller. The stained membrane was washed 5 times with 30 ml of TBST and stained with

IRDye� 800CW donkey anti-goat IgG (Li-Cor Biosciences, #925-32214), donkey anti-rabbit IgG (Li-Cor Bioscience, #925-32213) or donkey

anti-mouse IgG (Li-Cor Bioscience, #925-32212) antibodies at 0.2 mg/ml conjugated to the Infrared fluorescent dye 700DX for an hour

at room temperature with constant mixing on the roller. The membrane was washed 3 times with 30 ml TBST and scanned with an infrared

membrane scanner (Li-Cor Odyssey IR scanner). The ACE2 concentration was determined by densitometry analysis with GelAnalyzer 19.1
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(http://www.gelanalyzer.com/?i=1) using 60-170 kDa portion of the sample lanes and comparing the intensity to loading controls: 150, 50, 15,

and 5 ng of recombinant human rACE2-N’His produced in the laboratory.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Tests were two-tailed, and a p value lower than 0.05 was considered 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. Pearson and Spearman correlations were performed with a 95% confidence interval.

To model a-sACE2 and ACE2 spike-in activity relationship, we used the non-linear least squares method provided by stats (v4.0.3) R pack-

age.We tested linear and two-degree polynomial models for data stratified by severity state and used the likelihood ratio test to compare the

models.

For the Cox regression model, we used the survival (v3.2.7) and survminer (v0.4.8) R packages. We set a ‘‘last follow-up date’’ to March 1st,

2021 for patients withmissing outcomedate and outcomes other than death and ignored events later than 80 days after admission.We further

excluded undated samples, patients without outcome or undated deaths. We used patient gender, dexamethasone treatment, cardiovas-

cular disease status, and lipid metabolism as covariates and tested against log2 measurement values. For the visualization in Kaplan-Meier

plots, we used cut-offs in the 90-95th percentile range of mean measurement values per patient to define strata.

For the analysis of receiver operator characteristic (ROC) curves and calculation of the AUC with 95% confidence intervals, the pROC R

package (v. 1.17) was used.96 Optimal cut-off thresholds were calculated using the OptimalCutpoints R package (v. 1.1) as follows: optimal

cut-offs were calculated using a pre-set specificity value (0.9 or 0.95) as well as using the maximum Youden J-statistics.97
Calculation of a-sACE2 delta pre and post dexamethasone treatment

Donors were separated into two groups based on dexamethasone administration. 32 donors had at least one sample drawn during dexa-

methasone administration for which a-sACE2 was determined. On average, dexamethasone was administered between 8 (median, 5–11)

days and 16 (median, 13–20) days post symptom onset (dexamethasone-time-window). The ACE2 delta was determined by subtracting

the a-sACE2 value of samples directly prior to dexamethasone administration from those after dexamethasone treatment. Controls were

determined by taking untreated patients (45 donors) of the same severity class (WHO3-5 or WHO6+) and calculating the a-sACE2 delta

by subtracting a-sACE2 of the first sample within the dexamethasone time window from the consecutive data point of the respective patient.
Protein structure analysis

Protein structures were depicted with UCSF ChimeraX v. 1.181 using the following PDB: 6XDG for SARS-CoV-2 RBD, 7BWJ for P2B-2F6 IgG,

6XC2 for CC12.1 IgG. Mouse ACE2 protein was homology-modeled to human ACE2 (template: 6m18.1.B) via the SWISS-MODEL protein

modeling server82 using the Uniprot sequence Q8R0I0 and further modified with UCSF Chimera X v. 1.1. Figures were generated using Ink-

scape and Affinity Photo software (Serif (Europe) Ltd., UK).
In silico model

A previously published agent-based model46 is used as the reference framework for the GC simulation (see supplemental information). To

model sACE2 impact on GC evolution, the strategy developed for describing the Antibody feedback mechanism in Zhang et al. and

Meyer-Hermann M45,46 is utilized.

In the model, endogenous antibodies (Abs) are produced by Output cells. Therefore, the antibody concentration depends on the Output

cells’ differentiation rate andon theAbproduction anddegradation rates, and theAbaffinity is derived from the affinity ofOutput cells ([98] and

supplemental information). A fixed sACE2 concentration is injected at the initial time point of the GC simulation, and it is assumed to be

constant throughout the GC reaction. A range of concentrations were simulated: 0, 0.05, and 0.23 nM. The reference value of the dissociation

constant KD of sACE2 is 25 nM as reported previously.50 To analyze the impact of possible increased affinity of sACE2 to the antigen, we simu-

lated sACE2 with 5-fold change in affinities (KD = 5 nM and KD = 125 nM, respectively). The analysis was carried out with two scenarios. In the

epitope masking model (scenario A), sACE2 and output cells-produced antibodies mask the antigen on follicular dendritic cells by forming

immune complexes (ICs), according to a chemical kinetics equation (for themathematical formulation, see [46] and supplemental information).

The secondmodel (scenario B) extends scenario A with a reduction of the Ag binding probability in dependence on the presence of sACE2.46

To model the latter mechanism, an additional feature from [46] is implemented here. B cells locally compete with the soluble antibodies for

binding of free antigen. Without competition, the binding probability (or affinity) is assumed to depend on the Hamming distance d to the

optimal clone in number of mutations in a four-dimensional shape space according to a Gaussian a = exp(�d2/w2) between 0 and 1 using

a width of w = w0(1 � A), with w0 = 2.8 mutation.51 A is the average of affinity a of all produced antibodies and injected sACE2 calculated

with the same Gaussian in the non-competition limit, i.e., with width w = w0. This model reflects antigen masking plus competitive binding

of the remaining free antigen retained by higher-affinity antibodies. Tomeasure the efficiency of theGC reaction, we used the immune power

(IP) described in [51].
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