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SUMMARY

Many SARS-CoV-2-infected individuals remain asymptomatic. Little is known about the extent and quality of
their antiviral humoral response. Here, we analyze antibody functions in 52 asymptomatic infected individ-
uals, 119 mildly symptomatic, and 21 hospitalized patients with COVID-19. We measure anti-spike immuno-
globulin G (IgG), IgA, and IgM levels with the S-Flow assay and map lgG-targeted epitopes with a Luminex
assay. We also evaluate neutralization, complement deposition, and antibody-dependent cellular cytotox-
icity (ADCC) using replication-competent SARS-CoV-2 or reporter cell systems. We show that COVID-19
sera mediate complement deposition and kill infected cells by ADCC. Sera from asymptomatic individuals
neutralize the virus, activate ADCC, and trigger complement deposition. Antibody levels and functions are
lower in asymptomatic individuals than they are in symptomatic cases. Antibody functions are correlated,
regardless of disease severity. Longitudinal samplings show that antibody functions follow similar kinetics
of induction and contraction. Overall, asymptomatic SARS-CoV-2 infection elicits polyfunctional antibodies
neutralizing the virus and targeting infected cells.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged in 2019 and became pandemic in 2020.%2
SARS-CoV-2 is responsible for the coronavirus disease 2019
(COVID—19).3 As of March 27, 2021, almost 125 million individ-
uals were infected, and 2.7 million have died of COVID-19. The
rapid spread of the virus has overwhelmed health care organiza-
tion in many areas. In the absence of prophylactic or therapeutic
strategies, governments used non-pharmaceutical measures to
decrease viral transmission.” As restrictive policies were relaxed,
many countries experienced new epidemic waves, demon-
strating the necessity for population immunity, triggered either
by infection or vaccination, to limit SARS-CoV-2 circulation.

Gheck for
Updates

Therefore, the immune response induced by SARS-CoV-2 is un-
der intense investigation, aiming at informing vaccine design,
identifying correlates of protection, and determining the duration
of protective immunity.

The outcome of SARS-CoV-2 infection is highly variable,
ranging from asymptomatic disease to life-threatening, acute
respiratory distress syndrome. ®® About one half of infected indi-
viduals remain asymptomatic. ”'® Males, the elderly, and people
suffering from diabetes, obesity, and cardiovascular diseases
have an increased risk of admission to intensive care
units (ICUs) and death.®° Severe COVID-19 is due to immuno-
logical dysfunctions, including impaired type | interferon
response,*®*3increased in ammation, **~*° complement activa-
tion,*” and endothelial stress.*® Because of this over-activation
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of the immune system and prolonged antigenic exposure, survi-

vors of severe COVID-19 display a strong immune memory to the
virus, as determined by antibody titers and CD4 * T cell re-stim-
ulation. Mild and asymptomatic infections induce serocon-

version and production of neutralizing antibodies, but titers
are lower in asymptomatic individuals (ASs). Whether such re-
sponses are protective is unknown. A deeper understanding of
the immune response after asymptomatic SARS-CoV-2 infection
is needed.

The spike protein of SARS-CoV-2 is responsible for viral entry
by interacting with the angiotensin-converting enzyme 2 (ACE2)
receptor. Itisaclass | fusion protein, which requires proteolytic
cleavage for activation. The two subunits S1 and S2 assemble
into a trimer of heterodimers to form the mature spike.  The
S1 subunit has “closed” and “open” conformations, the latter
exposing the receptor binding domain (RBD), the main target
of neutralizing antibodies. The spike protein is exposed at
the surface of viral particles and infected cells, making them
sensitive to antibody targeting. Antiviral activities of antibodies
are not restricted to neutralization of viral particles. Infected cells
covered by antibodies can be eliminated through various mech-
anisms, including antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC).
Those activities rely on the fragment crystallizable (Fc) domain
of antibodies and cognate Fc receptors (FcR). Fc-effector
functions are necessary for optimal ef cacy of antibodies in
both therapeutic and prophylactic settings. The capacity
of antibodies to elicit Fc-effector functions is governed by anti-
body speci city, isotypes, and glycosylation. Thus, Fc-medi-
ated antiviral activities cannot be predicted from binding and
neutralization data and require functional evaluation. Fc-effector
functions in SARS-CoV-2 infection remain understudied. Anti-
bodies in sera from critical COVID-19 patients form immune
complexes that can trigger natural killer (NK) cell activation and
complement deposition.  Induction of afucosylated 1gG anti-
spike antibodies with increased Fc binding capacity correlates
with the severity of COVID-19. However, whether polyfunc-
tional antibodies are induced during asymptomatic COVID-19
disease and whether they can eliminate infected cells remain
unknown.

Here, we established cellular assays to evaluate ADCC and
complement activities of sera from COVID-19 patients with
different disease severities. We combined these assays with
measurements of antibody titers and neutralization. Altogether,
our results indicate that SARS-CoV-2 asymptomatic infection in-
duces a polyfunctional antibody response.

We rst determined whether antibodies from COVID-19 patients

activate the complement after binding to SARS-CoV-2-infected

cells. We used the lung epithelial cell line A549 expressing
ACE2 (A549-ACE2 cells) as target cells. Cells were infected
with SARS-CoV-2 at a multiplicity of infection (MOI) of 1. After
24 h, cells were incubated with heat-inactivated (HI) serum
from either pre-pandemic or COVID-19 individuals as a source
of antibodies (dilution 1:100). We selected a panel of 11 sera
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from symptomatic (n = 9) or asymptomatic (n = 2) SARS-CoV-
2-infected individuals identi ed in two previous sero-epidemio-
logical studies ' ( ). Sera sampled before 2019 (pre-
pandemic samples) were used as controls (n = 12). The source
of complement was normal human serum (NHS) (dilution 1:2).
Heat-inactivated human serum (HIHS) was used as a control
( A). After 4 h of incubation, cells were stained with anti-
C3b/iC3b and anti-spike antibodies to examine complement
deposition and SARS-CoV-2 infection, respectively. C3b/iC3b
deposition (hereafter, referred to as C3 deposition) was
measured in spike™ cells. As shown in one representative exper-
iment ( B), we did not observe C3 deposition in the
absence of antibodies or with a pre-pandemic serum. In
contrast, with a COVID-19 serum, C3 deposition occurred on
79% of infected cells ( B). To calculate a cutoff of positiv-
ity, we determined the mean signal of the 12 pre-pandemic sera
and added 3 standard deviations (SD) ( Cand A). Al
but one COVID-19 serum displayed C3b deposition above that
cutoff (p < 0.0001; Mann-Whitney test) ( Cand A).
No C3 deposition was observed with HIHS ( B and
B). Despite C3 deposition, we did not observe killing (comple-

ment-dependent cytotoxicity [CDC]) of infected cells ( D
and C). We then performed a dose-response analysis of the
three COVID-19 individuals with the highest activity ( D).

That analysis revealed an ef cient complement activation at high

serum dilution (effective dilution 50%[ED 5] up to 1,151) and
complete lack of activity in pre-pandemic samples (ED 5o <
100). We also used U20S-ACE2-GFPsplit cells (also termed
S-Fuse cells). This reporter cell line allows quanti cation and

live imaging of SARS-CoV-2 replication by measuring the forma-
tion of GFP™ syncytia upon infection. Similarly, we detected

complement deposition, but no CDC of S-Fuse-infected cells

(not shown).

To evaluate the contribution of anti-spike antibodies to com-
plement deposition, we engineered Raji cells expressing the
spike protein. We chose Raiji cells because they lack CD59, a
potent CDC inhibitor.  Raji-spike cells were incubated with HI
serum from either pre-pandemic or convalescent COVID-19 indi-
viduals (dilution 1:33), and NHS as a source of complement (dilu-
tion 1:2). After 24 h, cell death was assessed using a viability dye
( E). COVID-19 sera displayed CDC activity above the
threshold determined by the pre-pandemic sera (p < 0.0001;
Mann-Whitney test) ( F). The CDC activity on Raji-spike
cells positively correlated with C3 deposition on A549-ACE2-in-
fected cells (r = 0.91, p < 0.0001; Spearman correlation)

( G).

We then assessed the ADCC activity of sera from COVID-19
patients. To visualize ADCC, we used SARS-CoV-2-infected
S-Fuse cells as targets. S-Fuse cells were infected for 18 h
with SARS-CoV-2 at a MOI of 0.1 and incubated with heterol-
ogous primary NK cells (ratio 1:1) in the presence or absence
of serum (dilution 1:100). After 4 h of co-culture, the area of in-
fected (GFP*) cells was quanti ed using an automated micro-

scope ( A). GFP" syncytia that formed after infection
were readily visible ( B). Adding NK cells (ratio 1:1)
decreased the GFP area to an extent similar to the “no serum”
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(A) Schematic of the complement activation test on infected cells.

(B) Complement deposition on infected cells was measured after culture with or without a control or a COVID-19 serum in presence of normal (NHS) or heat -
inactivated (HIHS) human serum. One representative experiment is shown. Percentages indicate the proportion of C3 * cells among infected (spike*) cells.

(C) Complement deposition with pre-pandemic (n = 12) and COVID-19 patients’ (n = 11) sera. The percentage of C3* cells among infected cells is represented.
Each dot represents the mean of three independent experiments for one serum donor.

(D) Complement-dependent cytotoxicity (CDC) of infected cells was calculated as the relative disappearance of spike * cells in the NHS compared with HIHS
condition, with pre-pandemic (n = 12) and COVID-19 patients’ (n = 11) sera. Each dot represents the mean of three independent experiments.

(E) Schematic of the complement activation test on Raji-spike cells.

(F) Raji-spike cells were cultured with sera from pre-pandemic individuals (n = 12) or COVID-19 patients (n = 11) and serum from a healthy individual as a source of
complement. Each dot represents a different serum.

(G) Correlation of the C3 deposition on A549-ACE2-infected cells and CDC of Raji-spike cells induced by sera from pre-pandemic individuals (gray, n = 12) and
COVID-19 patients (blue or red, n = 11). Correlation r and p values were calculated using a Spearman correlation test.

The dotted line indicates the threshold calculated with pre-pandemic sera. Blue: asymptomatic individuals; red: symptomatic patients. In (C), (D) , and (F), the bar

indicates the mean and a Mann-Whitney test was performed ns, not signi cant; ****p < 0.0001. See also and and

and “pre-pandemic serum” conditions, likely because of basal COVID-19 serum ( B), demonstrating an induction of
cytotoxic activity of NK cells against infected cells, indepen- ADCC by NK cells. Of note, A549-ACE2-infected cells were
dently of antibodies ( B). The GFP signal almost not sensitive to ADCC (not shown). We, thus, used S-Fuse cells

completely disappeared in the presence of a convalescent to interrogate our panel of COVID-19 sera (n = 11; nine

Cell Reports Medicine 2, 100275, May 18, 2021 3
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(A) Schematic of the ADCC test on infected cells.

(B) Representative images of the ADCC assay. Infected cells created GFP* syncytia (green). Nuclei were stained with Hoechst (blue). Scale bar: 400 mm.

(C) Quanti cation of the ADCC triggered by pre-pandemic (n = 13) or COVID-19 (n = 11) sera. Each dot represents the mean of six donors of NK cells for one se rum
donor.

(D) The survival of infected cells was followed by live imaging without NK cells (green, n = 22) or with NK cells and no serum (black, n = 18), a pre-pandemi ¢ serum
(gray, n = 18) or a COVID-19 serum (red, n = 20). Results from two independent experiments are represented. Log-rank (Mantel-Cox) test; ****p < 0.0001.

(E) Time-lapse of the ADCC of an infected cell by a NK cell in the presence of a COVID-19 serum. GFP indicates infected cells. Pl was added to monitor cell d eath
in red. The NK cell that contacts the infected cell is indicated with the arrowhead. Scale bar: 30 mm.

(F) Schematic of the CD16 activation test.

(legend continued on next page)

4 Cell Reports Medicine 2, 100275, May 18, 2021



Cell Reports Medicine
Article

symptomatic and two ASs) and pre-pandemic samples (n = 13)
using six donors of NK cells ( C). We calculated the
extent of GFP elimination triggered by each serum in compar-
ison to the condition with NK cells and no serum. The six NK
donors were active in this test, with variations in their ef cacy

( A). The mean value of pre-epidemic samples was
used to determine a threshold of positivity (mean + 3 SD). Using
this method, 10 of the 11 tested COVID-19 sera displayed
ADCC activity (p < 0.0001; Mann-Whitney test) ( Q).
Titration of the three COVID-19 individuals with the highest ac-
tivity showed ef cient ADCC activity at high serum dilution

(EDsp up to 6,330) and a lack of activity in pre-pandemic sam-

ples (EDso < 100) ( B). Importantly, sera from either
COVID-19 patient (n = 10) or pre-pandemic individual (n = 15)
cells did not display any killing activity in the absence of NK
cells ( C). Variations in the ratio of NK cells to target
cells affected the spontaneous killing of NK cells. We did not
detect an elimination of infected cells at a 1:3 (NK to target) ra-
tio and only a slight spontaneous killing at a 1:1 ratio (

D). Serum-speci ¢ ADCC activity was maximal at a 1:1
ratio and started to decrease at a 1:10 NK-cells-to-target-cells
ratio ( E).

We then performed video-microscopy experiments to deter-
mine whether the decrease in GFP was due to the killing of in-
fected cells. SARS-CoV-2-infected S-Fuse cells were cultivated
with NK cells and COVID-19 or pre-pandemic sera. Propidium
iodide (PI) was added to the culture medium to monitor cell
death. The infected GFP™ cells were tracked, and their viability
was determined ( D). After 4 h of co-culture, 100% of in-
fected cells were killed when NK cells and COVID-19 serum
were present ( D). NK cells alone or with a pre-
pandemic serum reduced S-Fuse viability to a lesser extent
(p < 0.0001; log-rang Mantel-Cox test) ( D). Analysis
of the videos revealed that NK cells established contacts with
infected cells before death ( E; ). These results
show that sera from COVID-19 patients kill SARS-CoV-2-in-
fected cell by ADCC.

We also used Raji-spike cells and Jurkat-CD16-NFAT-rLuc re-
porter cells as a simple assay to evaluate ADCC of COVID-19
sera. This system measures the capacity of a serum to activate
NFAT through CD16 (the pathway initiating ADCC in NK cells)
in the presence of antigen-expressing target cells ( F).
The convalescent sera activated CD16 above the threshold
calculated with the pre-pandemic samples (p < 0.0001; Mann-
Whitney test) ( G). The extent of CD16 activation corre-
lated to ADCC activity against S-Fuse-infected cells, suggesting
that anti-spike antibodies contribute to the killing of infected cells
(r=0.77, p < 0.0001; Spearman correlation) ( H).

Overall, these data show that sera from SARS-CoV-2-infected
individuals harbor polyfunctional antibodies triggering comple-
ment deposition and ADCC. NK cells eliminate infected cells in

¢ CellPress
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the presence of speci ¢ antibodies, whereas complement acti-
vation is non-lytic, at least in the cell lines tested here.

We then took advantage of two sero-epidemiological studies
conducted in a high school and in primary schools, respec-
tively, to determine whether sera of COVID-19 ASs and
symptomatic individuals (Ss) differ in their ability to trigger
ADCC and complement deposition. In the rst cohort, we iden-
tied a group of 21 seropositive individuals, who did not report
any symptoms (ASs) ( ). As a control, we randomly
selected seropositive individuals who reported at least one
symptom (Ss; n = 76 among 137). These individuals suffered
from a mild disease because none required external oxygen sup-
plementation or hospitalization. The symptomatic group re-
ported their rst symptoms on average 45 days before blood
sampling. ASs were younger than Ss (16 versus 30 years old;
).

With the sera from these 97 individuals, we rst measured the
presence of antibodies binding the spike, at a 1:300 dilution (

A). We adapted our S-Flow assay, which allows sensitive
and quantitative assessment of anti-spike IgG by ow cytome-
try, to measure IgA and IgM ( A). Consistent with our
prior identi cation as being seropositive, ASs and Ss harbored
IgG antibodies, as determined by a percentage of spike * cells
above the cutoff of 20% ( A). The frequency of IgA* and
IgM* cells tended to be lower in ASs with no signi cant differ-
ences ( A). We did not observe differences by analyzing
the intensity of binding for individuals positive for IgG, IgA, and
IgM ( A). We, then, measured IgG binding titers by serial
dilutions. Titration curves of ASs were lower than those of Ss
( B). EDso were signi cantly lower in ASs (p = 0.018;
Mann-Whitney test) ( B). Because the spike protein con-
tains multiple epitopes, we used a Luminex assay to map anti-
S1, anti-S2, anti-RBD, and anti-spike IgGs ( C). We also
included the N protein ( C), as well as antigens from
hCoV-229E and hCoV-NL63 and from adenovirus 40, in uenza
A, mumps, and rubella viruses, to assess pre-existing immunity
to human seasonal coronaviruses and other viruses (

B-S3D). The overall response to S1, S2, RBD, spike, and N
antigens tended to be lower in ASs than in Ss, albeit not signi -
cantly ( Cand B).We did not observe differences be-
tween ASs and Ss in the IgG response to hCoV-229E and NL63
( C). The response to the antigens from the other viruses
was similar between the two groups, except for in uenza A, likely
re ecting the age difference (p = 0.001; Mann-Whitney test) (

D and S3E). Altogether, these data show that the intensity
of the antibody response specic to SARS-CoV-2 is slightly
lower in asymptomatic than it is in mildly symptomatic
individuals.

(G) Raji-spike cells were co-cultured with Jurkat-CD16-NFAT-rLuc in presence of pre-pandemic (n = 13) or COVID-19 (n =11) sera for 18 h. The ADCC score was
measured as the fold increase of luciferase expression over the “no serum” condition.
(H) Correlation of the ADCC and the NFAT test score EDs with sera from pre-pandemic individuals (gray, n = 13) and COVID-19 patients (blue or red, n = 11).

Correlation r and p values were calculated using a Spearman correlation test.

Blue: asymptomatic individuals; red: symptomatic patients. Dotted line: positivity threshold calculated with pre-pandemic sera. In (C) and (G), t he bar indicates

the mean, and a Mann-Whitney test was performed. ****p < 0.0001. See also

and and
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To further document the function of anti-SARS-CoV-2 anti-
bodies, we measured the capacity of sera to neutralize lentiviral
spike pseudotypes in 293T-ACE?2 cells (pseudo-neutralization)
and SARS-CoV-2 virus in S-Fuse cells (neutralization). We also
quanti ed complement deposition and ADCC activities using the
two Raji-spike-based assays. Sera were interrogated with serial
dilutions to calculate exact titers for those four functions. Most of
the sera from ASs and Ss were active in these assays ( ).
Sera from ASs display titers slightly below those from Ss (

A). The differences in half-maximal inhibitory dilution (IDso)
were, however, not signi cant ( B). We also compared
the maximal level of the response ( C). The level of
antibody-mediated complement activation was signi cantly
higher in Ss than it was in ASs (p = 0.036; Mann-Whitney test)
( C).

Altogether, our data show that sera of SARS-CoV-2-infected
individuals harbor polyfunctional antibodies. ASs have a
decreased capacity to activate the complement and have lower
1gG titers.

We, then, sought to perform an unsupervised analysis of anti-
body features measured in Ss and ASs. We rst created correla-
tion matrices of antibody characteristics in each group (

A). The response to antigens from other viruses and hCoV
did not correlate to SARS-CoV-2-related antibody properties.
The features corresponding to SARS-CoV-2 appeared positively
correlated in both groups. Anti-in uenza A 1IgG measured by Lu-
minex negatively correlated with some SARS-CoV-2 features in
ASs, but correlation coef cients remained low. ADCC ED 5o

6 Cell Reports Medicine 2, 100275, May 18, 2021

(A) 1gG (left), IgA (middle), and IgM (right) levels
were quanti ed in asymptomatic (AS; blue; n = 21)
and mildly symptomatic (S; red; n = 76) individuals
using the ow-cytometry-based S-Flow assay.
The percentage of positive cells is represented.
Dotted line: positivity threshold measured with
pre-pandemic sera.

(B) Dose-response analysis of anti-spike 1gG
response in AS (blue; n = 21) and S (red; n = 76)
patients measured with the S-Flow assay. Left
panel: the mean binding percentage at each
serum dilution is represented with the 95% con -
dence interval. Right panel: the antibody titers
(half-maximal effective dose [EDsg]) of each indi-
vidual are represented.

(C) Luminex analysis of the antibody response
against receptor binding domain (RBD), S1 and S2
subdomains of the spike, the full spike, and
nucleoprotein (NP) for AS (blue line; n =21) and S
(red line; n = 76) sera. The median of MFI for AS
and S sera are represented.

In (A) and (B), a Mann-Whitney test was performed
(*p < 0.05), and the bar indicates the median. See
also and
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and maximum activity more strongly correlated to other features
in ASs compared with Ss. The IgM-associated features (IgM
mean uorescent intensity [MFI] and IgM%) appeared more
strongly correlated to other features in the S group ( A).
Altogether, this analysis reveals slight differences in ADCC and
IgM responses between AS and S groups, with an overall high
level of coordination in each group. Consistently, principal
component analysis (PCA) failed to separate individuals accord-
ing to their symptoms, showing that no combination of antibody
features allowed a strict segregation of the two groups (
B). This observation was con rmed by unsupervised hierar-

chical clustering ( ).

Overall, this unsupervised analysis shows that the antibody
response to SARS-CoV-2 is coordinated in AS and S groups,
with differences in ADCC and IgM responses.

To further characterize the functionality of antibodies in patients
with COVID-19, we analyzed a second cohort established in pri-
mary schools of Crépy-en-Valois, France (n = 1340; Fontanet
et al; ). We chose to analyze this second group of
ASs separately to ensure that the Ss used in the comparisons
were infected during the same epidemic wave in order to compen-
sate for a lack of the date of infection for ASs. This cohortincluded
a large proportion of children (6—11 years old). We selected all ASs
(n =31) and formed a group of gender- and age-matched, mildly
symptomatic individuals (Ss; n = 43 among the 107 of the cohort)
( A). We also included COVID-19-hospitalized individuals
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