
Academic Editor: Ralph A. Tripp

Received: 23 January 2025

Revised: 20 February 2025

Accepted: 26 February 2025

Published: 28 February 2025

Citation: Cao, J.; Gan, M.; Zhang, Z.;

Lin, X.; Ouyang, Q.; Fu, H.; Xu, X.;

Wang, Z.; Li, X.; Wang, Y.; et al. A

Hidden Guardian: The Stability and

Spectrum of Antibody-Dependent

Cell-Mediated Cytotoxicity in

COVID-19 Response in Chinese

Adults. Vaccines 2025, 13, 262.

https://doi.org/10.3390/

vaccines13030262

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

A Hidden Guardian: The Stability and Spectrum of
Antibody-Dependent Cell-Mediated Cytotoxicity in
COVID-19 Response in Chinese Adults
Jinge Cao 1,† , Mengze Gan 1,†, Zhihao Zhang 2, Xiaosong Lin 1, Qi Ouyang 1, Hui Fu 1, Xinyue Xu 1, Zhen Wang 2,
Xinlian Li 2, Yaxin Wang 2, Hao Cai 2, Qing Lei 3 , Li Liu 2 , Hao Wang 2,* and Xionglin Fan 1,*

1 Department of Pathogen Biology, School of Basic Medicine, Tongji Medical College and State Key Laboratory
for Diagnosis and Treatment of Severe Zoonotic Infectious Diseases, Hubei Key Laboratory of Drug Target
Research and Pharmacodynamic Evaluation, Huazhong University of Science and Technology, Wuhan 430030,
China; jingecao@126.com (J.C.); ganmengze@126.com (M.G.); d202081480@hust.edu.cn (X.L.);
ouyangqi96@163.com (Q.O.); husterfuhui@163.com (H.F.); xxy718221908@163.com (X.X.)

2 Ministry of Education and State Key Laboratory of Environmental Health (Incubating), School of Public
Health, Huazhong University of Science and Technology, Wuhan 430030, China;
m202275468@hust.edu.cn (Z.Z.); d202181621@hust.edu.cn (Z.W.); lixinlian198754@163.com (X.L.);
wangyaxin9987@163.com (Y.W.); caihao9797@163.com (H.C.); liul2012@hust.edu.cn (L.L.)

3 Division of Nephrology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan 430030, China; leiqinghust@163.com

* Correspondence: wanghaogongwei@163.com (H.W.); xlfan@hust.edu.cn (X.F.)
† These authors contributed equally to this work.

Abstract: Objectives: Identifying immune-protective biomarkers is crucial for the effec-
tive management and mitigation of current and future COVID-19 outbreaks, particularly
in preventing or counteracting the immune evasion exhibited by the Omicron variants.
The emergence of SARS-CoV-2 variants, especially those within the Omicron lineage, has
highlighted their capacity to evade neutralizing antibodies, emphasizing the need to un-
derstand the role of antibody-dependent cell-mediated cytotoxicity (ADCC) in combating
these infections. Methods: This study, conducted in Qichun City, Hubei province, from
December 2021 to March 2023, involved 50 healthy Chinese adults who had received
two doses of inactivated vaccines and had subsequently experienced mild infections with
the Omicron BA.5 variant. Blood samples from these 50 healthy Chinese adults were
collected at six distinct time points: at baseline and at the 1st, 3rd, 6th, and 9th months
following the third dose of the inactivated vaccine, as well as 3 months post-breakthrough
infection. Their sera were analyzed to assess ADCC and neutralization effects. Results:
The results indicated that the antibodies elicited by the inactivated SARS-CoV-2 vaccine
targeted the spike protein, exhibiting both pre-existing neutralizing and ADCC activities
against Omicron variants BA.5 and XBB.1.5. Notably, the ADCC activity demonstrated
greater stability compared to that of the neutralizing effects, persisting for at least 15 months
post-vaccination, and could be augmented by additional vaccine doses and breakthrough
infections. The ADCC effect associated with hybrid immunity effectively targets a spectrum
of prospective Omicron variants, including BA.2.86, CH.1.1, EG.5.1, and JN.1. Conclusions:
In light of its stability and broad-spectrum efficacy, we recommend the use of the ADCC
effect as a biomarker for assessing protective immunity and guiding the development of
vaccines and monoclonal antibodies.
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1. Introduction
The persistent spread of SARS-CoV-2 Omicron variants continues to contribute to

significant weekly mortality rates [1]. These variants have progressively accumulated
mutations in the spike protein, enhancing their resistance to the neutralizing antibodies
(nAbs) derived from vaccinations [2–4], breakthrough infections [5–8], and therapeutic
monoclonal antibodies [3,9,10]. Therefore, it is imperative to devise more effective strategies
to prevent or counteract the immune evasion demonstrated by Omicron variants in order
to effectively manage and mitigate both current and future COVID-19 outbreaks.

The host’s adaptive immune response to viral infections encompasses both humoral
and cellular components. Within the humoral response, antibodies are categorized as either
neutralizing or non-neutralizing. nAbs that target the spike protein of SARS-CoV-2 can
impede viral entry into host cells and neutralize free viruses in vivo [11]. Numerous stud-
ies have demonstrated that emerging SARS-CoV-2 Omicron variants have the capacity to
evade nAbs [3,4,12–14] and the cellular immune responses [15,16] induced by vaccination.
Nevertheless, vaccinated individuals experience lower rates of severe illness, hospitaliza-
tion, and mortality upon infection with the earlier Omicron variants [17,18], indicating
the presence of other immunological protective mechanisms that are not yet fully under-
stood. Traditionally, non-neutralizing functions, such as antibody-dependent cell-mediated
cytotoxicity (ADCC), have been considered crucial for the control and clearance of viral
infections, including those caused by influenza [19–22], Ebola [23–25], and HIV [26–30].
Recent research has indicated that anti-spike antibodies in individuals recovering from an
infection with a SARS-CoV-2 prototype strain (PS) or those vaccinated with an inactivated
vaccine exhibit ADCC activity [31–35]. Furthermore, in individuals who have been vacci-
nated and subsequently infected with the Omicron BA.1 variant, their ADCC activity may
exhibit greater longevity compared to that of the neutralizing effect [36]. It is urgent to
comprehend the role of ADCC in preventing and mitigating the severity of the infections
caused by emerging SARS-CoV-2 Omicron variants.

The diverse origins of the anti-spike antibodies in individuals infected during the
COVID-19 pandemic, alongside breakthrough infections from various viral variants post-
vaccination, present challenges in investigating the persistence and comprehensive effects of
ADCC. Until 7 December 2022, China maintained a zero-COVID-19 policy, which embraced
mass testing, social distancing, mask mandates, and vaccinations [37–39]. Mass vaccination
efforts commenced in March 2021, and by January 2023, over 90% of the population
had received the basic protocol with two vaccine doses, with more than 50% having
received a third vaccine dose [40]. China’s pandemic prevention policy has facilitated the
establishment of a consistent and well-defined immunological landscape against COVID-
19 within its population. In a study conducted from December 2021 to March 2023, we
established a cohort of healthy Chinese adults who had a clear history of vaccination and
subsequently exposure to the Omicron BA.5 variant with mild illness. We analyzed their
serum samples to explore the dynamics of the ADCC effect and its cross-reactivity with
the prospective Omicron variants. Our findings suggest that the ADCC effect mediated
by anti-spike antibodies demonstrates greater stability and a broader range of activity
than those of the neutralizing effect, indicating its potential as an alternative biomarker for
protective immunity.

2. Methods
2.1. The Study Cohort

This study involved 400 healthy adults from Qichun City, Hubei province, who
had received two doses of the inactivated vaccine six months prior and were initially
uninfected with SARS-CoV-2. They then received a third vaccine dose and had later
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been infected with the Omicron BA.5 variant. Their blood samples were collected at
the baseline; 1, 3, 6, and 9 months post their third vaccine dose; and 3 months post-
breakthrough infection. This study established comprehensive exclusion parameters,
including the following: immunocompromised status (self-reported), previous SARS-CoV-
2 exposure, undocumented vaccination status, hypersensitivity to vaccine components,
recent febrile illness (≤14 days), blood product administration within the past 120 days,
and protocol non-compliance. The participant retention decreased progressively during the
study period, culminating in a final cohort of 50 subjects by the sixth study visit. To ensure
the availability of complete longitudinal data, these 50 participants with complete follow-
up data were chosen for analysis. The cohort study was established between December
2021 and March 2023.

2.2. The Cell Lines

HEK 293T cells (ATCC CRL-3216, Manassas, VA, USA) and Vero E6 cells (ATCC
CRL-1587) were grown in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
with 10% FBS (Biological Industries, Kibbutz Beit Haemek, Israel) and 100 U/mL penicillin–
streptomycin (Biosharp, Labgic Technology, Beijing, China). The Jurkat-CD16-NFAT-Luc
cells (InvivoGen, San Diego, CA, USA) for the ADCC bioassay were cultured in RPMI 1640
(Gibco) with 20% FBS, 100 U/mL penicillin–streptomycin, 200 µg/mL hygromycin (Solarbio
Science & Technology, Beijing, China), and 2 µg/mL puromycin (Yeasen Biotechnology,
Shanghai, China). All of these cells were cultured at 37 ◦C with 5% CO2.

2.3. The ADCC Assay

The full-length genes encoding the spike proteins of the SARS-CoV-2 PS and various
Omicron variants were commercially synthesized using eukaryotic codon optimization
and subsequently cloned into the eukaryotic expression vector pVAX-1. HEK-293T cells
overexpressing the SARS-CoV-2 spike protein were generated as the target cells following
transfection with the resulting recombinant plasmids and were verified in accordance with
the methodology outlined in our previous study [41]. After 24 h of culture at 37 ◦C with
5% CO2, the cells were harvested and subjected to immunostaining using a spike-specific
mAb (Sino Biological, Beijing, China). Detection was performed using a FITC-conjugated
Goat Anti-Rabbit IgG secondary antibody (BD Biosciences, Franklin Lakes, NJ, USA). The
fluorescence signals were analyzed using a flow cytometer (CytoFLEX, Beckman Coulter,
Brea, CA, USA).

The Jurkat-CD16-NFAT-Luc cells were used as the effector cells to establish the ADCC
detection platform. Before the ADCC assays, the serum dilution and the effector–target
ratio were optimized. Twelve hours prior to the assay, 104 target cells were placed per well.
On the day of the assay, 100 µL of serum with 2-fold dilutions starting from 1:10 and ranging
to 1:640 was added to each well and incubated with the target cells at 37 ◦C for 2 h. After
removing the supernatant, the cells were washed with PBS to remove unbound antibodies.
Then, 100 µL of the ADCC effector cells was added at varying ratios (1:1 to 8:1). The
negative controls had no serum, and RPMI 1640 medium served as the background. After
12 h of incubation at 37 ◦C, the relative light units (RLU) were measured using the Bright-
Glo™ Luciferase Assay System (Promega Corporation, Madison, WI, USA). The ADCC
fold change was calculated using the formula (RLU of the experimental well—RLU of the
background well)/(RLU of the control well with no serum—RLU of the background well).
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2.4. Pseudovirus Neutralization Assays

Pseudovirus neutralization assays were conducted to measure the serum nAb titers
against the spike proteins of the PS and Omicron variants BA.5, XBB.1.5, and JN.1 with
an 18-amino-acid C-terminal truncation, as previously described [42]. The VSV-based
pseudoviruses were produced using pCAGGS-SARS-CoV-2-spike ∆18 plasmids in the HEK
293T cells. The serum samples were diluted, mixed with the pseudovirus, and incubated
with the Vero E6 cells. The luminescence was measured, and the results were expressed
as NT50.

2.5. Statistical Analysis

Statistical analysis and visualization were performed using GraphPad Prism 9 and R
version 4.3.3 software. Normality and lognormality tests were used to assess the normality
of the distribution. When required, the Wilcoxon matched-pairs signed rank test and
Spearman’s correlation were used, with p < 0.05 considered significant.

3. Results
3.1. The Dynamics of the nAb Responses to the SARS-CoV-2 PS and Omicron BA.5

Since the onset of the SARS-CoV-2 pandemic in January 2020, China’s dynamic zero-
COVID-19 policy effectively maintained low infection rates for the SARS-CoV-2 PS and
variants such as α, β, γ, δ, and Omicron subvariants BA.1, BA.2, BA.3, and BA.4. However,
the termination of this policy in late 2022 resulted in an increase in infections of Omicron
BA.5/BF.7, subsequently followed by the emergence of the Omicron variants XBB.1.5 and
JN.1. A cohort study conducted from December 2021 to March 2023 selected 50 individuals
who had received inactivated vaccines and had been infected with the Omicron BA.5
variant; all of the participants exhibited mild illness (Figure 1A). The median age of the
participants was 50 years, with a gender distribution of 42% male and 58% female.

The serum nAb responses to the SARS-CoV-2 PS and the Omicron BA.5 variant
were compared at all study visits (Figure 1B). Across all visits, with the exception of
the final visit involving breakthrough infections, the levels of nAbs against the PS were
significantly higher than those against the Omicron BA.5 variant. Furthermore, the temporal
dynamics of the nAb responses to both the PS (Figure 1C) and the Omicron BA.5 variant
(Figure 1D) demonstrated similar patterns throughout the experimental period. One month
following the administration of the third vaccine dose, the levels of nAbs against the PS
exhibited a substantial 26.19-fold increase (Figure 1E) compared to the pre-vaccination
levels, while a slight increase in the titers of the nAbs against the Omicron BA.5 variant
was also observed; however, 9 months after the third vaccine dose, these levels declined
significantly 3.4 to 4.54-fold over time (PS: 407.055 vs. 89.625; Omicron BA.5: 35.115
vs. 10.34). Notably, breakthrough infections strongly raised the levels of the nAbs (PS:
89.625 vs. 1211.77; Omicron BA.5: 10.34 vs. 1008.02; Figure 1E). Consequently, prior to
the Omicron BA.5 pandemic, nAb responses to this variant had been established in their
serum through vaccination. Both the administration of the third vaccine dose and the
occurrence of breakthrough infections resulted in a substantial increase in their levels of
nAbs against both the PS and the BA.5 variant. Extending the post-vaccination period to
nine months was associated with a significant reduction in nAb levels, which resulted in
breakthrough infections.
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Figure 1. Temporal dynamics of nAb responses against the SARS-CoV-2 PS and Omicron BA.5.
(A) The prevalence of SARS-CoV-2 strains in China during the pandemic, alongside the study cohort’s
nAb responses, was evaluated at six distinct time points: at baseline (visit 1, 6 months following the
administration of two doses of the inactivated vaccine) and at 1 month (visit 2), 3 months (visit 3),
6 months (visit 4), and 9 months (visit 5) after the administration of a third dose of the inactivated
vaccine, as well as 3 months subsequent to a breakthrough infection (visit 6). (B) The levels of nAbs
against the PS and the BA.5 variant were compared at different visits (N = 50). (C) Dynamic changes
in nAbs against the PS (N = 50). (D) Dynamic changes in nAbs against the BA.5 variant (N = 50).
(E) Comparative analysis of the nAbs before and after the third dose of the inactivated vaccine, at
1 month and 9 months post the third dose, and pre- and post-breakthrough infection (N = 50). The
numbers highlighted in red denote significant increases in the fold changes, while those in blue
indicate significant decreases in the fold changes. **** p < 0.0001.
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3.2. The Establishment of the ADCC Detection Technology Platform

In this study, an advanced platform for the detection of ADCC was successfully
developed, with the assay procedure detailed in Figure 2A. This platform incorporates
recombinant eukaryotic expression plasmids encoding the spike proteins of the SARS-
CoV-2 PS and Omicron variants, including BA.2.86, BA.5, XBB.1.5, CH.1.1, EG.5.1, and
JN.1. These plasmids are transfected into HEK 293T cells, which serve as the target cells,
while the Jurkat-Lucia-NFAT-CD16 cell line is employed as the effector cells. To verify
the expression of the spike proteins in the HEK 293T cells, cell lysates were subjected to a
Western blot analysis, revealing the prominent expression of the full-length spike protein
at approximately 180 kDa, as illustrated in Figure 2B. The cell surface expression levels of
the spike proteins were evaluated using flow cytometry (Figure S1). A serum dilution of
1:20 was required to achieve an ADCC fold change of 2, with the optimal effector-to-target
cell ratio determined to be 4:1, maximizing the ADCC fold change with 104 target cells and
4 × 104 effector cells per well in 96-well plates (Figure 2C). This platform was subsequently
utilized to assess the ADCC response against the spike proteins of the PS and Omicron
BA.5, XBB.1.5, and other variants in the cohort sera.
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Figure 2. Establishment of the ADCC detection technology platform. (A) The processes involved in
the ADCC assay. (B) The expression of the spike protein in the cell lysates transfected with various
recombinant eukaryotic expressing plasmids, including pVAX-PS, pVAX-BA.2.86, pVAX-BA.5, pVAX-
XBB.1.5, pVAX-CH.1.1, pVAX-EG.5.1, and pVAX-JN.1. Cells transfected with the pVAX-1 plasmid
and HEK 293T cells served as the controls. (C) The optimal serum dilution and effector-to-target ratio
for the ADCC assays. Cells transfected with pVAX-PS as the target cells and serum samples from ten
individuals were pooled for testing purposes.

3.3. Dynamics of the ADCC Responses to the SARS-CoV-2 PS and Omicron BA.5

Our study demonstrated that the ADCC effect against the spike protein of the PS was
consistently stronger than that against the BA.5 variant at all of the time points assessed
(Figure 3A). Furthermore, the temporal patterns in the ADCC effect against both the
PS (Figure 3B) and the BA.5 variant (Figure 3C) exhibited similar trends. An in-depth
analysis of the impact of the third vaccine dose, the duration following vaccination, and
breakthrough infection on the ADCC responses was performed. One month subsequent
to the administration of the third vaccine dose, there was a modest increase in the ADCC
activity against the spike protein of the PS (Figure 3D), whereas the third vaccine dose
did not enhance the ADCC activity against the Omicron BA.5 variant. At the ninth month
following the third dose, there was a slight reduction in the ADCC activity of the antibodies
against the spike proteins of both the PS and the BA.5 variant (PS: 4.408 vs. 3.703; Omicron
BA.5: 3.099 vs. 2.635; Figure 3D). Three months following a breakthrough infection, a slight
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increase in the ADCC activity against both spike proteins was observed (PS: 3.703 vs. 4.650;
Omicron BA.5: 2.635 vs. 3.805; Figure 3D). Therefore, these pre-existing antibodies present
in the serum of individuals immunized with vaccines exhibited potential ADCC effects
against the prospective Omicron variants, and spike-protein-specific antibodies with ADCC
activity against the Omicron variant were sustained in the cohort’s sera for a minimum of
15 months following the administration of the second vaccine dose.
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BA.5. (A) ADCC levels against the PS and BA.5 variants were compared at different visits (N = 50).
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BA.5 variant (N = 50). (D) Comparative analysis of ADCC before and after the third dose of the
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infection (N = 50). The numbers highlighted in red denote significant increases in the fold changes,
while those in blue indicate significant decreases in the fold changes. *** p < 0.001; **** p < 0.0001.
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3.4. The ADCC Effect Against the Prospective Omicron Variant XBB.1.5

Subsequent to the cohort coverage period, we conducted an additional assessment
of the ADCC effect of serum antibodies targeting the other prospective Omicron variant
XBB.1.5 to confirm our findings (Figure 4). Interestingly, the ADCC dynamics against the
variant XBB.1.5 were similar to those observed for the PS (Figure 4). One month after
the third vaccine dose, there was a significant enhancement in the ADCC effect against
XBB.1.5 when compared to that pre-administration. At the nine month following the
third dose, there was a slight reduction in the ADCC activity of the antibodies against
the spike protein of XBB.1.5 (3.099 vs. 2.635; Figure 4B). Notably, a slight increase in the
ADCC activity was observed 3 months following a breakthrough infection (2.635 vs. 3.805;
Figure 4B). Therefore, the ADCC effect against the prospective variant XBB.1.5 had also
been established, persisted for up to 15 months in the serum samples after the second
vaccine dose, and extended to at least 18 months after a breakthrough infection with BA.5.
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significant increases in the fold changes, while those in blue indicate significant decreases in the fold
changes. *** p < 0.001; **** p < 0.0001.

3.5. The Broad-Spectrum Activity of ADCC Against the Prospective Circulating Omicron Variants

To investigate the impact of breakthrough infections with the BA.5 variant, we con-
ducted a comprehensive assessment of the ADCC effect and the neutralizing activity of
the serum samples with hybrid immunity collected at visit 6. These samples were tested
against a range of prospective Omicron variants, extending beyond the cohort’s initial
coverage period. Interestingly, the antibodies present in the visit 6 sera demonstrated an
ADCC effect against the spike proteins of these Omicron variants (Figure 5A). Notably,
the ADCC effect was particularly pronounced against the spike proteins of the BA.2.86,
CH.1.1, EG.5.1, and JN.1 variants when compared to that for the PS. Although the nAb
responses in the serum samples collected at visit 6 to the spike protein of the PS and the
BA.5 variant were comparable, the cohort demonstrated reduced nAb levels in response to
the XBB.1.5 and JN.1 variants. The ADCC effect (Figure 5C) and nAb response (Figure 5D)
of the individual serum samples for various Omicron variants are depicted in the heatmap,
which supports these observations. Consequently, breakthrough infections with a specific
variant primarily induce high levels of nAbs against the infecting variant and previously
circulating strains while demonstrating limited cross-neutralization activity against emerg-
ing Omicron variants. In contrast, the ADCC effect in the context of hybrid immunity
exhibits broad-spectrum efficacy against a wide range of prospective Omicron variants.
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Figure 5. Analysis of the ADCC effect and the neutralizing activity of serum samples collected at
visit 6 for a range of prospective Omicron variants. (A) Comparison of the ADCC effect of serum
samples from visit 6 against the PS and Omicron variants BA.5, XBB.1.5, BA.2.86, CH.1.1, EG.5.1, and
JN.1 (N = 50). (B) Comparison of nAb responses of serum samples from visit 6 to the PS and Omicron
variants BA.5, XBB.1.5, and JN.1 (N = 50). (C) The ADCC effect of individual serum samples from visit
6 against the same set of Omicron variants (N = 50). (D) Neutralizing activity of individual serum
samples from visit 6 against the same set of Omicron variants (N = 50). ** p < 0.01; **** p < 0.0001.

3.6. The Correlation Between the ADCC Effect and Neutralizing Activity

Given that the ADCC effect and the neutralizing activity are mediated by the same anti-
spike antibody, their relationship was systematically evaluated across all visits. During the
initial visit, conducted six months post-administration of the second dose of the inactivated
vaccine, a weak correlation was observed between the ADCC effect and the nAb titer
against both the PS (Figure 6A) and the BA.5 variant (Figure 6B). However, in subsequent
visits or against different variants, no significant correlation was identified (Supplementary
Figure S2A–L). These findings suggest distinct mechanistic functions between the ADCC
effect and the neutralizing activity.
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4. Discussion
This study investigated a cohort of Chinese adults with a documented history of

vaccination and exposure to SARS-CoV-2 who experienced mild infections to elucidate
the dynamics and cross-reactive activity of the ADCC effect of anti-spike antibodies in the
serum both prior to and following the administration of a third vaccine dose, as well as
after a breakthrough infection. Our research demonstrated that the pre-existing antibodies
elicited in the serum of the Chinese individuals vaccinated with an inactivated SARS-CoV-2
PS vaccine were capable of targeting the spike protein, exhibiting both neutralizing effects
and ADCC activities against the prospective circulating Omicron variants. Notably, this
study reveals that the broad-spectrum ADCC activity against the prospective Omicron
variants was more stable than the neutralizing effect and persisted in the cohort’s serum
for at least 15 months following basic vaccination protocols. This ADCC activity could
be enhanced through both booster inoculations and breakthrough infections, thus further
extending its duration.

Our study demonstrated that the BA.5 variant exhibited a significant immune evasion
capability against the nAbs elicited by the administration of a third vaccine dose, align-
ing with the findings of previous research [5,43,44]. Concurrently, multiple studies have
corroborated that various Omicron subvariants, including XBB.1 [4,45–47], BQ.1 [4,45–47],
EG.5.1 [48–50], BA.2.86 [49–52], and JN.1 [49,50,52,53], similarly possess a robust capacity
to evade the nAbs induced by either vaccination or natural infection. This immune escape
is attributed to the high variability observed in the spike proteins of these variants, which
compromises the protective efficacy of pre-existing nAbs in the serum [5,54]. Nevertheless,
all of the participants in this study had only experienced mild infections after breakthrough
infections with the BA.5 variant. This suggests the protective role of non-neutralizing
antibody effects in mitigating severe COVID-19 outcomes. In the context of HIV-1, indi-
viduals with high antibody titers exhibiting ADCC effects are less likely to progress to
acquired immune deficiency syndrome compared to those with lower antibody titers [55].
The HIV-1 vaccine RV144 confers protection by inducing non-neutralizing antibodies that
exhibit ADCC effects [56–58]. Similarly, monoclonal antibodies targeting the influenza
virus, such as 651 [59], 38C2 [60], and cHA [61], primarily mediate protection through the
ADCC mechanism. Collectively, these studies underscore the pivotal role of ADCC in
the prevention and management of these viral infections. Previous research has demon-
strated that various vaccines and infections can induce ADCC activity against the spike
protein of SARS-CoV-2 and its variants, including Omicron variants BA.1, BA.2, BA.5, and
XBB.1.5, which exhibit only a slight evasion of this effect compared to the neutralization



Vaccines 2025, 13, 262 11 of 15

activity [34,36,62–65]. The non-neutralizing monoclonal antibody C10 has been shown to
mediate ADCC, effectively reducing viral titers by targeting infected cells in the lungs [66].
Similarly, the CV804 monoclonal antibody, despite lacking neutralizing activity, exhibits
a strong ADCC effect that can inhibit the disease progression in animal models of SARS-
CoV-2 infection [67]. Furthermore, the ADCC response has been observed to persist for at
least 26 weeks following the administration of a third dose of an inactivated vaccine [34].
However, these studies have not fully elucidated the protective role of the ADCC effect or
its broad-spectrum activity. In this study, we established a cohort of Chinese adults and
developed a platform to assess ADCC effects, aiming to investigate the dynamic changes
in the ADCC activity against the spike proteins of various Omicron variants during vacci-
nation and infection. We selected HEK 293T cells transfected with recombinant eukaryotic
expression plasmids as the target cells and employed the Jurkat-NFAT-Luc cell line as
the effector cells to establish an ADCC effect assay platform. Compared to alternative
methodologies, this platform is widely utilized and offers advantages such as enhanced
experimental repeatability and reduced variability [68,69]. The resulting data facilitate
inter-laboratory comparisons, as well as comparisons across different experimental batches
and samples from diverse sources, thereby supporting the integration of ADCC effects
into the index system for evaluating the efficacy of vaccines and monoclonal antibodies.
Our study further elucidates that the pre-existing ADCC effect can persist for up to at least
15 months, exhibiting its broad-spectrum activity against multiple prospective Omicron
variants, including BA.2.86, CH.1.1, EG.5.1, and JN.1. Additionally, we identified a weak
correlation between the ADCC effects and the neutralizing antibody levels six months
following the second vaccine dose, consistent with previous research [70,71]. However, this
correlation diminished following the administration of a third vaccine dose and subsequent
breakthrough infections, possibly due to the incomplete overlapping epitopes [72].

The present study is constrained by several limitations that warrant acknowledgment.
In order to compare the effects between the neutralizing and ADCC effects, our ADCC
measurements were concentrated on the spike protein, which may have led to oversight
of the immunological significance of other viral components. Furthermore, the restriction
of our study cohort to individuals with mild symptoms limited the ability to conduct a
meaningful analysis of potential associations between the clinical disease severity and
ADCC responses, which remain to be investigated.

In short, given the stability, persistence, broad-spectrum activity, and significant role of
the ADCC effect in protective immunity against infections, we propose that the ADCC effect
assay should be utilized as an alternative biomarker for assessing protective immunity
within the defined population and informing the development of effective vaccines and
monoclonal antibodies for combating future Omicron variant outbreaks.

5. Conclusions
The ADCC effect targeting the spike protein of SARS-CoV-2 is more stable than the

neutralization effect and has broad-spectrum efficacy against multiple prospective Omicron
variants. We recommend the use of the ADCC effect as a biomarker to assess protective
immunity and guide vaccine and monoclonal antibody development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines13030262/s1, Figure S1: Expression levels of spike proteins
from different variants on the surface of transfected HEK 293T Cells; Figure S2: Correlation between
ADCC and neutralizing effect against PS, Omicron BA.5 variant, Omicron XBB.1.5 variant and
Omicron JN.1 variant.

https://www.mdpi.com/article/10.3390/vaccines13030262/s1
https://www.mdpi.com/article/10.3390/vaccines13030262/s1


Vaccines 2025, 13, 262 12 of 15

Author Contributions: X.F. designed all of the experiments. J.C., M.G., X.L. (Xiaosong Lin), Q.O.,
H.F., X.X. and Q.L. were in charge of the ADCC assays. H.W., L.L., Z.Z., Z.W., X.L. (Xinlian Li), Y.W.,
and H.C. were in charge of the serum sample collection and serum neutralizing antibody detection
based on the pseudovirus neutralization assay. J.C. and M.G. collected the data and drafted the
manuscript. X.F., H.W., L.L. and Q.L. revised the manuscript thoroughly. All of the authors read
and edited the manuscript, approved the final version, had full access to all the data, and had final
responsibility for the decision to submit it for publication. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by grants from the National Key Research and Develop-
ment Program of China (2022YFC2305104 and 2021YFC2600200); the Emergency Key Program
of Guangzhou Laboratory (EKPG21-30); and the National Natural Science Foundation of China
(82204113 and 82302065).

Institutional Review Board Statement: This research was approved by the Medical Ethics Committee
of Tongji Medical College, Huazhong University of Science and Technology (No.2021-IEC-A209), on
4 March 2021.

Informed Consent Statement: All of the participants provided written informed consent.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization (WHO). Available online: https://www.who.int/ (accessed on 23 January 2025).
2. Garcia-Beltran, W.F.; Lam, E.C.; St Denis, K.; Nitido, A.D.; Garcia, Z.H.; Hauser, B.M.; Feldman, J.; Pavlovic, M.N.; Gregory, D.J.;

Poznansky, M.C.; et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell 2021,
184, 2372–2383. [CrossRef] [PubMed]

3. Planas, D.; Saunders, N.; Maes, P.; Guivel-Benhassine, F.; Planchais, C.; Buchrieser, J.; Bolland, W.; Porrot, F.; Staropoli, I.; Lemoine,
F.; et al. Considerable escape of SARS-CoV-2 omicron to antibody neutralization. Nature 2022, 602, 671–675. [CrossRef] [PubMed]

4. Wang, Q.; Iketani, S.; Li, Z.; Liu, L.; Guo, Y.; Huang, Y.; Bowen, A.D.; Liu, M.; Wang, M.; Yu, J.; et al. Alarming antibody evasion
properties of rising SARS-CoV-2 BQ and XBB subvariants. Cell 2023, 186, 279–286. [CrossRef] [PubMed]

5. Cao, Y.; Yisimayi, A.; Jian, F.; Song, W.; Xiao, T.; Wang, L.; Du, S.; Wang, J.; Li, Q.; Chen, X.; et al. BA.2.12.1, BA.4 and BA.5 escape
antibodies elicited by omicron infection. Nature 2022, 608, 593–602. [CrossRef] [PubMed]

6. Cao, Y.; Jian, F.; Wang, J.; Yu, Y.; Song, W.; Yisimayi, A.; Wang, J.; An, R.; Chen, X.; Zhang, N.; et al. Imprinted SARS-CoV-2
humoral immunity induces convergent omicron RBD evolution. Nature 2023, 614, 521–529. [CrossRef] [PubMed]

7. Liu, S.; Liang, Z.; Nie, J.; Gao, W.B.; Li, X.; Zhang, L.; Yu, Y.; Wang, Y.; Huang, W. Sera from breakthrough infections with
SARS-CoV-2 BA.5 or BF.7 showed lower neutralization activity against XBB.1.5 and CH.1.1. Emerg. Microbes Infect. 2023,
12, 2225638. [CrossRef] [PubMed]

8. Wang, H.; Xue, Q.; Zhang, H.; Yuan, G.; Wang, X.; Sheng, K.; Li, C.; Cai, J.; Sun, Y.; Zhao, J.; et al. Neutralization against omicron
subvariants after BA.5/BF.7 breakthrough infection weakened as virus evolution and aging despite repeated prototype-based
vaccination1. Emerg. Microbes Infect. 2023, 12, 2249121. [CrossRef]

9. Cao, Y.; Wang, J.; Jian, F.; Xiao, T.; Song, W.; Yisimayi, A.; Huang, W.; Li, Q.; Wang, P.; An, R.; et al. Omicron escapes the majority
of existing SARS-CoV-2 neutralizing antibodies. Nature 2022, 602, 657–663. [CrossRef]

10. He, Q.; Wu, L.; Xu, Z.; Wang, X.; Xie, Y.; Chai, Y.; Zheng, A.; Zhou, J.; Qiao, S.; Huang, M.; et al. An updated atlas of antibody
evasion by SARS-CoV-2 omicron sub-variants including BQ.1.1 and XBB. Cell reports. Medicine 2023, 4, 100991.

11. Walls, A.C.; Park, Y.; Tortorici, M.A.; Wall, A.; Mcguire, A.T.; Veesler, D. Structure, function, and antigenicity of the SARS-CoV-2
spike glycoprotein. Cell 2020, 181, 281–292. [CrossRef]

12. Shrestha, L.B.; Foster, C.; Rawlinson, W.; Tedla, N.; Bull, R.A. Evolution of the SARS-CoV-2 omicron variants BA.1 to BA.5:
Implications for immune escape and transmission. Rev. Med. Virol. 2022, 32, e2381. [CrossRef] [PubMed]

13. Tuekprakhon, A.; Nutalai, R.; Dijokaite-Guraliuc, A.; Zhou, D.; Ginn, H.M.; Selvaraj, M.; Liu, C.; Mentzer, A.J.; Supasa, P.;
Duyvesteyn, H.M.E.; et al. Antibody escape of SARS-CoV-2 omicron BA.4 and BA.5 from vaccine and BA.1 serum. Cell 2022, 185,
2422–2433. [CrossRef] [PubMed]

https://www.who.int/
https://doi.org/10.1016/j.cell.2021.03.013
https://www.ncbi.nlm.nih.gov/pubmed/33743213
https://doi.org/10.1038/s41586-021-04389-z
https://www.ncbi.nlm.nih.gov/pubmed/35016199
https://doi.org/10.1016/j.cell.2022.12.018
https://www.ncbi.nlm.nih.gov/pubmed/36580913
https://doi.org/10.1038/s41586-022-04980-y
https://www.ncbi.nlm.nih.gov/pubmed/35714668
https://doi.org/10.1038/s41586-022-05644-7
https://www.ncbi.nlm.nih.gov/pubmed/36535326
https://doi.org/10.1080/22221751.2023.2225638
https://www.ncbi.nlm.nih.gov/pubmed/37313604
https://doi.org/10.1080/22221751.2023.2249121
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1002/rmv.2381
https://www.ncbi.nlm.nih.gov/pubmed/35856385
https://doi.org/10.1016/j.cell.2022.06.005
https://www.ncbi.nlm.nih.gov/pubmed/35772405


Vaccines 2025, 13, 262 13 of 15

14. Qu, P.; Evans, J.P.; Faraone, J.N.; Zheng, Y.; Carlin, C.; Anghelina, M.; Stevens, P.; Fernandez, S.; Jones, D.; Lozanski, G.; et al.
Enhanced neutralization resistance of SARS-CoV-2 omicron subvariants BQ.1, BQ.1.1, BA.4.6, BF.7, and BA.2.75.2. Cell Host
Microbe 2023, 31, 9–17. [CrossRef]

15. Tarke, A.; Sidney, J.; Methot, N.; Yu, E.D.; Zhang, Y.; Dan, J.M.; Goodwin, B.; Rubiro, P.; Sutherland, A.; Wang, E.; et al. Impact
of SARS-CoV-2 variants on the total CD4+ and CD8+ t cell reactivity in infected or vaccinated individuals. Cell Rep. Med. 2021,
2, 100355. [CrossRef] [PubMed]

16. Emmelot, M.E.; Vos, M.; Boer, M.C.; Rots, N.Y.; de Wit, J.; van Els, C.A.C.M.; Kaaijk, P. Omicron BA.1 mutations in SARS-CoV-2
spike lead to reduced t-cell response in vaccinated and convalescent individuals. Viruses 2022, 14, 1570. [CrossRef]

17. Huang, Z.; Xu, S.; Liu, J.; Wu, L.; Qiu, J.; Wang, N.; Ren, J.; Li, Z.; Guo, X.; Tao, F.; et al. Effectiveness of inactivated and ad5-nCoV
COVID-19 vaccines against SARS-CoV-2 omicron BA. 2 variant infection, severe illness, and death. BMC Med. 2022, 20, 400.
[CrossRef]

18. Lin, D.; Gu, Y.; Xu, Y.; Wheeler, B.; Young, H.; Sunny, S.K.; Moore, Z.; Zeng, D. Association of primary and booster vaccination and
prior infection with SARS-CoV-2 infection and severe COVID-19 outcomes. JAMA 2022, 328, 1415–1426. [CrossRef] [PubMed]

19. de Vries, R.D.; Nieuwkoop, N.J.; Pronk, M.; de Bruin, E.; Leroux-Roels, G.; Huijskens, E.G.W.; van Binnendijk, R.S.; Krammer, F.;
Koopmans, M.P.G.; Rimmelzwaan, G.F. Influenza virus-specific antibody dependent cellular cytoxicity induced by vaccination or
natural infection. Vaccine 2017, 35, 238–247. [CrossRef]

20. Vanderven, H.A.; Jegaskanda, S.; Wheatley, A.K.; Kent, S.J. Antibody-dependent cellular cytotoxicity and influenza virus. Curr.
Opin. Virol. 2017, 22, 89–96. [CrossRef] [PubMed]

21. Vanderven, H.A.; Kent, S.J. The protective potential of fc-mediated antibody functions against influenza virus and other viral
pathogens. Immunol. Cell Biol. 2020, 98, 253–263. [CrossRef]

22. Liu, X.; Balligand, T.; Carpenet, C.; Ploegh, H.L. An armed anti-immunoglobulin light chain nanobody protects mice against
influenza a and b infections. Sci. Immunol. 2023, 8, eadg9459. [CrossRef] [PubMed]

23. Liu, Q.; Fan, C.; Li, Q.; Zhou, S.; Huang, W.; Wang, L.; Sun, C.; Wang, M.; Wu, X.; Ma, J.; et al. Antibody-dependent-cellular-
cytotoxicity-inducing antibodies significantly affect the post-exposure treatment of ebola virus infection. Sci. Rep. 2017, 7, 45552.
[CrossRef] [PubMed]

24. Gunn, B.M.; Lu, R.; Slein, M.D.; Ilinykh, P.A.; Huang, K.; Atyeo, C.; Schendel, S.L.; Kim, J.; Cain, C.; Roy, V.; et al. A fc engineering
approach to define functional humoral correlates of immunity against ebola virus. Immunity 2021, 54, 815–828. [CrossRef]
[PubMed]

25. Wagstaffe, H.R.; Clutterbuck, E.A.; Bockstal, V.; Stoop, J.N.; Luhn, K.; Douoguih, M.; Shukarev, G.; Snape, M.D.; Pollard, A.J.;
Riley, E.M.; et al. Antibody-dependent natural killer cell activation after ebola vaccination. J. Infect. Dis. 2021, 223, 1171–1182.
[CrossRef] [PubMed]

26. Milligan, C.; Richardson, B.A.; John-Stewart, G.; Nduati, R.; Overbaugh, J. Passively acquired antibody-dependent cellular
cytotoxicity (ADCC) activity in HIV-infected infants is associated with reduced mortality. Cell Host Microbe 2015, 17, 500–506.
[CrossRef]

27. Lewis, G.K.; Pazgier, M.; Evans, D.T.; Ferrari, G.; Bournazos, S.; Parsons, M.S.; Bernard, N.F.; Finzi, A. Beyond viral neutralization.
AIDS Res. Hum. Retroviruses 2017, 33, 760–764. [CrossRef] [PubMed]

28. Lee, W.S.; Kent, S.J. Anti-HIV-1 antibody-dependent cellular cytotoxicity: Is there more to antibodies than neutralization? Curr.
Opin. HIV AIDS 2018, 13, 160–166. [CrossRef]

29. Abuharfeil, N.M.; Yaseen, M.M.; Alsheyab, F.M. Harnessing antibody-dependent cellular cytotoxicity to control HIV-1 infection.
ACS Infect. Dis. 2019, 5, 158–176. [CrossRef]

30. Suryawanshi, P.; Bagul, R.; Shete, A.; Thakar, M. Anti-HIV-1 ADCC and HIV-1 env can be partners in reducing latent HIV
reservoir. Front. Immunol. 2021, 12, 663919. [CrossRef]

31. Lee, W.S.; Selva, K.J.; Davis, S.K.; Wines, B.D.; Reynaldi, A.; Esterbauer, R.; Kelly, H.G.; Haycroft, E.R.; Tan, H.; Juno, J.A.; et al.
Decay of fc-dependent antibody functions after mild to moderate COVID-19. Cell Rep. Med. 2021, 2, 100296. [CrossRef] [PubMed]

32. Tso, F.Y.; Lidenge, S.J.; Poppe, L.K.; Peña, P.B.; Privatt, S.R.; Bennett, S.J.; Ngowi, J.R.; Mwaiselage, J.; Belshan, M.; Siedlik, J.A.;
et al. Presence of antibody-dependent cellular cytotoxicity (ADCC) against SARS-CoV-2 in COVID-19 plasma. PLoS ONE 2021,
16, e0247640. [CrossRef] [PubMed]

33. Yu, Y.; Wang, M.; Zhang, X.; Li, S.; Lu, Q.; Zeng, H.; Hou, H.; Li, H.; Zhang, M.; Jiang, F.; et al. Antibody-dependent cellular
cytotoxicity response to SARS-CoV-2 in COVID-19 patients. Signal Transduct. Target. Ther. 2021, 6, 346. [CrossRef]

34. Wang, J.; Deng, C.; Liu, M.; Liu, Y.; Li, L.; Huang, Z.; Shang, L.; Jiang, J.; Li, Y.; Mo, R.; et al. A fourth dose of the inactivated
SARS-CoV-2 vaccine redistributes humoral immunity to the n-terminal domain. Nat. Commun. 2022, 13, 6866. [CrossRef]
[PubMed]

35. Li, C.; Yu, J.; Issa, R.; Wang, L.; Ning, M.; Yin, S.; Li, J.; Wu, C.; Chen, Y. CoronaVac-induced antibodies that facilitate fc-mediated
neutrophil phagocytosis track with COVID-19 disease resolution. Emerg. Microbes Infect. 2024, 14, 2434567. [CrossRef]

https://doi.org/10.1016/j.chom.2022.11.012
https://doi.org/10.1016/j.xcrm.2021.100355
https://www.ncbi.nlm.nih.gov/pubmed/34230917
https://doi.org/10.3390/v14071570
https://doi.org/10.1186/s12916-022-02606-8
https://doi.org/10.1001/jama.2022.17876
https://www.ncbi.nlm.nih.gov/pubmed/36155617
https://doi.org/10.1016/j.vaccine.2016.11.082
https://doi.org/10.1016/j.coviro.2016.12.002
https://www.ncbi.nlm.nih.gov/pubmed/28088123
https://doi.org/10.1111/imcb.12312
https://doi.org/10.1126/sciimmunol.adg9459
https://www.ncbi.nlm.nih.gov/pubmed/37352373
https://doi.org/10.1038/srep45552
https://www.ncbi.nlm.nih.gov/pubmed/28358050
https://doi.org/10.1016/j.immuni.2021.03.009
https://www.ncbi.nlm.nih.gov/pubmed/33852832
https://doi.org/10.1093/infdis/jiz657
https://www.ncbi.nlm.nih.gov/pubmed/31821493
https://doi.org/10.1016/j.chom.2015.03.002
https://doi.org/10.1089/aid.2016.0299
https://www.ncbi.nlm.nih.gov/pubmed/28084796
https://doi.org/10.1097/COH.0000000000000439
https://doi.org/10.1021/acsinfecdis.8b00167
https://doi.org/10.3389/fimmu.2021.663919
https://doi.org/10.1016/j.xcrm.2021.100296
https://www.ncbi.nlm.nih.gov/pubmed/33997824
https://doi.org/10.1371/journal.pone.0247640
https://www.ncbi.nlm.nih.gov/pubmed/33661923
https://doi.org/10.1038/s41392-021-00759-1
https://doi.org/10.1038/s41467-022-34633-7
https://www.ncbi.nlm.nih.gov/pubmed/36369243
https://doi.org/10.1080/22221751.2024.2434567


Vaccines 2025, 13, 262 14 of 15

36. Guo, L.; Zhang, Q.; Zhong, J.; Chen, L.; Jiang, W.; Huang, T.; Li, Y.; Zhang, Y.; Xu, L.; Wang, X.; et al. Omicron BA.1 breakthrough
infections in inactivated COVID-19 vaccine recipients induced distinct pattern of antibody and t cell responses to different
omicron sublineages. Emerg. Microbes Infect. 2023, 12, 2202263. [CrossRef] [PubMed]

37. Zhou, L.; Wu, Z.; Li, Z.; Zhang, Y.; Mcgoogan, J.M.; Li, Q.; Dong, X.; Ren, R.; Feng, L.; Qi, X.; et al. One hundred days of
coronavirus disease 2019 prevention and control in china. Clin. Infect. Dis. 2021, 72, 332–339. [CrossRef] [PubMed]

38. Liu, J.; Liu, M.; Liang, W. The dynamic COVID-zero strategy in china. China CDC Wkly. 2022, 4, 74–75. [CrossRef]
39. Liu, J.; Liu, M.; Liang, W. Persevere in the dynamic COVID-zero strategy in china to gain a precious time window for the future.

China CDC Wkly. 2022, 4, 393–394.
40. Chinese Center for Disease Control and Prevention. Available online: https://www.chinacdc.cn/ (accessed on 7 January 2025).
41. Gan, M.; Cao, J.; Zhang, Y.; Fu, H.; Lin, X.; Ouyang, Q.; Xu, X.; Yuan, Y.; Fan, X. Landscape of t cell epitopes displays hot mutations

of SARS-CoV-2 variant spikes evading cellular immunity. J. Med. Virol. 2024, 96, e29452. [CrossRef] [PubMed]
42. Wang, H.; Gan, M.; Wu, B.; Zeng, R.; Wang, Z.; Xu, J.; Li, J.; Zhang, Y.; Cao, J.; Chen, L.; et al. Humoral and cellular immunity

of two-dose inactivated COVID-19 vaccination in chinese children: A prospective cohort study. J. Med. Virol. 2023, 95, e28380.
[CrossRef]

43. Khan, K.; Karim, F.; Ganga, Y.; Bernstein, M.; Jule, Z.; Reedoy, K.; Cele, S.; Lustig, G.; Amoako, D.; Wolter, N.; et al. Omicron
BA.4/BA.5 escape neutralizing immunity elicited by BA.1 infection. Nat. Commun. 2022, 13, 4686. [CrossRef]

44. Rössler, A.; Netzl, A.; Knabl, L.; Schäfer, H.; Wilks, S.H.; Bante, D.; Falkensammer, B.; Borena, W.; von Laer, D.; Smith, D.J.; et al.
BA.2 and BA.5 omicron differ immunologically from both BA.1 omicron and pre-omicron variants. Nat. Commun. 2022, 13, 7701.
[CrossRef]

45. Ao, D.; He, X.; Hong, W.; Wei, X. The rapid rise of SARS-CoV-2 omicron subvariants with immune evasion properties: XBB.1.5
and BQ.1.1 subvariants. MedComm 2023, 4, e239. [CrossRef] [PubMed]

46. Ju, B.; Fan, Q.; Liu, C.; Shen, S.; Wang, M.; Guo, H.; Zhou, B.; Ge, X.; Zhang, Z. Omicron BQ.1.1 and XBB.1 unprecedentedly
escape broadly neutralizing antibodies elicited by prototype vaccination. Cell Rep. 2023, 42, 112532. [CrossRef]

47. Miller, J.; Hachmann, N.P.; Collier, A.Y.; Lasrado, N.; Mazurek, C.R.; Patio, R.C.; Powers, O.; Surve, N.; Theiler, J.; Korber, B.;
et al. Substantial neutralization escape by SARS-CoV-2 omicron variants BQ.1.1 and XBB.1. N. Engl. J. Med. 2023, 388, 662–664.
[CrossRef] [PubMed]

48. Faraone, J.N.; Qu, P.; Goodarzi, N.; Zheng, Y.; Carlin, C.; Saif, L.J.; Oltz, E.M.; Xu, K.; Jones, D.; Gumina, R.J.; et al. Immune
evasion and membrane fusion of SARS-CoV-2 XBB subvariants EG.5.1 and XBB.2.3. Emerg. Microbes Infect. 2023, 12, 2270069.
[CrossRef] [PubMed]

49. He, Q.; An, Y.; Zhou, X.; Xie, H.; Tao, L.; Li, D.; Zheng, A.; Li, L.; Xu, Z.; Yu, S.; et al. Neutralization of EG.5, EG.5.1, BA.2.86, and
JN.1 by antisera from dimeric receptor-binding domain subunit vaccines and 41 human monoclonal antibodies. Med 2024, 5,
401–413. [CrossRef] [PubMed]

50. Liu, Y.; Zhao, X.; Shi, J.; Wang, Y.; Liu, H.; Hu, Y.; Hu, B.; Shuai, H.; Yuen, T.T.; Chai, Y.; et al. Lineage-specific pathogenicity,
immune evasion, and virological features of SARS-CoV-2 BA.2.86/JN.1 and EG.5.1/HK.3. Nat. Commun. 2024, 15, 8728. [CrossRef]
[PubMed]

51. Khan, K.; Lustig, G.; Römer, C.; Reedoy, K.; Jule, Z.; Karim, F.; Ganga, Y.; Bernstein, M.; Baig, Z.; Jackson, L.; et al. Evolution and
neutralization escape of the SARS-CoV-2 BA.2.86 subvariant. Nat. Commun. 2023, 14, 8078. [CrossRef]

52. Jeworowski, L.M.; Mühlemann, B.; Walper, F.; Schmidt, M.L.; Jansen, J.; Krumbholz, A.; Simon-Lorière, E.; Jones, T.C.; Corman,
V.M.; Drosten, C. Humoral immune escape by current SARS-CoV-2 variants BA.2.86 and JN.1, december 2023. Euro Surveill. Bull.
Eur. Mal. Transm. Eur. Commun. Dis. Bull. 2024, 29, 2300740. [CrossRef]

53. Li, P.; Liu, Y.; Faraone, J.N.; Hsu, C.C.; Chamblee, M.; Zheng, Y.; Carlin, C.; Bednash, J.S.; Horowitz, J.C.; Mallampalli, R.K.; et al.
Distinct patterns of SARS-CoV-2 BA.2.87.1 and JN.1 variants in immune evasion, antigenicity, and cell-cell fusion. mBio 2024,
15, e0075124. [CrossRef]

54. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.;
Peacock, S.J.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nature reviews. Microbiology 2021, 19, 409–424.
[PubMed]

55. Baum, L.L.; Cassutt, K.J.; Knigge, K.; Khattri, R.; Margolick, J.; Rinaldo, C.; Kleeberger, C.A.; Nishanian, P.; Henrard, D.R.; Phair, J.
HIV-1 gp120-specific antibody-dependent cell-mediated cytotoxicity correlates with rate of disease progression. J. Immunol. 1996,
157, 2168–2173. [CrossRef]

56. Kim, J.H.; Excler, J.; Michael, N.L. Lessons from the RV144 Thai phase III HIV-1 vaccine trial and the search for correlates of
protection. Annu. Rev. Med. 2015, 66, 423–437. [CrossRef]

57. Fischinger, S.; Dolatshahi, S.; Jennewein, M.F.; Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Michael, N.; Vasan, S.;
Ackerman, M.E.; Streeck, H.; et al. IgG3 collaborates with IgG1 and IgA to recruit effector function in RV144 vaccinees. JCI Insight
2020, 5, e140925. [CrossRef] [PubMed]

https://doi.org/10.1080/22221751.2023.2202263
https://www.ncbi.nlm.nih.gov/pubmed/37037791
https://doi.org/10.1093/cid/ciaa725
https://www.ncbi.nlm.nih.gov/pubmed/33501949
https://doi.org/10.46234/ccdcw2022.015
https://www.chinacdc.cn/
https://doi.org/10.1002/jmv.29452
https://www.ncbi.nlm.nih.gov/pubmed/38314852
https://doi.org/10.1002/jmv.28380
https://doi.org/10.1038/s41467-022-32396-9
https://doi.org/10.1038/s41467-022-35312-3
https://doi.org/10.1002/mco2.239
https://www.ncbi.nlm.nih.gov/pubmed/36938325
https://doi.org/10.1016/j.celrep.2023.112532
https://doi.org/10.1056/NEJMc2214314
https://www.ncbi.nlm.nih.gov/pubmed/36652339
https://doi.org/10.1080/22221751.2023.2270069
https://www.ncbi.nlm.nih.gov/pubmed/37819267
https://doi.org/10.1016/j.medj.2024.03.006
https://www.ncbi.nlm.nih.gov/pubmed/38574739
https://doi.org/10.1038/s41467-024-53033-7
https://www.ncbi.nlm.nih.gov/pubmed/39379369
https://doi.org/10.1038/s41467-023-43703-3
https://doi.org/10.2807/1560-7917.ES.2024.29.2.2300740
https://doi.org/10.1128/mbio.00751-24
https://www.ncbi.nlm.nih.gov/pubmed/34075212
https://doi.org/10.4049/jimmunol.157.5.2168
https://doi.org/10.1146/annurev-med-052912-123749
https://doi.org/10.1172/jci.insight.140925
https://www.ncbi.nlm.nih.gov/pubmed/33031099


Vaccines 2025, 13, 262 15 of 15

58. Mdluli, T.; Jian, N.; Slike, B.; Paquin-Proulx, D.; Donofrio, G.; Alrubayyi, A.; Gift, S.; Grande, R.; Bryson, M.; Lee, A.; et al. RV144
HIV-1 vaccination impacts post-infection antibody responses. PLoS Pathog. 2020, 16, e1009101. [CrossRef] [PubMed]

59. Ko, Y.; Yu, Y.; Wu, Y.; Tseng, Y.; Chen, C.; Goh, K.; Liao, H.; Chen, T.; Cheng, T.R.; Yang, A.; et al. A non-neutralizing antibody
broadly protects against influenza virus infection by engaging effector cells. PLoS Pathog. 2021, 17, e1009724. [CrossRef] [PubMed]

60. Gao, R.; Wang, Z.; Uprety, T.; Sreenivasan, C.C.; Sheng, Z.; Hause, B.M.; Brunick, C.; Wu, H.; Luke, T.; Bausch, C.L.; et al. A
fully human monoclonal antibody possesses antibody-dependent cellular cytotoxicity (ADCC) activity against the h1 subtype
of influenza a virus by targeting a conserved epitope at the HA1 protomer interface. J. Med. Virol. 2023, 95, e28901. [CrossRef]
[PubMed]

61. Edgar, J.E.; Trezise, S.; Anthony, R.M.; Krammer, F.; Palese, P.; Ravetch, J.V.; Bournazos, S. Antibodies elicited in humans upon
chimeric hemagglutinin-based influenza virus vaccination confer FcγR-dependent protection in vivo. Proc. Natl. Acad. Sci. USA
2023, 120, e1980062176. [CrossRef] [PubMed]

62. Richardson, S.I.; Madzorera, V.S.; Spencer, H.; Manamela, N.P.; van der Mescht, M.A.; Lambson, B.E.; Oosthuysen, B.; Ayres,
F.; Makhado, Z.; Moyo-Gwete, T.; et al. SARS-CoV-2 omicron triggers cross-reactive neutralization and fc effector functions in
previously vaccinated, but not unvaccinated, individuals. Cell Host Microbe 2022, 30, 880–886. [CrossRef] [PubMed]

63. Balinsky, C.A.; Jiang, L.; Jani, V.; Cheng, Y.; Zhang, Z.; Belinskaya, T.; Qiu, Q.; Long, T.K.; Schilling, M.A.; Jenkins, S.A.; et al.
Antibodies to s2 domain of SARS-CoV-2 spike protein in moderna mRNA vaccinated subjects sustain antibody-dependent NK
cell-mediated cell cytotoxicity against omicron BA.1. Front. Immunol. 2023, 14, 1266829. [CrossRef]

64. Beaudoin-Bussières, G.; Tauzin, A.; Dionne, K.; Gendron-Lepage, G.; Medjahed, H.; Perreault, J.; Levade, I.; Alfadhli, L.; Bo,
Y.; Bazin, R.; et al. A recent SARS-CoV-2 infection enhances antibody-dependent cellular cytotoxicity against several omicron
subvariants following a fourth mRNA vaccine dose. Viruses 2023, 15, 1274. [CrossRef] [PubMed]

65. Richardson, S.I.; Kgagudi, P.; Manamela, N.P.; Kaldine, H.; Venter, E.M.; Pillay, T.; Lambson, B.E.; van der Mescht, M.A.;
Hermanus, T.; Balla, S.R.; et al. Antibody-dependent cellular cytotoxicity against SARS-CoV-2 omicron sub-lineages is reduced in
convalescent sera regardless of infecting variant. Cell Rep. Med. 2023, 4, 100910. [CrossRef] [PubMed]

66. Abba Moussa, D.; Vazquez, M.; Chable-Bessia, C.; Roux-Portalez, V.; Tamagnini, E.; Pedotti, M.; Simonelli, L.; Ngo, G.; Souchard,
M.; Lyonnais, S.; et al. Discovery of a pan anti-SARS-CoV-2 monoclonal antibody with highly efficient infected cell killing capacity
for novel immunotherapeutic approaches. Emerg. Microbes Infect. 2025, 14, 2432345. [CrossRef] [PubMed]

67. Tsugawa, Y.; Furukawa, K.; Ise, T.; Takayama, M.; Ota, T.; Kuroda, T.; Shano, S.; Hashimoto, T.; Konishi, H.; Ishihara, T.; et al.
Discovery of anti-SARS-CoV-2 s2 protein antibody CV804 with broad-spectrum reactivity with various beta coronaviruses and
analysis of its pharmacological properties in vitro and in vivo. PLoS ONE 2024, 19, e0300297. [CrossRef]

68. Chung, S.; Lin, Y.L.; Reed, C.; Ng, C.; Cheng, Z.J.; Malavasi, F.; Yang, J.; Quarmby, V.; Song, A. Characterization of in vitro
antibody-dependent cell-mediated cytotoxicity activity of therapeutic antibodies—Impact of effector cells. J. Immunol. Methods
2014, 407, 63–75. [CrossRef]

69. Hsieh, Y.; Aggarwal, P.; Cirelli, D.; Gu, L.; Surowy, T.; Mozier, N.M. Characterization of FcγRIIIA effector cells used in in vitro
ADCC bioassay: Comparison of primary NK cells with engineered NK-92 and jurkat t cells. J. Immunol. Methods 2017, 441, 56–66.
[CrossRef] [PubMed]

70. Chen, X.; Rostad, C.A.; Anderson, L.J.; Sun, H.; Lapp, S.A.; Stephens, K.; Hussaini, L.; Gibson, T.; Rouphael, N.; Anderson, E.J.
The development and kinetics of functional antibody-dependent cell-mediated cytotoxicity (ADCC) to SARS-CoV-2 spike protein.
Virology 2021, 559, 1–9. [CrossRef] [PubMed]

71. Natarajan, H.; Crowley, A.R.; Butler, S.E.; Xu, S.; Weiner, J.A.; Bloch, E.M.; Littlefield, K.; Wieland-Alter, W.; Connor, R.I.; Wright,
P.F.; et al. Markers of polyfunctional SARS-CoV-2 antibodies in convalescent plasma. mBio 2021, 12, e00765-21. [CrossRef]
[PubMed]

72. Zhang, A.; Stacey, H.D.; D’Agostino, M.R.; Tugg, Y.; Marzok, A.; Miller, M.S. Beyond neutralization: Fc-dependent antibody
effector functions in SARS-CoV-2 infection. Nature reviews. Immunology 2023, 23, 381–396. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.ppat.1009101
https://www.ncbi.nlm.nih.gov/pubmed/33290394
https://doi.org/10.1371/journal.ppat.1009724
https://www.ncbi.nlm.nih.gov/pubmed/34352041
https://doi.org/10.1002/jmv.28901
https://www.ncbi.nlm.nih.gov/pubmed/37394780
https://doi.org/10.1073/pnas.2314905120
https://www.ncbi.nlm.nih.gov/pubmed/37871218
https://doi.org/10.1016/j.chom.2022.03.029
https://www.ncbi.nlm.nih.gov/pubmed/35436444
https://doi.org/10.3389/fimmu.2023.1266829
https://doi.org/10.3390/v15061274
https://www.ncbi.nlm.nih.gov/pubmed/37376574
https://doi.org/10.1016/j.xcrm.2022.100910
https://www.ncbi.nlm.nih.gov/pubmed/36603577
https://doi.org/10.1080/22221751.2024.2432345
https://www.ncbi.nlm.nih.gov/pubmed/39584380
https://doi.org/10.1371/journal.pone.0300297
https://doi.org/10.1016/j.jim.2014.03.021
https://doi.org/10.1016/j.jim.2016.12.002
https://www.ncbi.nlm.nih.gov/pubmed/27939300
https://doi.org/10.1016/j.virol.2021.03.009
https://www.ncbi.nlm.nih.gov/pubmed/33774551
https://doi.org/10.1128/mBio.00765-21
https://www.ncbi.nlm.nih.gov/pubmed/33879585
https://doi.org/10.1038/s41577-022-00813-1
https://www.ncbi.nlm.nih.gov/pubmed/36536068

	Introduction 
	Methods 
	The Study Cohort 
	The Cell Lines 
	The ADCC Assay 
	Pseudovirus Neutralization Assays 
	Statistical Analysis 

	Results 
	The Dynamics of the nAb Responses to the SARS-CoV-2 PS and Omicron BA.5 
	The Establishment of the ADCC Detection Technology Platform 
	Dynamics of the ADCC Responses to the SARS-CoV-2 PS and Omicron BA.5 
	The ADCC Effect Against the Prospective Omicron Variant XBB.1.5 
	The Broad-Spectrum Activity of ADCC Against the Prospective Circulating Omicron Variants 
	The Correlation Between the ADCC Effect and Neutralizing Activity 

	Discussion 
	Conclusions 
	References

