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primary infection fail to enhance the
infectivity of Omicron variants
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Abstract

SARS-CoV-2 infection widely induces antibody response targeting diverse viral proteins, including typical
representative N-terminal domain (NTD), receptor-binding domain (RBD), and S2 subunit of spike. A lot of NTD-

, RBD-, and S2-specific monoclonal antibodies (mAbs) have been isolated from COVID-19 convalescents, some

of which displaying potent activities to inhibit viral infection. However, a small portion of NTD-specific mAbs
elicited by wild-type (WT) SARS-CoV-2 primary infection could facilitate the virus entry into target cells in vitro,

so called NTD-targeting infection-enhancing antibodies (NIEAs). To date, SARS-CoV-2 has evolved to massive
variants carrying various NTD mutations, especially recent Omicron BA.2.86 and JN.1. In this study, we investigated
whether these WT-NIEAs could still enhance the infectivity of emerging Omicron variants. Nine novel WT-NIEAs
with diverse germline gene usage were identified from 3 individuals, effectively enlarging available antibody panel
of NIEAs. Bivalent binding of NIEAs to inter-spike contributed to their infection-enhancing activities. WT-NIEAs
could enhance the infectivity of SARS-CoV-2 variants emerged before Omicron, but ineffective to Omicron variants
including BA.2.86 and JN.1, which was because of their changed antigenicity of NTDs. Overall, these data clearly
demonstrated the cross-reactivity of these pre-existed WT-NIEAs to a series of SARS-CoV-2 variants, helping to
evaluate the risk of enhanced infection of emerging variants in future.

Qi Gui, Halyan Wang and Congcong Liu contributed equally to this
work.

*Correspondence:

Bin Ju

jubin2013@163.com

Zheng Zhang
zhangzheng1975@aliyun.com

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-025-02667-0&domain=pdf&date_stamp=2025-2-20

Gui et al. Virology Journal (2025) 22:45 Page 2 of 16

e N
Highlights
- Additional 9 NIEAs were identified from individuals infected with wild-type SARS-CoV-2.
- This Fc-independent enhancement was mediated by the divalent binding of F(ab'), to NTDs.
- NIEAs could not enhance the infectivity of Omicron variants including BA.2.86 and JN.1.
- Changed antigenicity of Omicron variants led to the ineffectiveness of WT-induced NIEAs.
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Introduction emergence of Middle East Respiratory Syndrome Coro-

Highly pathogenic human coronaviruses (CoV) have navirus (MERS-CoV) in 2012, and the ongoing global
recurrently instigated substantial global public health  pandemic of Severe Acute Respiratory Syndrome Coro-
emergencies. The outbreak of Severe Acute Respira- navirus 2 (SARS-CoV-2) since the end of 2019 have all
tory Syndrome Coronavirus (SARS-CoV) in 2003, the exerted a significant threat to the global economy and
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public health [1-6]. The speed of spread and infectivity of
SARS-CoV-2 exceeded those of SARS-CoV and MERS-
CoV, with a wider range of organ involvement, including
heart, kidneys, and gastrointestinal tract [7-9]. A furin
cleavage site at the S1/S2 boundary of the SARS-CoV-2
spike protein was a novel feature relative to SARS-CoV
that may exhibit higher affinity to the host cell receptor
angiotensin-converting enzyme-2 (ACE2), which con-
tributed to the global pandemic [10, 11]. SARS-CoV-2
is a type of enveloped RNA virus with a single positive-
strand genome, primarily composed of 4 structural pro-
teins: nucleocapsid protein (N), membrane protein (M),
envelope protein (E), and spike protein (S) [12]. The spike
protein is the crucial structural protein, playing a piv-
otal role in mediating viral infection into host cells [12].
Functionally, the spike protein is divided into S1 and S2
subunits [13]. S1 subunit primarily facilitates the virus
binding to human ACE2 and S2 subunit is crucial for the
fusion of the virus with the host cell membrane [13-15].
The S1 subunit is comprised of the receptor-binding
domain (RBD), the N-terminal domain (NTD), as well
as subdomains SD1 and SD2 [12]. Antibodies targeting
RBD, such as SA55, can prevent the virus to entry host
cells by disrupting the interaction between the virus and
the host cell ACE2 receptor [16]. Antibodies targeting
NTD also can interfere with the virus-receptor binding
process in different ways [17-20]. For example, BLN12
can inhibit the interaction of the NTD with C-type lectin
receptors, thereby inhibiting SARS-CoV-2 infection [17].
4A8 can enhance the “wedge” effect of the NTD, lock-
ing the RBD in a downward conformation and prevent-
ing the conformational change of the spike protein [19,
20]. The neutralization mechanism of C1717 may prevent
viral entry into host cells by inducing the shedding of S1
subunit [18]. Additionally, some antibodies targeting S2
subunit, like 76E1 [21], can also destroy SARS-CoV-2
infection by inhibiting the viral membrane fusion process
[22, 23]. Currently, research mainly focuses on RBD-,
NTD-, and S2-specific neutralizing antibodies [17-19,
24, 25]. In addition to neutralizing effects, some antibod-
ies can also promote viral infection to host cells [19, 26—
29]. For instance, some antibodies recognizing the NTD
can markedly enhance viral infection, including COV2-
2490, COV2-2369, 8D2, and DH1052 [19, 27, 28]. These
antibodies are referred to as NTD-targeting infection-
enhancing antibodies (NIEAs) [26, 29, 30]. These NIEAs
reported in previous studies targeted similar epitopes
on the NTD, which enhanced the binding of spike pro-
tein to ACE2 and promoted infection through the same
mechanism [26, 28—30]. Liu et al. found a model of two
inter-spike proteins bound with a single divalent enhanc-
ing antibody, which was required to induce the RBD-up
state [26]. Tina Lusiany et al. further provided a direct
evidence confirming the spike-NIEA-spike crosslinking
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model [30]. Another studies of NIEAs utilizing respi-
ratory (Calu-3) and intestinal (Caco-2) epithelial cell
lines in the infection enhancement experiment, which
expressed lower levels of ACE2, demonstrated that this
kind of antibody-mediated infection enhancement was
related to the expression level of the ACE2 receptor
on target cells [29]. SARS-CoV-2 continues to mutate,
however, current research on NIEAs is limited to their
infection-enhancing effects on the original strain. Omi-
cron variants have contained numerous mutations, yet it
remains unclear whether these NIEAs could still enhance
the infectivity of heavily mutated variants.

In May 2023, the World Health Organization (WHO)
declared that the COVID-19 pandemic no longer con-
stitutes a public health emergency of international con-
cern. However, the continued evolution of SARS-CoV-2
variants has presented a constant challenge toward pro-
tection and host immunity, giving rise to the emergence
of various variants that spread globally [31, 32]. Some of
the most well-known variants include Alpha, Delta, and
subvariants of the Omicron lineage such as BA.1, BA.2,
BA.2.86, and JN.1. The Alpha variant, which emerged as
the first variant of concern (VOC) in September 2020,
contained a key mutation at residue N501 [33]. This
alteration resulted in an increased affinity for the vari-
ant to bind to the ACE2 receptor, potentially enhancing
the transmissibility of the variant [33]. In late 2020, the
Delta variant was first identified in the state of Maharash-
tra. Compared to previously existing variants, the Delta
variant exhibited significantly higher transmission rates.
Mutations present in the Delta variant, such as L452R
and T478K, facilitated the increased infectivity and
immune evasion [32, 34]. The Omicron variants belong
to a family of strains that emerged in late 2021, several
subvariants of which have rapidly evolved. BA.1, the first
Omicron subvariant, had 33 mutations within the spike
protein, including mutations at K417, E484, and N501.
These mutations led to BA.1 to partially evade immu-
nity from previous infections and vaccinations [35]. As of
March 2022, Omicron BA.2 surpassed BA.1 as the domi-
nant subvariant. BA.2 shared many mutations with BA.1,
but had some differences in the spike protein, such as
T376A, D405N, and R408S. More mutations may lead to
higher pathogenic potential and further immune escapes
[36-38]. BA.2.86 and JN.1 were two Omicron subvari-
ants that emerged with a different mutation profile, also
carrying multiple mutations in the spike protein and
displaying increased antibody evasion [31, 39, 40]. Com-
pared to BA.2.86, JN.1 carried the L455S substitution,
that may affect its ability to bind to the ACE2 receptor
and potentially reduce the effectiveness of monoclonal
antibodies (mAbs) [41, 42]. According to the present
research, these SARS-CoV-2 variants have evaded the
neutralization of plasma from convalescent individuals
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and those who have been vaccinated [43—45]. Previously,
the research has described the infection-enhancing activ-
ity of NIEAs against the wild-type (WT) SARS-CoV-2,
yet it is not clear whether these mAbs still have enhance-
ment effect against Omicron subvariants.

In this study, we identified 9 novel NIEAs from three
COVID-19 convalescents infected with WT SARS-
CoV-2. This kind of infection-enhancing activity is
dependent on the bivalent binding to inter-spike NTDs,
rather than interactions mediated by the Fc region.
Genetic analysis revealed that these 9 NIEAs originated
from distinct germline genes, reflecting the complexity
of antibody response. These 9 NIEAs could not enhance
the infectivity of Omicron variants including BA.2.86
and JN.1, indicating that changed sequences of variants
affected the infection-enhancing activities of NIEAs.
Finally, we mapped the specific binding sites of these 9
NIEAs to explore the altered antigenicity of Omicron
variants and identified that certain mutations, such as
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PI9L, T19A, and D80A, may not impact the infection-
enhancing activities of NIEAs against subsequently
emerging variants. These results expanded the antibody
panel of NIEAs and enriched the understanding of anti-
bodies enhancing viral infectivity.

Results

Nine NTD-targeting infection-enhancing antibodies
elicited by WT SARS-CoV-2 infection

Previously, we isolated a series of SARS-CoV-2 spike-
specific mAbs from individuals who had recovered from
wild-type SARS-CoV-2 infection, 130 of which bound
to neither RBD nor S2 of spike [46]. After screening for
their abilities to inhibit the virus entry, we found 9 non-
neutralizing mAbs from three individuals (P2, P5, and
P10) could obviously enhance the SARS-CoV-2 pseudo-
virus to infect HEK293T-hACE2 cells, which were named
as P2S-2A5, P5-1B4, P5-1H4, P5S-1B7, P5S-1D12, P5S-
2A8, P10S-1A10, P10S-1D9, and P10S-2E8 (Fig. la).
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Fig. 1 Enhancement activity and binding capacity of 9 NTD-targeting infection-enhancing antibodies (NIEAs). The infection-enhancing activity (a) and
binding capacity (b) of P2S-2A5, P5-1B4, P55-1B7, P5-1H4, P5S-2A8, P10S-1A10, P10S-1D9, P10S-2E8, and P55-1D12 were measured by the pseudovirus
infection assay and flow cytometry analysis. COV2-2490, COV2-2369, 8D2, and DH1052 were published NIEAs as positive controls. SA55 (anti-SARS-CoV-2
RBD), 76E1 (anti-SARS-CoV-2 S2), and VRCO1 (anti-HIV-1) were non-NIEAs as negative controls. The infection-enhancing activity of IgG-, F(ab'),, and Fab-
form P10S-1D9 were measured using HEK293T-hACE2 cells (c) and Huh7 cells (d). The experiments were performed twice and one representative result

was shown
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P5S-2A8 exhibited the most potent infection-enhancing
activity, while P5S-1B7 showed a comparatively weaker
enhancement effect. To further determine the bind-
ing region of these 9 infection-enhancing mAbs, we
expressed the NTD of spike on the HEK293T cell mem-
brane through coupling with a transmembrane domain
and then detected their binding capacities by 9 mAbs.
As shown in Fig. 1b and S1, all 9 mAbs were able to bind
to the NTD of SARS-CoV-2 spike by the flow cytom-
etry analysis. These results indicated that we identified
9 infection-enhancing mAbs specifically targeting the
NTD region of SARS-CoV-2 spike, usually called NTD-
targeting infection-enhancing antibodies (NIEAs) [30].

A postulated mechanism of NIEAs is based on their
dual attachment to the NTD, which is located adjacent
to the RBD. This divalent interaction triggers a confor-
mational change of RBD, thus enhancing an enhanced
ability of RBD to recognize ACE2 receptors. This process
is independent on the interaction between Fc domain
and Fcy receptors [26]. In this study, as a representative
of NIEAs, IgG-form P10S-1D9 was digested to different
antibody fragments: F(ab’), and Fab. All full-length IgG-,
F(ab’),-, and Fab-form P10S-1D9 could effectively bind
to the SARS-CoV-2 spike trimer protein (Fig. S2). Con-
sistent with previous studies [29, 30], both bivalent IgG
and F(ab’), fragments of P10S-1D9 obviously enhanced
the infectivity of SARS-CoV-2 to HEK293T-hACE2 cells
with similar potency, but monovalent P10S-1D9 Fab did
not (Fig. 1c). Meanwhile, Huh7 cells expressing lower
level of hACE2 receptors than HEK293T-hACE2 cells
were also used as the targeted cells to detect the infec-
tion-enhancing activities of IgG- and F(ab’),-form P10S-
1D9. As shown in Fig. 1d, P10S-1D9 displayed slightly
lower infection-enhancing activity than that tested in
HEK293T-hACE2 cells. These results confirmed that
bivalent antibody binding to the NTD was required for
the enhancement of SARS-CoV-2 infection in vitro,
rather than interactions mediated by antibody Fc region
with Fcy receptor on downstream effector cells.

Varied affinities of 9 NIEAs binding to soluble NTD proteins
To measure the binding capacity of 9 NIEAs, we first
constructed, expressed, and purified soluble WT SARS-
CoV-2 spike trimer and NTD proteins (Fig. S3a). All 9
NIEAs identified here and 4 control NIEAs reported in
previous studies [19, 27, 28] could strongly bind to the
spike trimer, however, P2S-2A5, P10S-2E8, P5S-1D12,
8D2, and DH1052 exhibited weak or no binding ability
to the NTD monomer protein by ELISA (Figs. S3b and
¢). To quantify the binding affinity of these 9 NIEAs, we
further performed the SPR analysis. As shown in Fig. 2,
P5-1B4, P5S-1B7, P5-1H4, P5S-2A8, P10S-1A10, and
P10S-1D9 displayed strong binding affinities to NTD in
a nanomolar range from 0.554 nM to 9.415 nM, P2S-2A5
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showed a relatively weak affinity with the Ky value of 182
nM, yet P10S-2E8 and P5S-1D12 did not bind to soluble
NTD proteins by SPR. Collectively, NIEAs exhibited dif-
ferent binding patterns and potencies to cell-surface-
expressed NTD (Fig. 1b), soluble spike trimer (Fig. S3b),
and soluble NTD proteins (Fig. 2), suggesting that NIEAs
might have diverse recognition features in the antibody-
antigen interface.

Genetic analysis of 9 NIEAs

The program IMGT/V-QUEST (www.imgt.org/IMGT_
vquest) was used to analyze variable genes of 9 NIEAs
identified here and 4 control NIEAs reported in previous
studies [19, 27, 28]. As shown in Table 1, heavy chains of
these NIEAs were derived from multiple germline genes
including IGHV1-24, IGHV1-69, IGHV3-7, IGHV3-30,
IGHV3-33, IGHV3-43, IGHV3-48, IGHV4-30, IGHV4-
39, and IGHV4-59. Although DH1052 and P10S-1A10
shared IGHV1-69 and 8D2, COV2-2490, and P5-1H4 all
belonged to IGHV3-7, their complementarity determin-
ing region 3 (CDR3) loops were markedly different in the
amino acid sequence. Interestingly, all light chains of 13
NIEAs were derived from the kappa germline gene, yet
none of them utilized the lambda germline gene. In gen-
eral, the somatic hypermutations (SHMs) of both heavy
and light chains were relatively low. These results demon-
strated that the public clone phenomenon was not com-
mon in SARS-CoV-2 NIEAs, reflecting the complexity
and diversity of human antibody response.

Cross-reactivity of 9 NIEAs to a series of SARS-CoV-2
variants
Mutations in the NTD have altered its immunogenic-
ity, contributing to the emergence of more adaptive and
invasive variants [47-49]. To evaluate the cross-reactivity
of these 9 NIEAs elicited by WT SARS-CoV-2 primary
infection to subsequent variants, we prepared 15 pseu-
dovirus variants including Alpha, Beta, Lota, Kappa,
Delta, Mu, and C.1.2, as well as Omicron BA.1, BA.2,
BA.2.75, XBB.1, BQ.1.1, EG.5.1, BA.2.86, and JN.1, and
measured their sensitivities to 9 NIEAs identified in this
study and a control NIEA named COV2-2490. As shown
in Fig. 3a and S4, before the emerging of Omicron vari-
ants, the infectivity of SARS-CoV-2 variants except Beta
and C.1.2 were obviously enhanced by most of NIEAs.
Wherein Kappa and Delta variants were especially sen-
sitive to these NIEAs, whose maximum enhancements
could easily reach more than 150% at the low concentra-
tion. With the emerging of Omicron variants including
recent BA.2.86 and JN.1, these NIEAs failed to enhance
the infection of Omicron variants to targeted HEK293T-
hACE2 cells.

To investigate the potential mechanism underlying
the loss of infection-enhancing abilities of these NIEAs
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Fig. 2 Binding affinities of NIEAs to soluble WT SARS-CoV-2 NTD proteins by SPR. The association rate constant (K,), dissociation rate constant (K.), and
dissociation constant (Kp) were calculated from three independent experiments and represented in mean values. One representative curve was shown

against Omicron variants, we performed ELISA and flow
cytometry assay to evaluate their binding capacities to
spike proteins of Omicron variants. We selected BA.1
and BA.2.86 variants as the representative, possessing
more special mutations compared with other variants. As
shown in Fig. S5a, the binding capacities of these NIEAs
to BA.1 and BA.2.86 soluble spike proteins were almost
completely lost. To exclude the possibility that the loss of
binding capacity was due to the conformational change of
soluble proteins, we further used flow cytometry to mea-
sure the binding capacities of these NIEAs to membrane-
expressed BA.1 and BA.2.86 spike proteins (Fig. S5b).
The results were consistent with the ELISA experiment,
showing that these NIEAs hardly bound to the BA.1 and
BA.2.86 spike proteins. To exclude the potential effect of
transient transfection efficiency, we further constructed
the stable HEK293T cell line expressing BA.1 spike pro-
tein and measured their binding capacities by NIEAs. All
results showed that these NIEAs could not bind to the

heavily mutated BA.1 and BA.2.86 spike proteins. These
findings suggested that the loss of infection-enhancing
activity of NIEAs against Omicron variants should be
due to their inability of binding to the spike proteins of
these variants.

Key amino acid residues affecting the recognition of NIEAs
Determining the antibody recognition sites is crucial for
understanding the mechanism of NIEAs enhancing the
virus infection. Previous studies have demonstrated that
NIEAs mainly target analogous epitopes located on the
exterior of NTD [26, 29, 30]. To identify the binding epi-
topes of these 9 NIEAs, we first performed a competition
ELISA to test their competitively binding to the WT SARS-
CoV-2 spike trimer with 8D2, a representative NIEA with
well-known structural information [26]. Eight of NIEAs
exhibited an obvious competition of more than 50% with
8D2, however, P55-1D12 displayed a markedly lower com-
petition level at 22.10% (Figs. S6a and b). Then, we labeled
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Table 1 Gene family analysis of NTD-targeting infection-enhancing antibodies
mAbs Heavy chain Light chain

VyGene DyGene Jy CDR3 (amino acids) CDR3 %  V, Gene J CDR3 (amino CDR3 %

Gene length SHM Gene acids) length SHM
P55-1D12  IGHV1-24  IGHD3-3 IGHJ2  ATGSGYSSHWNWYFDL 16 0 IGKVID-16  IGKJ4 QQYNSYPLT 9 0
DH1052*  IGHV1-69  IGHD2-21  IGHJ4 ATSSGPSRLCGGGSCYHSFDY 21 0 IGKV3-20 IGKJT  QQYGSSPTWT 10 0
P10S-1A10 IGHV1-69  IGHD2-15  IGHJ6 AREGVVVAAATPLYGMDV 18 0.7 IGKV2D-29  IGKJ2 MQSIHLPYT 9 0.7
8D2* IGHV3-7 IGHD3-9 IGHJ3  ARDWDYDILTGSWFGAFDI 19 14 IGKV1-17 IGKJ4  LQHNSYPLT 9 0
COv2- IGHV3-7 IGHD3-3 IGHJ4 ARDPYDLYGDYGGTFDY 17 2.7 IGKV1-5 IGKJ4  QQYNSYSLT 9 1.1
2490*
P5-1H4 IGHV3-7 IGHD2-15  IGHJ4 ARDLTEAYCSGGGCSEGFDY 20 28  IGKV1-5 IGKJ2  QQYHSYPVT 9 1.8
COv2- IGHV3-30  IGHD5-18  IGHJ4 AKDFGGDNTAMVEYFFDF 18 24 IGKV1-5 IGKJT  QQYNSYSPT 9 0
2369*
P5-1B4 IGHV3-33  IGHD4-17  IGHJ4 AKDFGNDYGDIGGNFDY 17 24 IGKV1-16 IGKJ4  QQYHSYPLT 9 0.7
P10S-1D9  IGHV3-43  IGHD3-10  IGHJ6 AKDLGSYNYYYGMDV 15 1.7 IGKV3-11 IGKJ4  QQRSNWPLT 9 0
P10S-2E8  IGHV3-48  IGHD3-22  IGHJ5 ARDLFSNYYDSSGYYVFN- 22 03 IGKVI-9 IGKJ4  QQLNSYPPT 9 0
WFDP

P55-2A8 IGHV4-30  IGHD3-22  IGHJ4 ARGHYSYDNSGTFDY 15 2.1 IGKV1-17 IGKJ4  LQHNTYPLT 9 0.7
P25-2A5 IGHV4-39  IGHD2-15  IGHJ6 ARDRDSAGSRIMGGMDV 17 03 IGKV1-12 IGKJ3  QQANSFPFT 9 0
P55-1B7 IGHV4-59  IGHD2-15  IGHJ4 AKGDVESCSGGSCYYFDF 18 28  IGKV3-20 IGKJ3  QHYGGSPLFT 10 2.5

*Previously published NTD-targeting infection-enhancing antibodies

The program IMGT/V-QUEST was applied to analyze the gene germline, complementarity determining region 3 (CDR3), and somatic hypermutation (SHM). The SHM
frequency was calculated from the mutated nucleotides
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Fig. 3 The susceptibility and sequence alignment of SARS-CoV-2 variants to NIEAs. (a) Cross-reactivity of NIEAs to a series of SARS-CoV-2 variants includ-
ing Alpha, Beta, Lota, Kappa, Delta, Mu, and C.1.2, as well as Omicron BA.1, BA.2, BA.2.75, XBB.1, BQ.1.1, EG.5.1, BA.2.86, and JN.1. Experiments were per-
formed twice and data were shown in mean values. (b) Amino acid sequence alignment of NTDs from all tested SARS-CoV-2 pseudoviruses
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Fig.4 Identification of binding epitopes of NIEAs. (a) The infection-enhancing activity of NIEAs to a series of SARS-CoV-2 single-point mutated pseudovi-
ruses. Experiments were performed twice and data were shown in mean values. (b) These infection-enhancing results were shown by different mutations
and compared with that against WT. The positive rate, geometric mean ECs, fold change, and significance of difference were labeled on the top."-"rep-
resented decreased the infection-enhancing activity. The statistical significance was performed using two-tailed paired Wilcoxon test. **p < 0.01; *p < 0.05

P5S-1D12 with HRP and performed the competition ELISA
again. All tested NIEAs including 4 control NIEAs strongly
competed with P55-1D12 (Figs. S6a and c). These results
suggested that SARS-CoV-2 infection-enhancing antibod-
ies recognized overlapping epitopes present on the NTD.
To further determine the key amino acid residues sig-
nificantly affecting the recognition of NIEAs, we con-
structed a series of single-point mutated pseudoviruses
based on the WT SARS-CoV-2 and measured their sus-
ceptibilities to a panel of 10 NIEAs including P2S-2A5,
P5-1B4, P5-1H4, P5S-1B7, P5S-1D12, P5S-2A8, P10S-
1A10, P10S-1D9, P10S-2E8, and COV2-2490. As shown
in Fig. 4a and S7, all tested substitutions and deletion
mutations affected the infection-enhancing activities of
these NIEAs, more or less. To better quantitatively ana-
lyze these effects, we adjusted these infection-enhancing
results by different mutations to compare them with
that against WT (Fig. 4b). More than 50% of NIEAs

maintained the infection-enhancing activities against
viruses carrying P9L, T19A, D80A, G142D, 144—145 del,
and R190S, to a certain degree. By contrast, the muta-
tions appearing on the position of 64, 66, 136, 187, 213,
214, 215, and 241 to 243 would lead to most of these
NIEAs losing their infection-enhancing activities. These
results indicated that NIEAs elicited by the WT SARS-
CoV-2 primary infection could still enhance the infectiv-
ity of subsequently emerging variants even with some
mutations, such as P9L, T19A, and D80A etc.

To further analyze how these mutations affect the bind-
ing and function of NIEAs, structural analysis were per-
formed based on the available atomic models of the three
NIEAs: DH1052 (PDB: 7LAB), 8D2 (PDB: 7DZX), and
COV2-2490 (PDB: 7DZY). Unlike the neutralizing anti-
bodies, whose epitopes face the host cell, all these three
epitopes for NIEAs bind to the spike protein in a similar
manner, facing the viral membrane [26, 29, 30] (Fig. 5a).
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DH1052

Fig. 5 Structures of NIEAs bound to the NTD protein of SARS-CoV-2 variants. (a) The epitopes of NIEAs, namely DH1052 (PDB: 7LAB), 8D2 (PDB: 7DZX),
and COV2-2490 (PDB: 2DZY) face the viral membrane. NIEAs are shown as cartoon, and colored orange, light goldenrod yellow, and light cyan, respec-
tively. The other parts are shown as surface. The related NTD of NIEAs is colored yellow. (b) Footprint of DH1052 on spike NTD. The light chain and heavy
chain of DH1052 are colored orchid and blue. The footprint is colored cadet blue and circled out by violet red line. Sites that affect and those that do not
affect antibody-mediated enhancement of infection are colored red and green, respectively. (c) Mutation sites of 12 different SARS-CoV-2 variants are
mapped onto the NTDs. The accession numbers for the NTD atomic model in PDB are 7R14 (Alpha), 7R16 (Beta), 7VXC (Kappa), 8HRI (Delta), 7YBJ (Mu),
7YBM (C.1.2), 8HHZ (BA.1), 7XIW (BA.2), 7YQT (BA.2.75), 810S (XBB.1), 8XMT (EG.5.1) and 8XLV (BA.2.86). The key amino acids are shown as sticks. Mutated
amino acids are colored red, inserted amino acids are colored olive drab, and deleted amino acids are colored teal. The amino acids at both ends of the
key amino acid sites that are missing in the atomic model of DH1052 are marked. The structure figures were prepared using ChimeraX (http://www.cgl.
ucsf.edu/chimerax)
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Meanwhile, the results of the competition of NIEAs bind-
ing to the WT SARS-CoV-2 spike trimer showed that all
9 NIEAs identified in our study shared similar epitopes
with DH1052, 8D2, and COV2-2490 (Fig. S6). Since the
atomic model of DH1052 is relatively complete, it is
selected as the typical structure of these NIEAs for epit-
ope analysis (Fig. 5b). Single-point mutation experiments
had shown that most of the epitopes for the NIEAs in this
study were concentrated in the footprint of DH1052 on
NTD. Sites 64, 66, 187, 213, 214, and 215, which affect
antibody-mediated enhancement of infection, are located
in this area. In contrast, sites 9, 19, 80, 142, 144-145del,
and 190, which are likely not to affect antibody activity,
are found outside this region. Additionally, the muta-
tions on the NTDs of 12 different SARS-CoV-2 variants
were mapped onto the atomic models (Fig. 5c), and it was
found that the Beta, C.1.2, and Omicron variants, which
led to the loss of the enhancing effect of most NIEAs,
shared a common mutation region, 213-215. These find-
ings suggested that the 213-215 region may be the key
site influencing antibody-mediated enhancement of
infection.

Discussion

The NTD is a crucial structural component of the SARS-
CoV-2 spike protein, playing a significant role in the virus
entry into host cells [19, 26-30]. Therefore, antibodies
targeting NTD might have some impact on the process of
SARS-CoV-2 entry, displaying two quite different char-
acteristics: neutralizing antibodies (nAbs) and infection-
enhancing antibodies (NIEAs).

The infection enhancement mediated by NIEAs is dif-
ferent from traditional ADE, which was first reported in
1990 from a study on feline infectious peritonitis virus
(FIPV) [50]. It is a safety concern for vaccine and anti-
body clinical use. It has been reported in several viruses,
such as dengue virus, respiratory syncytial virus, MERS-
CoV, and SARS-CoV [51-54]. In previous studies, the
mechanism was dependent on the Fc receptor, since
virus bound by antibodies could be absorbed by immune
cells such as monocytes, macrophages, and B cells [55].
The mechanism of infection enhancement mediated
by NIEAs has been widely reported as independent of
Fc receptor (FcR) engagement [26, 29, 30]. Moreover,
HEK293T-hACE2 target cells used in this experiment
lack the expression of FcR, directly demonstrating the
FcR-independent infection enhancing mechanism. This
kind of infection enhancement was not the first report
in this study [26, 29, 30]. Liu et al. previously discovered
a non-canonical Fc-receptor-independent ADE mecha-
nism of NIEAs [26]. Here, we further confirmed that this
kind of NIEAs exerted their enhancement effect inde-
pendent of the Fc receptor, distinguishing them from the
traditional ADE. To validate this, a randomly selected
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antibody was used as a representative to assess its Fc
functional characteristics. Moreover, according to the
previous research, NIEAs did not enhance SARS-CoV-2
infection in mouse or macaque models, indicating that
NIEAs might not have ADE in vivo [26, 29, 30, 56]. These
NIEAs might possess other Fc receptor-mediated effec-
tor functions, such as antibody-dependent cell-medi-
ated cytotoxicity (ADCC), antibody-dependent cellular
phagocytosis (ADCP), and etc.

Several NIEAs against SARS-CoV-2 were identified in
previous research including COV2-2490, COV2-2369,
8D2, and DH1052 [19, 27, 28]. The cryo-EM structure
of NIEAs were also obtained. Compared to the pub-
lished mAbs, 9 NIEAs isolated in this study also exhib-
ited an infection-enhancing effect to SARS-CoV-2 by
bivalently binding to the NTD of the spike protein, and
this enhancement was correlated with the expression
level of ACE2 on target cell membrane. Similar to 8D2
with a published structure, some NIEAs in this study,
such as P55-1D12, could not bind to the soluble recom-
binant NTD protein but weakly recognize NTD protein
expressed on the cell surface. This might be due to the
differences in their antigenicity [19, 26-28].

In previous studies, the infection-enhancing effects
of NIEAs were primarily tested against WT, BA.1, or
BA.2 variants [26, 29]. However, we performed a more
comprehensive analysis of NIEAs affecting the infectiv-
ity of WT SARS-CoV-2 and a series of variants, includ-
ing Alpha, Beta, Iota, Kappa, Delta, Mu, C.1.2, as well as
Omicron variants BA.1, BA.2, BA.2.75, XBB.1, BQ.1.1,
EG.5.1, BA.2.86, and JN.1 in this study. Although there
were no significant differences in the infection-enhanc-
ing activity, binding mode, and gene usage between the
NIEAs we identified and other published NIEAs, our
findings largely expanded the available pool of NIEAs in
favor of summarizing the general rule of these NIEAs. It
should be noted that the NIEAs identified in this study
and published in previous studies have been derived from
different patients in different geographic regions and age
groups. Therefore, these NIEAs have been generally rep-
resentative in the population.

Furthermore, these 9 NIEAs recognized similar bind-
ing regions on the NTD with those previously reported
[26, 29, 30]. Due to a relatively lower binding affinity,
P5S-1D12 displayed an indistinct competition with 8D2
whose binding epitopes had been well determined. How-
ever, 8D2 obviously competed with the HRP-labeled P5S-
1D12. It is a common phenomenon that one antibody
exhibits strong competition with another antibody, but
another antibody exhibits weak or no competition with
this antibody [19, 26]. Therefore, it could be considered
that two antibodies recognized similar epitopes, irrespec-
tive of whether forward and/or reverse competition was
observed.
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Previous studies have found that some mutations in
the NTD, particularly those around infection-enhanc-
ing supersite (residues 27-32, 59-66, and 211-218), are
critical for antibody recognition and play a pivotal role
in the infection-enhancing mechanism [26, 28, 29, 57].
These mutations account for the majority of changes in
the NTD sequence of SARS-CoV-2 variants, impacting
discrete domains in the NTD protein [29]. By contrast,
some mutants identified in this study, such as P9L, T19A,
and D8O0A, etc., had a relatively minor impact on the rec-
ognition of NIEAs. Moreover, Liu et al. found that the
double mutants could further reduce binding of certain
NIEAs than the single mutant, and the NTD with the
quadruple mutant could not be recognized by any NIEAs
[26]. Therefore, some NIEAs elicited by wild-type SARS-
CoV-2 could still enhance the infection of variants con-
taining these mutants.

With SARS-CoV-2 variants escaping from nAbs, pre-
vention and treatment of infection is still a key question
to be solved [58—61]. Some SARS-CoV-2 variants, such as
Alpha and Delta, contained mutations particularly in the
RBD, which also caused an enhanced binding ability to
the ACE2 receptor [32—34]. Omicron variants had many
mutations located in the NTD, which were not seen in
the previous variants. These mutations contributed to the
increased transmissibility and marked immune evasion
of SARS-CoV-2 variants, resulted in reduced protection
effectiveness of vaccines and antibodies [36—40]. In this
study, our findings on NIEAs have shown that this kind
of infection-enhancing immune imprint induced by the
WT SARS-CoV-2 do not enhance the potential infection
of subsequent Omicron variants, which alleviates some
concerns for the development of antibody and vaccine.
Considering the high mutation rate in the NTD and the
possible NIEAs, the NTD subunit may be inappropriate
for the design of novel SARS-CoV-2 vaccines.

In this study, we evaluated the infection enhancement
levels of NIEAs using the pseudovirus system. However,
the real virus infection may display a distinct process.
This is a main limitation in the experimental model, and
thus the live virus should be used in the future study
to make a more comprehensive comparison. More-
over, future research on NIEAs should not be limited to
those derived from wild-type infections. It remains to
be explored whether SARS-CoV-2 variants also could
induce this kind of NIEAs. Additionally, the accurate
mechanism by which bivalent binding triggers confor-
mational changes in the RBD is still unclear. All of these
require further investigation to clarify the exact functions
and mechanisms of NIEAs.
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Materials and methods

Cell lines and plasmids

HEK293T cells (ATCC, CBP60439), HEK293F cells
(ATCC, CBP60437), Huh7 cells (ATCC, CBP60202), and
HEK293T-hACE2 cells (Yeasen, 41107ES03) were pre-
served in our laboratory. HEK293F cells were cultured
in FreeStyle 293 expression medium (Gibco, 12338-
018). The cells incubation condition was set at 37°C, 5%
CO,, and 130 rpm in incubator (Eppendorf). HEK293T,
HEK293T-hACE2 and Huh7 cells were cultured in
DMEM medium (Gibco, 11965-092) supplemented with
10% Fetal Bovine Serum (ExCell, FSP500), 1% Penicillin-
Streptomycin (Gibco, 15140-122), and 1% HEPES (1 M)
buffer (Gibco, 15630-080) under the same conditions of
37°C and 5% CO,. Using SARS-CoV-2 wild-type (WT)
spike protein full-length plasmid as the template, the
NTD fragment was obtained through high-fidelity PCR.
The sequences of primers were 5’-gcgcaagcttatgtttgt-
gttcctggtgetgetgee-3” and 5’-ggcctctagattaaggtgatggtgatg-
gtgatggtggctgeeggatttcagggtacacttgg-3'

Protein purification

The plasmids encoding the His-tagged protein were
mixed with the transfection reagent PEI (Polysciences,
24885-2) in OPTI-MEM Reduced Serum Buffer (Ther-
mokFisher, 31985070) and incubated for 20 min before
being transfected into HEK293F cells. After incubating
for 7 days at 37°C in a culture incubator, the cells were
centrifuged at 4°C for 20 min at 3500 g. The supernatant
was filtered through a 0.45 pm Syringe Filter (Merck mil-
lipore, SLHVR33RB) to collect the protein. The protein
solution was concentrated using a 30-KD Centrifugal Fil-
ters (Merck millipore, UFC903096) concentration tube.
To equilibrate, 100 pL of 20% His Monster Beads (PRO-
TEINN, PROTN_HMBN1V00001) were added to 10
beads-volume binding buffer (50 mM Tris-HCI, pH 8.0,
500 mM NaCl, 5 mM Imidazole) and then mixed with the
protein solution. The low concentration of imidazole in
the binding buffer could reduce the nonspecific binding
of contaminating proteins. Tris-HCI acted as the buffer,
and the addition of NaCl helped maintain protein solu-
bility and simulated physiological conditions. The mix-
ture was stirred at room temperature for 30 min before
discarding the supernatant with a magnet. Subsequently,
1 mL of washing buffer (50 mM Tris-HCI, pH 8.0, 500
mM NaCl, 20 mM Imidazole) was added and mixed at
room temperature for 5 min to remove unbound pro-
teins. Next, 10 bead-volumes of elution buffer (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 250 mM Imidazole)
were added, and the mixture was pipetted up and down
10 times to elute the target protein from the His Monster
Beads. The high concentration of imidazole in the elution
buffer was effective in eluting the target protein. Finally,
the pure target protein was collected in the supernatant
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using a magnet. The eluents at each stage were subjected
to detection by SDS-PAGE, and the protein concentra-
tion was determined using NanoDrop 2000 (Thermo
Scientific).

Antibody preparation

Three COVID-19 convalescents infected with the wild-
type SARS-CoV-2 did not have other specific clinical
characteristics, and these 9 NIEAs were sourced from
the antibody panel published in our previous study [46].
The selection of these 3 patients did not follow a specific
standard, but there were criteria for selecting antibodies
that bound to neither RBD nor S2 of the spike protein.
The 9 NIEAs and control antibodies were synthesized
by the company based on the antibody sequence from
relevant literature and produced using the methods
described in previous studies [16, 19, 21, 27, 28, 46, 62].
Monoclonal antibodies (mAbs) were produced by tran-
siently transfecting HEK293F cells (Life Technologies)
with equal quantities of paired heavy- and light-chain
plasmids. The antibodies in the culture supernatant were
purified through affinity chromatography using Protein
A column (Senhui, 14-0010-04). The column was equili-
brated with 10 columns-volume of PBS. Then the filtered
supernatant was added to the column, and after complete
binding, unbound proteins were washed away with 10
columns-volume of PBS. The target antibodies were then
eluted with 10 mL of Elution Buffer pH 3.0 (Sangon Bio-
tech, C600481-0500) and mixed with 1 mL of 1 M Tris-
HCI Solution pH 8.5 (Sangon Biotech, B548141-0500) to
adjust the pH. Following concentration using a 30-KD
ultrafiltration tube, PBS was added to exchange the solu-
tion three times and impurities were filtered out using a
0.22 pm Centrifuge Tube Filter (Costar, 98231-UT-1) to
better preserve the antibodies, which were then stored at
-80°C. The concentrations and purity were determined
using a NanoDrop2000 (Thermo Scientific).

To generate Fab fragments, IgG was digested with
immobilized papain (Sigma-Aldrich, P4762-1G) at 37°C
for 12 hours in the presence of 20 mM L-Cysteine hydro-
chloride (Sigma-Aldrich, 30120-50G) and 20 mM EDTA
(Invitrogen, 15575-038). Then the reaction was termi-
nated by adding 0.5 M Iodoacetamide (Sigma-Aldrich,
16125-25G) [63]. After that, the mixture was passed
through Protein A column to remove Fc fragments and
undigested IgG. The F(ab’), fragments were prepared
and purified according to the manufacturer’s protocol of
F(ab’), Preparation Kit (Thermo Scientific, 44988).

Enzyme linked immunosorbent assay (ELISA)

Wild-type SARS-CoV-2 spike protein trimer and NTD
protein solutions were diluted to a concentration of 2 pg/
mL in PBS and coated at 100 pL per well of a 96-well
plate, incubated overnight at 4 °C. The samples were
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washed three times with PBS-T (PBS containing 0.05%
Tween-20). Blocking was performed at room tempera-
ture with blocking buffer containing 5% NON-Fat Pow-
dered Milk (Sangon Biotech, A600669-0250) and 2%
bovine serum albumin (Sangon Biotech, A600332-0100)
in PBS, 200 pL per well for 1 h. Samples were washed
three times with PBST. The antibodies to be tested were
diluted starting from 10 pg/mL and serially diluted five
times for a total of eight gradients, adding 100 pL to each
well of the ELISA plate and incubating at 37 °C for 1 h.
Samples were washed five times with PBS-T. Then, 100
uL of HRP-conjugated goat anti-human IgG antibody
(ZS, ZB-2304), diluted 1:5000 in blocking buffer, was
added to each well and incubated at 37 °C for 1 h. Sam-
ples were again washed five times with PBS-T. The ELISA
Color Colution (Sangon Biotech, E661007-0100) was
added to each well and incubated at room temperature in
the dark for 20 min. The reaction was terminated by add-
ing 50 pL of 2M H,SO, per well. The optical density (OD)
values were measured at 450 nm using a Varioskan LUX
multimode microplate reader (Thermo Scientific). Pre-
viously published antibodies targeting the SARS-CoV-2
WT NTD were used as controls.

Competition enzyme linked immunosorbent assay

The 8D2 [19] and P5S-1D12 antibodies were labeled
using an HRP conjugation kit (Abcam, ab201795) and
stored at -20 °C before detected [64, 65]. The 96-well
plates were coated with wild-type SARS-CoV-2 spike tri-
mer protein, and incubated at 4 °C overnight. The plates
were washed three times with PBST buffer and blocked
with PBS containing 5% NON-Fat Powdered Milk and 2%
BSA in PBS for 1 h at room temperature. The antibodies
to be detected were serially diluted, mixed with an equal
volume of the HRP labeled 8D2 or P5S-1D12 antibod-
ies, and added to the 96-well plate for incubation at 37 °C
for 1 h. Finally, the ELISA Color Colution was added to
the plates and incubated for 20 min at room tempera-
ture in the dark before terminating the reaction with
2M H,SO,. The readout was detected at a wavelength of
450 nm using a Varioskan LUX multifunctional micro-
plate reader (Thermo Scientific). The previously pub-
lished HIV-1 targeting antibody VRCO1 [62] was used as
a negative control.

Packaging and infectivity testing of SARS-CoV-2
pseudoviruses

HEK293T cells were incubated overnight in DMEM cul-
ture medium (10% Fetal Bovine Serum, 1% HEPES) with-
out antibiotics in a 5% CO, incubator at 37 °C. Once the
cell density reached around 80%, transfection was per-
formed. The plasmid and EZ transfection reagent were
mixed at a 1:3 ratio in OPTI-MEM Reduced Serum Buf-
fer and incubated for 10 min at room temperature. The
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mixed solution was added dropwise to HEK293T cells
cultured in antibiotic-free medium. After incubating for
6 h at 37°C, the medium containing the EZ Trans-DNA
complexes was removed and replaced with fresh culture
medium, and cells were incubated for an additional 48 h
before the supernatant was collected. Cell supernatants
were centrifuged at 4 °C, 1000 g for 10 min, filtered, and
stored at -80°C [45, 66, 67].

To measure the titer of the packaged pseudoviruses,
40 pL of pseudovirus solution was added to 110 uL of
DMEM complete culture medium (containing 10% Fetal
Bovine Serum, 1% HEPES, and 1% Penicillin Streptomy-
cin) to achieve a 2-fold dilution. This mixture was then
incubated at 37°C for 1 h. The medium without pseu-
dovirus was served as the virus control. Subsequently,
the mixture was added to the cell solution of HEK293T-
hACE2 containing 2.5 x 10* cells/well and DEAE-dextran
at a 1:1000 ratio in 96 white cell culture wells and incu-
bated for 48 h at 37°C. The culture medium was then
removed, and 100 pL of the Bright-Lite Luciferase reagent
(Vazyme Biotech, DD1204-03-AA) was added. The plate
was shaken for 2 min at room temperature before the
luciferase activity was measured using the Varioskan
LUX multimode microplate reader (Thermo Fisher). All
pseudoviruses have been validated by sequencing, and
detailed sequence information of spike proteins used
were listed below.

SARS-CoV-2 wild-type (WT).

Accession number: NC_045512.

SARS-CoV-2 Alpha.

Accession number: EPI_ISL_600093.

SARS-CoV-2 Beta.

Accession number: EPI_ISL_660637.

SARS-CoV-2 Lota.

Accession number: EPI_ISL_1708781.

SARS-CoV-2 Kappa.

Accession number: EPI_ISL_2741391.

SARS-CoV-2 Delta.

Accession number: EPI_ISL_1409773.

SARS-CoV-2 Mu.

Accession number: EPI_ISL_4659819.

SARS-CoV-2 C.1.2.

PIL, C136F, 144—145 del, R190S, D215G.

SARS-CoV-2 Omicron BA.1.

Accession number: EPI_ISL_6699736.

SARS-CoV-2 Omicron BA.2.

Accession number: EPI_ISL_9652748.

SARS-CoV-2 Omicron BA.2.75.

Accession number: EPI_ISL_13502576.

SARS-CoV-2 Omicron XBB.1.

Accession number: EPI_ISL_14917761.

SARS-CoV-2 Omicron BQ.1.1.

Accession number: EPI_ISL_14818139.

SARS-CoV-2 Omicron EG.5.1.
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Accession number: EPI_ISL_17854292.
SARS-CoV-2 Omicron BA.2.86.
Accession number: EPI_ISL_18110065.
SARS-CoV-2 Omicron JN.1.

Accession number: EPI_ISL_18313756.

Pseudovirus infection experiment

To measure the infection-enhancing ability of antibod-
ies, the concentration of the test antibodies was prepared
starting from 50 pg/mL and serially diluted five times, for
a total of eight gradients, with the last column contain-
ing control medium without antibodies [45, 68]. Equal
volumes of the diluted antibody solution were mixed
with SARS-CoV-2 pseudovirus solution and incubated at
37 °C for 1 h. A cell solution of HEK293T-hACE2 con-
taining 3 x 10* cells/well and DEAE-dextran at 1:1000 was
prepared using DMEM complete medium. The pseudo-
virus mixture was added at 100 pL per well to a white
96-well plate, followed by 100 pL of the prepared cell
solution. After 48 h of incubation at 37 °C, the medium
was removed and 100 pL of Bright-Lite luciferase reagent
(Vazyme Biotech) was added to each well. The fluores-
cence signal was measured after a 2-minute incubation
at room temperature using a Varioskan LUX multimode
microplate reader (Thermo Scientific). The 50% effect
concentration (ECy)) was calculated using GraphPad
Prism 8.0 software with the model of log vs. normalized
response-variable slope.

Flow cytometric analysis of antibodies

The plasmid expressing the Flag-WT NTD-PDGFRp
TM was transfected into HEK293T cells. The cells were
stained with the Zombie Violet Fixable Viability Kit (Bio-
legend, 423114) to exclude dead cells, and incubated with
the mAbs and PE anti-DYKDDDDK Tag antibody (Biole-
gend, 637309), followed by APC-conjugated anti-human
IgG antibody (Invitrogen, A21445). Then, the antibodies
bound to the stained cells were analyzed by flow cytom-
eters. Antibody binding to the Flag-positive cells were
shown in the figures analyzed by the FlowJo software.

Gene family usage analysis of monoclonal antibodies

The program IMGT/V-QUEST (http://www.imgt.org/IM
GT_vquest) was used to analyze the germline genes, the
degree of somatic hypermutation (SHM), and the loop of
complementarity determining region 3 (CDR3) of each
mADbs [65, 69].

Binding affinity of antibodies measured by surface
plasmon resonance (SPR)

The binding affinity of mAbs to the SARS-CoV-2 NTD
were analyzed using SPR (GE Healthcare)[63]. Specifi-
cally, the purified NTD was covalently immobilized onto
a CM5 sensor chip (Cytiva, 29149603) through amino
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groups in 10 mM sodium acetate buffer pH 5.0 (Cytiva,
BR100351), achieving a final response unit (RU) of
approximately 250. The sensorgrams were fitted to a 1:1
binding model using the BIA evaluation software (GE
Healthcare).

Statistical analysis
The statistical significance was performed using two-
tailed paired Wilcoxon test. **p <0.01; *p < 0.05.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512985-025-02667-0.
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