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Broadly neutralizing antibodies against COVID-19
Daming Zhou1,2, Jingshan Ren1, Elizabeth E Fry1 and  
David I Stuart1,2,3,4

The COVID-19 pandemic caused by SARS-CoV-2 has led to 
hundreds of millions of infections and millions of deaths, 
however, human monoclonal antibodies (mAbs) can be an 
effective treatment. Since SARS-CoV-2 emerged, a variety of 
strains have acquired increasing numbers of mutations to gain 
increased transmissibility and escape from the immune 
response. Most reported neutralizing human mAbs, including all 
approved therapeutic ones, have been knocked down or out by 
these mutations. Broadly neutralizing mAbs are therefore of 
great value, to treat current and possible future variants. Here, 
we review four types of neutralizing mAbs against the spike 
protein with broad potency against previously and currently 
circulating variants. These mAbs target the receptor-binding 
domain, the subdomain 1, the stem helix, or the fusion peptide. 
Understanding how these mAbs retain potency in the face of 
mutational change could guide future development of 
therapeutic antibodies and vaccines.
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Introduction
Following its emergence in late 2019, COVID-19 rapidly 
established a pandemic, which has caused a public 

health crisis and economic recession. According to data 
from WHO, there have been more than 660 million re
ported cases and more than 6.7 million deaths, as of 
January 2023. Vaccines have been widely and effectively 
used to reduce disease severity and a number of drugs 
have been approved for clinical use, including the small- 
molecule drugs Paxlovid and Veklury and several 
monoclonal antibodies (mAbs): bebtelovimab, bamlani
vimab, etesevimab, Xevudy (sotrovimab), REGEN- 
COV (casirivimab and imdevimab), and Evusheld (cil
gavimab and tixagevimab) [1–3].

Since the first cases were reported in China, Severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has mutated rapidly and multiple variants have ap
peared. From the Wuhan strain to currently dominant 
Omicron strains (Figure 1a, phylogenetic tree), the virus 
has gained increased transmissibility and immune es
cape. Many mAbs, including approved therapeutic ones 
that neutralize earlier variants, have largely or totally lost 
their ability to neutralize new variants [3,4]. It is there
fore essential to develop broadly neutralizing antibodies 
for the ongoing Omicron variants and, ideally, new var
iants that will emerge in the future.

The major antigens of SARS-CoV-2 are the nucleopro
tein and the trimeric spike glycoprotein, and numerous 
spike-binding antibodies have been characterized as 
potent neutralizers [5,6]. Spike consists of the S1 and S2 
subunits that are linked by a furin protease cleavage site. 
S1 mediates binding with the receptor angiotensin- 
converting enzyme 2 (ACE2) [7] and S2 facilitates 
membrane fusion with the host cell. The S1 subunit has 
a string of domains with the N-terminal domain (NTD), 
subdomain 1 (SD1), and receptor-binding domain 
(RBD) all characterized as binding neutralizing anti
bodies (Figure 1b). The RBD harbors the ACE2-binding 
site, which lies across the top of the RBD, spanning the 
neck and shoulders (Figure 1c). The RBD adopts a 
range of configurations on the spike, from ‘up’ to ‘down’, 
and only the up conformation can interact with ACE2 
[8]. Both up and down conformations are observed in 
published spike structures [6,8–10]. Previously, we in
troduced a naming convention for the RBD to describe 
the epitopes of RBD-specific neutralizing mAbs, which 
can be grouped in several clusters: left shoulder, neck, 
right shoulder, left flank, and right flank [6] (Figure 1c). 
Most potent neutralizing mAbs induced by vaccination 
or natural infection target the RBD and usually interfere 
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with ACE2 binding [5,6,9–11]. In line with this, many 
mutations in variants occur on the edge of (or in some 
cases more central to) the ACE-binding site, presumably 
allowing escape from ACE2-blocking antibodies without 
significantly impairing ACE2 binding (Figure 2a–e). To 
date, a little over three years since the virus emerged, 
the observed variants already account for changes at 
more than 30 of the ∼200 residues in the RBD. Although 
neutralizing antibodies have been found that bind a 
single, so-called supersite within the NTD, this epitope 
is not well conserved between variants and so activity is 
generally narrow [12–15]. Although much less common 
and usually less potent than the best ACE2 blockers, 
neutralizing antibodies have also been found against 
SD1, the stem-helix region, and the fusion peptide  
[16–18]. Here, we mainly review broadly neutralizing 
mAbs directed against highly conserved epitopes in 

portions of the RBD and SD1 on S1 and the stem-helix 
region and the fusion peptide in S2 (Figure 1b). 

Receptor-binding domain 
MAbs binding near the neck and shoulders of the RBD 
have either footprint or spatial overlap with ACE2, en
abling them to block ACE2 binding and thus have the 
strongest neutralizing abilities against SARS-CoV-2. 
Mabs with epitopes far from this area, lower on the 
flanks of the RBD, for example, EY6A [19], S304  
[20], and S309 [21], are usually much less potent. 

The succession of mutations from earlier-circulating 
variants of concern (VoCs) B.1.1.7 (Alpha), B.1.351 
(Beta), P.1 (Gamma), and B.1.617.2 (Delta) to B.1.1.529 
(Omicron BA.1) and the currently worldwide-dominant 
Omicron strains (with respective prevalence: BQ.1 

Figure 1  
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(a) Phylogenetic tree of SARS-CoV-2 previous VoCs (Wuhan, Alpha, Beta, Gamma, Delta, and Omicron BA.1) and currently dominant strains (BA.5, 
BQ.1, BA.2.75, and XBB). The tree is based on the amino acid sequences of the spike protein. (b) Regions of SARS-CoV-2 spike protein (in gray, PDB: 
6XR8) targeted by 4 types of broadly neutralizing mAbs. The RBD, NTD, SD1, fusion peptide, and stem helix are colored in blue, cyan, green, red, and 
orange, respectively. (c) Cartoon representation of the RBD (left) and the surface representation of the RBD showing the locations of the left shoulder, 
neck, right shoulder, left flank, and right flank (right), PDB: 7BEI. The binding site of ACE2 on the RBD is colored in green.   
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(33.4%), sublineages of BA.5 (7.3%), BA.2.75 (12.4%) 
and sublineages of XBB (31.6%), in epidemiological 
week 4 of 2023 (23rd–29th January), WHO data), have 
accumulated mutations in the RBD (Figures 1a and  
2c–e). While some of these increase the binding affinity 
for ACE2, increasing viral transmissibility [6,22], many 
more impair the potency of neutralizing antibodies, fa
cilitating reinfection of the recovered or vaccinated po
pulation [22–24]. 

Many potent neutralizing mAbs, including all current 
commercial therapeutic mAbs, have been rendered 
wholly or largely ineffective by the emerging RBD 
mutations. MAbs COVOX-384 and LY-CoV555 (bam
lanivimab), two potent antibodies against the Wuhan 
strain targeting the RBD at the left shoulder, were 
knocked out by the E484K substitution of Beta and 
Gamma variants [23,25]. REGN10987 (imdevimab), 
another commercial mAb that binds at the right shoulder 

Figure 2  
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(a and b) ACE2 footprint on the RBD. The RBD is colored in light gray and the ACE2 footprint in dark gray. (c–e) Mutations of SARS-CoV-2 variants in 
the RBD. Mutations from strain BQ.1 are colored in red and mutations from other strains that are not present in BQ.1 are colored in yellow. The ACE2 
footprint is marked by black lines. (f) Different binding modes of four mAbs (LY-CoV555: blue, PDB: 7KMG; COVOX-384: red, PDB: 7BEP; 
REGN10987: magenta, PDB: 6XDG; Beta-27: yellow, PDB: 8BH5) with the RBD. (g) Binding region of Omi-42 (red) on the RBD, which is partially 
overlapped with the ACE2 footprint (marked by black lines). (h) Binding of the CDRs of Omi-42 with the RBD (CDRs of the heavy chain are colored in 
cyan and light chain in green), PDB: 7ZR7.   
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of the RBD, was knocked out by the N440K and G446S 
substitutions of the Omicron BA.1 strain [23]. Beta-27, a 
potent mAb that binds at the neck and back of the left 
shoulder and broadly neutralizes Alpha, Beta, Gamma, 
and Delta variants, was impaired by Q493R and Y505H 
of Omicron BA.1 [23] (Figure 2f). In fact, the BA.1 strain 
marked a step change in divergence with no less than 15 
substitutions in the RBD, causing widespread escape 
from most existing, early pandemic generated, neu
tralizing antibodies [4,23,24]. BA.2 took over from BA.1 
in March 2022 as the dominant variant and globally the 
virus has since fragmented into a plethora of strains 
derived from BA.2, many showing convergent mutations 
around the ACE2-binding site that confer considerable 
escape from responses against earlier versions of Omi
cron [26]. 

Despite the loss of activity of most neutralizing mAbs, a 
few have been reported recently that retain potency 
against Alpha, Beta, Gamma, Delta, BA.1, BA.2, and 
BA.4/5 variants, and in some cases BA.1.1 or BA.2.12.1. 
Based on their footprints on the RBD, these mAbs can 
be roughly divided into two groups: those targeting the 
back of the left-shoulder (F61 [27] and Omi-42 [28]) and 
right-shoulder binders (LY-CoV1404 (bebtelovimab)  
[29], 2–7 [30], XGv265 [31], XG005 [32], AZD1061 [1], 
MB.02 [33], SP1–77 [34], and 002-S21F2) [35]. However, 
it is likely that many of these mAbs will lose potency 
against the most recently emerging Omicron sublineages 
(BA.2.3.20, BA.2.75, BA.4.6, BA.5, BJ.1, BQ.1, and XBB) 
with one or several of five mutations: R346X, K444X, 
V445X, N450D, and N460X. Specifically, MAbs men
tioned above binding in the front of the right shoulder of 
the RBD may be knocked out by R346T/S, K444T/R, 
V445P, G446S, and N450D substitutions (Figure 2e). 
For example, the potency of LY-CoV1404 is severely 
impaired by the V445P substitution in BJ.1 and XBB  
[28]. AZD1061 is knocked out by R346T in BA.2.75.2 
and is ineffective against BA.2.3.20, possibly due to the 
K444R and N450D mutations [28]. MAb F61, which 
targets the back of the left shoulder, may be impaired by 
the N460K substitution found in a series of BA.5 sub
lineages or G476S mutation in BS.1 (BA.2.3.2.1). MAb 
Omi-42 is very unusual in retaining potent neutralizing 
ability against all VoCs and recent emerging Omicron 
sublineages [11]. 

Omi-42 is a highly potent antibody isolated from a pa
tient infected by BA.1. A cryo-EM structure (PDB: 
7ZR7) shows Omi-42 to bind at the back of the left 
shoulder [11] (Figure 2g, h). Omi-42 and ACE2 have 
substantially overlapping binding footprints on the RBD 
(Figure 2g), so mutations in the overlap region that 
compromise ACE2 binding would not be allowed. The 
mutations that are on the edge of the ACE-binding site 
and may affect binding of Omi-42 are K417N, S477N, 
Q493R, and Y505H. Structural analysis [11] proves that 

these four amino acid residues all interact with Omi-42 
but Omi-42 retains its potency both in a live-virus 
neutralization assay in vitro and a hamster challenge 
study, despite the mutations at these sites [36]. A 
slightly modified version of Omi-42, AZD3152, has been 
combined with cilgavimab as AZD5156 that is in Phase- 
I/-III clinical trial (https://clinicaltrials.gov/ct2/show/ 
NCT05648110) for pre-exposure prophylaxis of im
munocompromised patients. 

In addition to the highly potent mAbs, there are also 
more weakly neutralizing anti-RBD mAbs with potential 
broad neutralizing ability [6,19,37,38]. These weakly 
neutralizing mAbs have little or no effect on ACE2 
binding but they bind RBD in two different conserved 
regions and utilize different neutralization mechanisms. 
These two large continuous conserved regions on the 
RBD surface are: one starts from the front of the left 
shoulder and runs all the way down to the left flank 
(Figures 2e and 3a, b); another one is at the bottom part 
of the back of the RBD, just below the Omi-42-binding 
site (Figures 2d and 3c). Representative neutralizing 
mAbs binding in the vicinity of the left-flank conserved 
region include COVOX-45 [6] and S2H97 [37]. S2H97 
binds RBD exactly at the left flank, while COVOX-45 
binds somewhat more toward the front (Figure 3a, b). It 
was reported that S2H97 protected hamsters infected by 
SARS-CoV-2 Wuhan strain and could neutralize BA.1 
variant. S2H97 binds a panel of 45 RBDs of SARS-re
lated coronaviruses (sarbecoviruses) with high affinity 
and is a promising pan-sarbecovirus-neutralizing anti
body [37,39]. COVOX-45 recognizes a similar epitope to 
S2H97 but the breadth of its potency has not been 
checked. S2H97 induces receptor-independent conver
sion of spike protein to the post-fusion state, thereby 
inhibiting ACE2-dependent cell entry [37]. COVOX-45 
may use the same neutralization mechanism since it 
recognizes a similar epitope to S2H97. S309 (sotrovimab) 
is another therapeutic antibody, which binds the right 
flank. S309 was an effective therapeutic broadly neu
tralizing antibody against earlier variants, but its potency 
was impaired by BA.2 sublineage, possibly due to the 
S371F mutation [40], so it is no longer in widespread 
therapeutic use. 

Examples of broadly neutralizing antibodies that target 
the conserved region at the back of the RBD are S304, 
IY-2A [38], and EY6A (Figure 3c). They all recognize a 
cryptic epitope buried inside the RBD-down trimeric 
spike and neutralize SARS-COV-2 Wuhan strain by 
disrupting the spike trimer [19,20,38]. This epitope is 
conserved across all established and emerging variants. 
S304, IY-2A, and EY6A all retain their strong binding 
affinity for Omicron BA.1 RBD, however, S304 com
pletely lost its neutralizing ability against Omicron 
sublineages BA.1, BA.1.1, BA.2, and BA.3, the potency 
of EY6A against Omicron BA.2 and BA.5 was impaired 
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while IY-2A is still strongly active [38,41]. Structural 
studies show that Wuhan spike usually adopts the two- 
and three-RBD-up conformations after binding ACE2, 
while Omicron spike packs more tightly and maintains 
the preferential one-RBD-up conformation, both before 
and after ACE2 binding [42]. S304 cannot bind to the 
up-RBD in the one-RBD-up conformation of the Omi
cron spike because it will clash with adjacent RBD that 
has a ‘down’ conformation [41,42]. This may be why 
S304 can neutralize previous VoCs but not the Omicron 
sublineage, indicating that an antibody can lose its po
tency when its conserved epitope becomes inaccessible. 

In contrast to Omi-42, broadly neutralizing mAbs 
binding at the conserved regions in the left flank or back 
of the RBD usually neutralize more weakly, possibly 
because they have no or little blocking effect on ACE2 
binding. 

N-terminal domain 
Although there are also neutralizing antibodies that re
cognize the NTD, this spike domain is less im
munogenic than the RBD, possibly due to its extensive 
glycan shielding [20,43,44]. Neutralizing mAbs targeting 
the NTD appear to mainly recognize an extended single 

Figure 3  
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(a–c) Binding of the CDRs of COVOX-45, S2H97, and EY6A with the more conserved regions of the RBD (COVOX-45, PDB: 7PRY; S2H97, 
PDB: 7M7W; EY6A, PDB: 6ZCZ). (d and e) Different binding patterns of P008_60 (blue, PDB: 7ZBU), S3H3 (red, PDB: 7WD8), and SD1.040 (green, 
PDB: 8D48) with the SD1 (gray). The mutations T547K and A570D of the SD1 are labeled. The peptide 320–330 of the RBD that interacts with S3H3 is 
shown as an orange cartoon.   
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epitope called the NTD supersite, which comprises the 
N1 (residues 14–26), N3 (residues 141–156), and N5 
(residues 246–260) loops [5,44,45]. This restricted mode 
of binding, together with the high level of variation seen 
in the NTD, caused not only by point substitutions (as 
in the RBD), but also by multiple deletions/insertions, 
facilitates antibody escape. The currently dominant 
BA.5 strain has nine substitutions/deletions in the NTD, 
with nearly half of these in the supersite. Thus, NTD- 
specific mAbs are generally not broadly neutralizing  
[24,44,45]. 

Subdomain 1 
The SD1 domain is highly conserved across all VoCs and 
currently circulating strains. The only reported muta
tions in SD1 of these strains are T547K and A570D, but 
these two amino acids are buried inside the spike trimer, 
so they generally cannot be recognized by neutralizing 
mAbs [8]. Representative neutralizing mAbs targeting 
SD1 include S3H3 [16], P008_60 [46], and sd1.040 [47]. 
Pseudovirus or live-virus neutralization assays showed 
that these antibodies neutralize a panel of variants but 
recognize different epitopes [16,46,47]. While all interact 
with SD1, S3H3 also interacts with the N-terminal re
gion and sd1.040 interacts with the C-terminal region of 
the RBD (Figure 3d, e). S3H3 binds trimeric spike but 
P008_60 and sd1.040 dissociate trimeric spike and only 
complexes of S1 with Fab could be observed, due to 
clashes of Fabs with the adjacent NTD in the trimeric 

spike. Given the ability of P008_60 and sd1.040 to 
neutralize the virus, they may recognize an un
characterized rare conformational state of the spike in 
which its epitope on SD1 is accessible. P008–60 and 
sd1.040 therefore neutralize the virus by destabilizing 
the spike trimer [46,47]. S3H3 may neutralize SARS- 
CoV-2 by blocking the release of S1 from the spike to 
inhibit the virus entry [48]. However, to date, these SD1 
binders neutralize relatively weakly, compared with 
potent ACE2-blocking RBD-binding mAbs [16,46]. 

Stem-helix region 
The stem-helix region (residues 1144–1158 of Wuhan 
strain) is part of the viral fusion machinery and is highly 
conserved among betacoronaviruses [49]. Several neu
tralizing mAbs target this region, including CV3–25 [17], 
S2P6 [50], B6 [51], CC40.8 [52], 1.6C7, and 28D9 [53]. 
They all have the ability to inhibit membrane fusion but 
recognize different epitopes in the stem-helix region. 
CV3–25 interacts with the C terminus of the stem helix 
(residues 1153–1158) as well as the hinge (residues 
1159–1166), while the other five mAbs mainly recognize 
the N terminus of the stem helix (residues 1144–1154) 
(Figure 4a). High-resolution crystal structures showed 
that S2P6, B6, and CC40.8 bind to the hydrophobic face 
of the stem helix, which is mostly buried in the native 
trimeric prefusion spike, indicating that binding of these 
mAbs induces significant conformational changes in the 
prefusion spike helix bundle. These conformational 

Figure 4  
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(a) Binding patterns of Fabs (red) with stem-helix peptide (yellow). (b) Different Fabs (blue) binding with fusion peptide (orange). 
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changes were demonstrated by structures of prefusion 
spike–Fab complexes [50–52]. In contrast, CV3–25 
binds to the hydrophilic face of the helix, however, the 
CV3–25-bound stem helix (seen in a crystal structure) 
adopts a different conformation to that in the native 
prefusion spike visualized by cryo-EM structure [17]. All 
these antibodies were broadly neutralized in pseudo
virus neutralization assay or animal models, but their 
potency was weak [17,50–53]. 

Fusion peptide 
The fusion peptide is a hydrophobic segment of ∼20 
residues, in the S2 domain of the spike protein, which is 
immediately downstream of the S2′ cleavage site and 
responsible for initiation of the fusion of the virus and 
host cell membranes (residues 816–837, Figure 1b). This 
peptide is highly conserved across all SARS-CoV-2 var
iants. Sequence alignment of more than 7.9 million de
posited SARS-CoV-2 sequences indicates residues in this 
region have identities >  99.7% [54]. Indeed, this peptide 
is conserved among all coronaviruses [55]. Several neu
tralizing mAbs target this region, including COV44–62, 
COV44–79 [18], VN01H1, C77G12 [54], and 76E1 [56] 
(Figure 4b). These mAbs broadly neutralize all alpha- and 
betacoronaviruses, including the currently dominant 
SARS-CoV-2 variants. Experiments on Syrian hamster or 
mouse models showed they all limited disease caused and 
reduced viral load [18,54,56]. Structural studies showed 
the epitope recognized by all these antibodies is in
accessible in the prefusion spike trimer and it appears the 
epitope becomes exposed upon conformational changes 
induced by binding of ACE2. Once again, compared with 
anti-RBD antibodies, these antibodies have weak po
tency against SARS-CoV-2 [18,54,56]. 

Conclusion 
The rapid evolution of antibody-binding epitopes enables 
viruses to escape host immune response. The BA.1 strain 
identified in November 2021 showed widespread escape 
from antibody responses to vaccination or infection by early 
pandemic virus [23] and in turn antibody responses from 
BA.1 infection led to responses with significantly poorer 
neutralization of BA.4/5, compared with BA.1 and BA.2 [4]. 
Indeed, the majority of potent anti-RBD mAbs were 
knocked out by BA.4/5. Since BA.4/5 SARS-COV-2 has 
continued to evolve to gain increased immune escape, 
leading to the proliferation of a large number of variants, 
often arriving, via convergent evolution of common amino 
acid substitutions at positions around the ACE2 footprint 
that abrogate the binding of groups of antibodies. Thus, 
BQ.1 and XBB, for instance, show substantial escape [57]. 
Very few anti-RBD antibodies survive this onslaught of 
variation, although Omi-42, that acts by blocking ACE2 
binding, remains highly active against all variants to date. It 
seems likely that antibodies such as Omi-42 have survived 
with neutralization intact because they contribute little to 

the overall neutralization titer of polyclonal responses and 
have been fortunate not to have been affected by bystander 
effects from mutations selected because of their value in 
abrogating more dominant neutralizers, but it also seems 
likely that such antibodies will eventually also lose potency 
as SARS-CoV-2 continues to evolve. 

Away from the ACE2-binding site, neutralizing anti
bodies have been identified that bind at either the left 
flank or back of the RBD, two large areas that are highly 
conserved across all SARS-CoV-2 variants. In addition, 
antibodies have been found against the SD1 domain in 
S1 and the stem helix and the fusion peptide in S2, all of 
which are functionally essential and highly conserved. 
MAbs targeting these regions are potentially very 
broadly neutralizing, although they are usually not very 
potent, and so may not be very effective when used 
alone. To reduce the likelihood of antibody escape of 
SARS-CoV-2, in principle, broadly neutralizing mAbs 
targeting different epitopes can be used as cocktails and 
these weak mAbs can be combined with potent anti- 
RBD mAbs. Bispecific antibodies can also be developed, 
with two different broadly neutralizing Fabs in the two 
arms of one IgG molecule. Some well-designed bispe
cific antibodies showed higher binding and neutraliza
tion activities against SARS-CoV-2, with their two arms 
interacting simultaneously with a single-spike protein  
[47,58,59]. 
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