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Since the COVID-19 pandemic, functional non-neutralizing antibody responses to SARS-CoV-2, including
antibody-dependent cell-mediated cytotoxicity (ADCC), are poorly understood. We developed an ADCC assay
utilizing a stably transfected, dual-reporter target cell line with inducible expression of a SARS-CoV-2 spike
protein on the cell surface. Using this assay, we analyzed 61 convalescent serum samples from adults with PCR-
confirmed COVID-19 and 15 samples from healthy uninfected controls. We found that 56 of 61 convalescent
serum samples induced ADCC killing of SARS-CoV-2 S target cells, whereas none of the 15 healthy controls had
detectable ADCC. We then found a modest decline in ADCC titer over a median 3-month follow-up in 21 patients

who had serial samples available for analysis. We confirmed that the antibody-dependent target cell lysis was
mediated primarily via the NK FcyRIIIa receptor (CD16). This ADCC assay had high sensitivity and specificity for
detecting serologic immune responses to SARS-CoV-2.

1. Introduction

SARS coronavirus-2 (SARS-CoV-2), the betacoronavirus that emerged
in Wuhan, China in December 2019, has become a global public health
concern due to its rapid worldwide spread. The disease caused by SARS-
CoV-2, named coronavirus disease 2019 (COVID-19), is characterized by
severe pulmonary disease, particularly in older adults and those with
pre-existing comorbidities. According the COVID-19 Data Repository by
The Center for Systems Science and Engineering (CSSE) at Johns Hop-
kins University, as of October 15, 2020, over 38 million people had been
infected with SARS-CoV-2 globally. Although 26 million people had
recovered from the disease, there had been over one million deaths
(JKU, 2020). Currently, the primary protective humoral immune
response is thought to be neutralizing antibodies and primarily those
that prevent infection by blocking viral attachment and cellular entry
(Atyeo et al., 2020; Dogan et al., 2020; Gao et al., 2020a; Robbiani et al.,
2020). Some studies have suggested that administration of human
plasma collected from previously infected individuals with high
virus-specific antibody titers could also be used to treat active infection
or alter disease progression (Abolghasemi et al., 2020; Atyeo et al.,

2020; Bloch, 2020).

Although neutralizing antibodies are accepted as correlates of pro-
tective immunity against many viruses, neutralizing antibodies repre-
sent only a subset of the antibody repertoire that has anti-viral functions.
For example, there are a number of antiviral functions mediated by Fc
receptor binding to immune cells, including antibody-dependent cell-
mediated cytotoxicity (ADCC), antibody-dependent cellular phagocy-
tosis (ADCP), antibody-dependent complement deposition (ADCD), and
antibody-dependent neutrophil phagocytosis (ADNP). In ADCC, anti-
bodies bind to viral antigens on the surface of infected target cells.
Effector immune cells, most commonly natural killer (NK) cells, bind to
the antibodies via Fc receptors on their surface and then undergo
degranulation releasing perforin and granzyme lysing infected cells.
ADCC has been observed after infection with a number of viral patho-
gens (Garcia et al., 2006; He et al., 2016; Singh et al., 2018), and it has
been demonstrated to be an important component of protective immu-
nity against HIV-1 (Asokan et al., 2020; Haynes et al., 2012; Su et al.,
2019), Influenza (Gao et al., 2020b; Zheng et al., 2020), Ebola (Wag-
staffe et al., 2019) and may have a role in other viral infection (Chen,
2020). Since little is known about the role of ADCC in SARS-CoV-2
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infections, we developed a functional SARS-CoV-2 spike (S)
protein-based ADCC assay to assess the development and kinetics of
antibodies after SARS-CoV-2 infection.

2. Materials and methods
2.1. Serum samples

Healthy adults or adults with PCR-confirmed SARS-CoV-2 infection
were prospectively enrolled for blood sample collection into Emory IRB-
approved protocols IRB00045690 or IRB00022397, respectively. The
study included 61 serum samples from 40 patients with SARS-CoV-2
infection confirmed by RT-qPCR (50% male, 50% females; the median
age is 48, ranging from 21 to 77): 58 samples collected in the conva-
lescent phase (>14 days from onset of symptoms, range 23-132 days)
and 3 samples were collected in the acute phase (<14 days after onset of
symptoms). 21 patients provided 2 specimens. In seventeen participants,
the first specimen was collected 30-62 days after onset of symptom and
second one was collected at 3 months later. For the other four patients,
who provided 2 serum samples separated by < 30 days, the first spec-
imen collected between 7 and 23 days and the second collection be-
tween 13 to 33 days post symptom onset. We also tested 15 serum
samples from healthy adults collected before the COVID-19 pandemic as
negative control specimens. All samples underwent virus and comple-
ment inactivation by heating at 56 °C for 60 min prior to analysis.

2.2. SARS-CoV-2 S protein and reporter gene constructs

An enhanced green fluorescent protein (EGFP)-ires-Luciferase re-
porter gene derived from plasmid pHAGE PGK-GFP-Luciferase-w
(addgene Plasmid #46793) was cut with Notl and Clal and then blunt-
ed by Klenow Fragment. The blunt fragment was introduced into the
EcoRV site of plasmid pcDNA4/TO (Invitrogen, Carlsbad CA) to
generate plasmid pcDNA4/TO GFP-ires-Luc. The codon-optimized
SARS-CoV-2 spike gene (NC_045512.2) (Genscript) was then cloned
into the pCDNA5/TO (puro) plasmid at the BamHI and Xhol sites and
was named “pcDNA5/TO (p) CoV2_S.”

2.3. Target cells

The procedure for making a reporter-only cell line with dual EGFP
and luciferase expression was published previously (Chen, 2020). The
reporter-only cells were then transfected with pcDNA5/TO (p) CoV2_S.
Following puromycin selection single clones were expanded and char-
acterized by flow cytometry using convalescent serum from patients
with COVID-19. After characterization, the individual clone with the
highest surface expression of spike protein was amplified and named the
“SARS CoV-2 S target cell line.” The SARS CoV-2 S target cell line was
subsequently characterized by flow cytometry. First, the cells were
induced with doxycycline for 20 h, then incubated with serum speci-
mens for 1 h at 4 °C, and subsequently stained with Allophycocyanin
(APC)-conjugated goat anti-human IgG (H + L) antibody (Jackson
ImmunoResearch Laboratory: #109-136-098) for 30 min. Flow cytom-
etry was performed to confirm the cellular expression of Spike proteins
and EGFP. Images were acquired on an LSR II flow cytometer (BD Bio-
sciences) and analyzed with FlowJo software (Tree Star). These cell lines
were used for subsequent experiments.

Western blotting was performed on induced target cells using poly-
clonal mouse antisera to the spike protein receptor binding domain
(RBD) followed by IRDye 800CW Donkey anti-mouse IgG secondary
antibodies (LI-COR #926-32212). To generate the antisera, five BALB/c
mice were inoculated intramuscularly with 10 pg each of alum-
adjuvanted (Alhydrogel adjuvant 2%, Invitrogen) purified SARS-CoV-2
RBD. The RBD was produced as previously described (Suthar et al.,
2020) and was kindly given by Jens Wrammert. The mice were boosted
at 3 weeks following initial inoculation with 10 pg RBD protein. Serum
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was collected from submandibular bleeding on day 21 following the
boost. All animal experiments were conducted according to approved
IACUC protocols at Emory University (PROT0202000026).

2.4. Effector cells

The effector cells utilized for the assay were from the CD16-176 V-
NK-92 cell line (ATCC: PTA-6967) which have high expression of CD16
on the cell surface. The NK-92 cell line (ATCC CRL-2407) that lacks
CD16 was used as an effector control cell line. The effector cells were
maintained in NK complete medium (Alpha MEM without ribonucleo-
tides and deoxyribonucleosides media containing 0.2 mM of Myo-
inositol, 0.1 mM of 2-Mercaptoethanol, 0.02 mM of folic acid, and
12.5% each of heat-inactivated horse and fetal bovine serum) supple-
mented with 200 IU/ml of human recombinant IL-2 (R&D system: #202-
IL-050).

2.5. ADCC assay

ADCC assay was conducted as described previously (Chen, 2020).
The serum samples were serially diluted in duplicate in 96-well V-bot-
tom plates with AIM V™ (Gibco 12055091) medium starting at 1:30
with 3-fold dilutions. The effector: target (E: T) cell ratio of 2:1 and 4 h
incubation time were the optimal experimental condition. After addition
of Britelite Plus luciferase reporter reagent (PerkinElmer) the plate was
incubated for 5 min and Relative Luminescence Units (RLU) was read on
a luminometer (TopCount NXT Luminescence Counter).

2.6. ADCC calculation

The percent lysis of target cells was calculated for each well using the
following formula:

ADCC (%) = [RLU* (no antibody) - RLU (with antibody)]/RLU (no
antibody)] x 100.

2.7. Statistical analysis

The specificity and sensitivity of ADCC assay was analyzed by
receiver operating characteristic (ROC) curve. The assay performance
using sera from adults with PCR-confirmed SARS-CoV-2 and healthy
control adults at different serum dilutions was analyzed. We chose to use
the cutoff value as the percentage of target cell lysis that gave 100%
specificity at all dilutions in the ROC analysis. All the statistics were
performed with GraphPad Prism (version 7.0). The correlation was
calculated using a nonparametric Spearman correlation test. Statistical
comparisons were made using Student’s t-tests. P-values <0.05 were
considered statistically significant.

3. Results
3.1. Development of a SARS-CoV-2 ADCC target cell line

We generated a stably transfected dual-reporter SARS-CoV-2 S target
cell line with inducible protein expression regulated by tetR. To
accomplish this, we sequentially transfected T-Rex-293 cells with plas-
mids encoding EGFP and luciferase, followed by codon-optimized SARS-
CoV-2 S and selected for high-expressing clones. We found that S protein
and reporter protein expression were tightly regulated by tetR. Upon
induction with doxycycline, EGFP could be visualized in real time via
fluorescence microscopy (Fig. 1A). The inducible expression of lucif-
erase could also be measured using a luminometer, and expressed as
Relative Luminescence Units (RLUs). Without doxycycline induction, no
luciferase activity was detected (Fig. 1B). The expression of spike pro-
tein in SARS-CoV-2 S ADCC target cells was characterized by Western
blot using polyclonal anti RBD antibody (Fig. 1C). Full length S protein
was clearly visible in cell lysate of S target cell with doxycycline
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Fig. 1. Expression of SARS-CoV-2 spike (S) protein and reporter proteins (enhanced green fluorescent protein [EGFP] and luciferase) from SARS-CoV-2
ADCC target cell line. The inducible SARS-CoV-2 S protein dual-reporter target cell line was analyzed for protein expression before and after induction with
doxycycline. EGFP protein expression was visualized via fluorescence microscopy (A). Luciferase expression was measured in relative luminescence units (RLUs)
using a TopCount Luminescence Counter (B). Spike protein expression was analyzed by Western blot using polyclonal anti-RBD antibody (C). Lane 1 is the cell lysates
from SARS-CoV-2 ADCC spike target cell with doxycycline inducted and lane 2 is from the SARS-CoV-2 Spike ADCC target cell without doxycycline induction. Spike
protein and EGFP expression were analyzed by flow cytometry using a COVID-19 convalescent serum and a healthy control serum (D). Antibody reactivity against
spike protein on the target cell surface was measured as mean fluorescence intensity (MFI) using sera from adults with PCR-confirmed COVID-19 (circle red; n = 61)
and sera from healthy adult controls (square blue; n = 15) (E). Line shows mean =+ standard deviation. Statistical comparisons were made using Student’s t-test. P <

0.05 was considered statistically significant.

induction. In contrast S protein was not detected in the cell lysate
without induction. We then confirmed that the S protein expression was
on the target cell surface by flow cytometry using a serum sample from
patient with PCR-confirmed COVID-19. One healthy serum was used as
isotype control (Fig. 1D). To further assess antibody binding to S protein
on target cells we tested our cohort of 61 COVID-19 specimens by flow
cytometry and used MFI to quantify binding activity (Fig. 1E). The MFI
determined from 15 healthy adult control was used to compare with that
from COVID-19 patients. The difference of binding ability between the
patient’s group and healthy group is significant at p < 0.0001. Note that
5 specimens from COVID-19 patients had MFI values similar to the
control specimens.

3.2. Development of a SARS-CoV-2 ADCC assay

We then developed our ADCC assay using a subset of serum samples
from our cohort, which included 5 adults with PCR-confirmed COVID-19
and 5 healthy adult controls. The 5 sera from adults with PCR-confirmed
COVID-19 were chosen based on their different levels of antibody
binding to SARS-CoV-2 S target cells, as measured by flow cytometry.

The sera were tested at serial 3-fold dilutions beginning with a 1:30
dilution in a 96-well plate format. We measured ADCC activity of these
sera using target cells with and without S protein expression and using
effector cells with (NK CD16") and without (NK-92) CD16 (FcyRIIIa
receptor) expression on the surface. All 5 sera from adults with PCR-
confirmed COVID-19 elicited lysis of S protein-expressing target cells
by NK CD16( effector cells (Fig. 2A-E). The amount of target cell lysis
varied among the specimens with a maximum lysis of 83% (Fig. 2B). All
sera elicited lower ADCC at the 1:30 dilution than at the 1:90 and 1:270
dilutions, which we attributed to prozone effect. As expected, replacing
NK CD16 effector cells with the NK-92 CD16-negative cells dramati-
cally reduced target cell lysis. Reporter-only target cells lacking S sur-
face expression also did not undergo appreciable cell lysis in the
presence of SARS-CoV-2 sera and NK CD16 effector cells. (Fig. 2A-E).
Similarly, the 5 healthy control serum samples did not elicit target cell
lysis, either in the presence of NK CD16(™ effector or NK-92 control cells
(Fig. 2F-J). Altogether, these data demonstrate that anti-Spike protein
antibodies in sera from adults with PCR-confirmed SARS-CoV-2 elicit
ADCC of target cells via FcR binding to NK effector cells. To assess
repeatability of results, we tested two different human antibodies anti-
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SARS-CoV-2 spike RBD monoclonal antibodies (M180 and S35) and one
human anti-Ebola glycoprotein monoclonal antibody (kz52, active in
Ebola ADCC) (Figure S1) on two different days. The killing activity at
each dilution for both monoclonal antibodies was very similar for both
days indicating good assay repeatability.

We next examined ADCC using all 61 serum samples from our cohort
of adults with PCR-confirmed SARS-CoV-2 and 15 healthy adult con-
trols. Serial serum dilutions were made from 1:30 to 1:21,870. ADCC
activity was observed in 56 of 61 SARS-CoV-2 serum samples, with cell
lysis peaking at the 1:90 or 1:270 dilution. Some degree of a prozone
effect was observed with most of the 56 ADCC positive sera. We did not
detect ADCC activity in the 5 COVID-19 sera which lacked S-protein
binding by flow cytometry as demonstrated in Fig. 1E. The 15 healthy
control sera had maximum cell lysis <10%. We compared the ADCC
activity of COVID-19 and healthy control sera at each serum dilution
using Welch’s unpaired t-tests. We found significant differences between
the two groups at each serum dilution even reaching the serum dilution
of 1:7290 (Fig. 3A).

To examine the performance of the assay, receiver operating char-
acteristic (ROC) curves were built separately for each serum dilution
with the ADCC data obtained from all serum samples (Fig. 3B). The area
under the corresponding experimental ROC (AUC) for each serum
dilution was calculated with its 95% confidence interval (95%CI). The
best AUC value (0.97) was seen at the 1:90 serum dilution. In compar-
ison, the AUC value was slightly lower (0.96) at the 1:30 dilution, which
we attributed to the prozone effect. Even at a serum dilution of 1:270,
the AUC was >0.91, indicating the assay highly discriminated patients
with prior SARS-CoV-2 infection vs. healthy controls.

The cutoff values for endpoint titers at each dilution were calculated
and are shown in Table 1. At a specificity of 100%, the sensitivity was
84% at 1:30, 85% at 1:90 and 72% at 1:270 serum dilution. As expected,
the assay sensitivity decreased as the serum dilution further increased.
Based on the ROC analysis and the fact of that the 15 healthy control sera
had maximum cell lysis <10% at each dilution, we chose 10% (see
Table 1) as the cutoff value for ADCC activity. The highest dilution that
had ADCC activity >10% was considered the endpoint titer for that
specimen.

3.3. Measurement of SARS-CoV-2 ADCC antibody titers following
infection

Using the optimized cutoff value, the ADCC endpoint titers specific to
SARS CoV-2 S protein in sera from adults with PCR-confirmed SARS-
CoV-2 vs. healthy controls were determined. Fifty-six of 61 patient sera
had detectable ADCC antibodies, with endpoint titers ranging from 74 to
27,201. As described above that there were 5 specimens without
detectable ADCC antibody response and the titers for these specimens
were under 30. Among these, 4 specimens were collected from 4 PCR
confirmed patient between 30 to 69 days post symptom onset. One
specimen collected at 112 days post symptom onset from a patient who
had an ADCC titer of 1529 with the specimen collected at 34 days post
symptom onset. ADCC endpoint titers were significantly higher in sera
from adults with PCR-confirmed SARS-CoV-2 than healthy controls (P <
0.0001) (Fig. 4A). Based on the specimen collected days post symptom
onset, we divided the specimens into 3 groups to analyze the kinetics of
ADCC antibody response. Of the 61 specimens tested, 3 were collected in
less than or equal to 14 days post symptom onset (acute phase), 38
specimens were collected between 15 and 90 days (early convalescent
phase) and 20 specimens were collected between 91 and 132 days (later
convalescent phase) post symptom onset. The total number of detected
ADCC antibody response was 3/3 (100%) in acute phase, 34/38 (89%)
in early convalescent phase and 19/20 (95%) in later convalescent
phase. The highest average titer was seen in acute-phase specimens
(<14 days), with a mean of 14,538 + 7316 compared with 3148 + 734
for early convalescent phase and 1176 + 203 for later convalescent
phase (p = 0.009 and p < 0.0001 respectively). Although there were 4
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ADCC negative specimens in early convalescent phase group, the mean
ADCC titer in this group is still significantly higher than that of later
convalescent phase group (p < 0.05) (Fig. 4B).

Additionally, to assess the kinetics of ADCC antibody responses
following COVID-19, the ADCC endpoint titers from patients with
sequential serum samples collections were plotted vs. days post-
symptom onset (Fig. 4C). Twenty-one patients had paired serial sam-
ples available for analysis (n = 42). For serum pairs separated by > 30
days the ADCC antibody titers decreased in most (13/17). One patient
among these had ADCC antibody titer of 1529 on day 34 after symptom
onset which became undetectable on day 112 after symptom onset. The
ADCC titer had slightly increased in other 4 of the seventeen. From 4
pairs sera separated by < 30 days, 3 of 4 were collected from acute
phase. These specimens demonstrated relatively high levels of early
ADCC antibody responses (endpoint titer range from 2172 to 14,553)
and ADCC level dramatically increased after 3-10 days (endpoint titer
range from 4904 to 27,201). One of 4 patients the ADCC response
remained stable over 26 days (endpoint titer from 1859 on 7 days PSO to
1651 on 33 days PSO). Although the numbers of patients and samples
available for analysis in the acute-phase were limited, their data
demonstrated ADCC antibody response may occur early post-infection
and may increase out to about 4 weeks after onset of symptoms.

3.4. Correlation of ADCC activity with pseudoneutralization

To compare the ADCC response with the pseudoneutralizing activity
of the patient sera, we used a pseudotyped virus neutralization assay.
For this assay, we developed lentiviral particle pseudotyped with the
SARS-CoV-2 spike protein and examined the pseudoneutralizing anti-
body (ID50) titer in 52 COVID-19 patients from the study cohort. We
found that the pseudoneutralizing antibody titer strongly correlates with
ADCC activity in most specimens (Fig. 5). The correlation with most
specimens suggests that the human pseudoneutralizing, binding, and
ADCC antibodies are induced to similar levels. The differences suggest
not all binding or neutralizing antibodies have ADCC activity and/or
some inhibit ADCC. We hypothesize that these differences may help
understand COVID-19 immunity.

4. Discussion

We developed a rapid functional SARS-CoV-2 ADCC assay using NK
CD16" effector cells and an inducible dual-reporter target cell line
expressing the SARS-CoV-2 spike protein. Since the discovery of ADCC
in 1965 (Moeller, 1965), various assays have been developed to measure
ADCC activity. These have included >'Cr release assays (Brunner et al.,
1968), NK cell activation assays, and ADCC reporter bioassays (Hsieh
et al., 2017; Parekh et al., 2012), each of which has limitations. For
example, °1Cr release assays require pre-labeling/virus infection of
target cells and are subject to high variability. Additionally, ADCC re-
porter bioassays measure effector cell activation upon FcR binding, but
do not measure actual target cell lysis and cytotoxicity. We chose to
develop a functional ADCC antibody assay that directly measures target
cell lysis and cytotoxicity, modeled after a Zika virus ADCC assay we
recently described (Chen, 2020).

We therefore generated a SARS-CoV-2 ADCC dual-reporter target cell
line with inducible high expression levels of the Spike protein. To
accomplish this, we first transfected the reporter genes of EGFP and
luciferase into T-Rex 293 cells. The reporter genes are under the control
of the human CMV promoter and two tetracycline operators 2 (TetO2).
Their expression is therefore inhibited until induction by tetracycline or
doxycycline (Chen, 2020). The inducible line may prevent the potential
toxic effects of S protein expression on cells. An advantage of utilizing
dual reporters is that EGFP allows real-time visualization of gene
expression in living cells via microscopy, whereas luciferase enables
rapid, high-throughput quantification of ADCC in 96-well plates.
Luciferase expression also enables direct measurement of ADCC, as cell
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Table 1
Determination of optimum cutoff values based on ROC curve analysis.
Dilution  Cutoff Specificity 95% CI Sensitivity 95% CI
value % %
1:30 10.13% 100 78.2%— 83.61 71.91%—
100% 91.85%
1:90 10.22% 100 78.2%— 85.25 73.83%—
100% 93.02%
1:270 10.17% 100 78.2%— 72.13 59.17%—
100% 82.85%
1:810 9.83% 100 78.2%— 59.02 45.68%—
100% 71.45%
1:2430 11.47% 100 78.2%— 21.31 11.86%—
100% 33.68%
1:7290 7.485% 100 78.2%— 22.95 13.15%—
100% 35.5%

lysis is proportional to the decrease in luminescence (RLUs) in each well
because luciferase is rapidly degraded in the extracellular fluid (Feeney
et al., 2016) and its expression is specific for viable cells.

We chose the S protein because it reliably induces antibodies,
including neutralizing antibodies with SARS-CoV-2, is a common
component of vaccines (Anderson et al., 2020; Jackson et al., 2020), and
is expressed on the surface of infected cells making it a potential target
for ADCC antibodies (Barnes et al., 2020; Huo et al., 2020; Walls et al.,
2020; Wrapp et al., 2020). Our stable transfected cell line expressed S
protein on its surface with good consistency that decreases assay vari-
ability. Some studies show a strong association between the ADCC
response and antibody binding to the target antigen on the surface of
infected cells (Karlsson et al., 2018; Mielke et al., 2019; Smalls-Mantey
et al., 2012). In order to explore that antibody binding to the S target
cells was proportional to the amount of cell lysis, we compared the
correlation of antibody binding MFI with target cell killing in the study
sera of the patient cohort with the target cell killing. The result shows
positive correlation that indicates the binding was highly predictive of
ADCC response (r = 0.712; p < 0.0001) (Supplemental Figure S2). This
suggests some but not all antibody/epitope binding supports ADCC. We
do not know the reason for these differences, but they could be due to Fc
differences, geometry of the antibody-epitope binding, or other reasons.
Understanding the reason for these differences will require further
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study.

Use of the immortalized NK cell line that stably expresses high-
affinity CD16 on its surface (176 V) has been previously used by
others and adds to assay reproducibility. This cell line has been shown to
be suitable for ADCC assays (Chen, 2020; de Vries et al., 2017; Has-
senruck et al., 2018; Mentlik James et al., 2013; Wang et al., 2008). The
result was a functional ADCC assay that rapidly assessed cytotoxicity
with high sensitivity and specificity. This model of ADCC assay devel-
opment has now been applied to understanding functional antibody
responses to Ebola virus (Singh et al., 2020) Zika virus (Chen, 2020) and
now SARS-CoV-2; thus, we hypothesize that this type of functional assay
could be similarly applied to understand ADCC responses to a variety of
pathogens.

To compare specificity and sensitivity of the assay with a Fc-receptor
binding assay, we developed an inducible spike expression cell line
using the same parental cells. This cell line was inserted spike gene
without GFP and Luciferase dual reporter genes. The cells can express
spike protein on the cell surface upon doxycycline induction. We used
this cell line as target cells and Jurkat-CD16-NFAT-rLuc reporter cells
(Promega) as an effector cells to evaluate ADCC in the present of sera
from the same cohort of COVID19 patient or pre-pandemic healthy sera.
This assay measures the capacity of a serum to activate NFAT through
CD16 in the presence of antigen-expressing target cells. The extent of
CD16 activation correlated with our ADCC killing of target cell assay. As
with neutralization and binding antibodies, the results are similar for
most sera specimens (see Supplementary Figure S3). With the strong
correlation of ADCC response from the patient’s cohort between the two
assays, our assay performed with better specificity and sensitivity.

Previous studies have shown that SARS-CoV-2 specific IgG response
increase during the first 3 weeks after symptom onset (Atyeo et al.,
2020) and decrease within the subsequent 2-3 months (Shaw et al.,
2020). Our kinetics analysis demonstrated that ADCC antibody response
can occur by 7 days after symptom onset and continues to increase until
early convalescent phase. The high proportion of patients with positive
ADCC antibody titer in our cohort had relative higher titer during early
convalescent phase (30-90 days after symptom onset) and the titer
decreased within 3-4 months after infection. Due to the sample size and
the limited time points available for analysis, it is difficulty to establish
fully the kinetic pattern of ADCC antibody response after COVID-19
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Fig. 4. ADCC antibody endpoint titers and kinetics in adults with PCR-confirmed COVID-19. (A) The ADCC antibody endpoint titers specific to SARS-CoV-2 S
protein in sera from adults with PCR-confirmed COVID-19 (n = 61) vs. healthy controls (n = 15) were determined using a cutoff of 10%. Lines represent the mean of
the endpoint titers. Statistical comparisons were made using Welch’s unpaired t-test. (B) Specimens were divided into 3 groups based on days post symptom onset.
ADCC endpoint titer from each group was determined and compared between the groups. * means p < 0.05; ** means p < 0.01; *** means p

* means p < 0.001
< 0.0001. (C) ADCC endpoint titers from all 21 unique patients with PCR-confirmed COVID-19 patients who provided two specimens sequentially were plotted vs.
days post-symptom onset. Because the starting dilution of serum was 1:30, this represented the limit of detection (LOD). Samples that did not lyse the cells at the 10%
level were plotted at half the LOD, i.e., 15 (red horizontal dashed line). Each line represents an individual patient.
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Fig. 5. Correlation between the ADCC response with the pseudoneutral-
izing activity of the patient sera against SARS-CoV-2 spike protein. The
pseudoneutralizing antibody response of 52 COVID-19 patient sera from the
cohort were examined using lentiviral particle pseudotyped with spike protein.
ADCC and neutralizing activities expressed as the endpoint titers in each indi-
vidual specimen. A strong correlation was observed between the ADCC anti-
body endpoint titer to pseudoneutralizing antibody ID50 titer. The correlation
was calculated using a nonparametric Spearman correlation test.
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infection. However, our finding is consistent with IgG responses
observed by prior studies of binding and neutralizing antibody responses
to natural infection. The patients in our cohort had mostly mild/mo-
derate COVID-19 disease manifestations, so we were unable to correlate
ADCC antibody titers with various clinical outcomes. Additionally, the
activity in this assay measures SARS-CoV-2 ADCC against cells trans-
fected with S-protein instead of ADCC activity for SARS-CoV-2 infected
cells. It is possible that ADCC activity could differ for SARS-CoV-2
infected cells for a number of reasons, including due to non-S protein
based ADCC.

In summary, we developed a rapid, high-throughput SARS-CoV-2
ADCC assay using an inducible dual-reporter target cell line expressing
the spike protein and NK CD16" effector cells, which had high sensi-
tivity and specificity. The assay can be utilized to evaluate functional
humoral immune responses to SARS-CoV-2 to better understand the
mechanisms of antibody-mediated viral cellular cytotoxicity, immunity,
and protection. Understanding serologic correlates of protection against
SARS-CoV-2 and the role of ADCC antibodies is critical for the devel-
opment and evaluation of effective SARS-CoV-2 therapeutics and
vaccines.
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