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Targetable elements in SARS-CoV-2 S2 subunit for the design
of pan-coronavirus fusion inhibitors and vaccines
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The ongoing global pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has caused devastating impacts on the public health and the global economy. Rapid viral antigenic evolution has led
to the continual generation of new variants. Of special note is the recently expanding Omicron subvariants that are capable of
immune evasion from most of the existing neutralizing antibodies (nAbs). This has posed new challenges for the prevention and
treatment of COVID-19. Therefore, exploring broad-spectrum antiviral agents to combat the emerging variants is imperative. In
sharp contrast to the massive accumulation of mutations within the SARS-CoV-2 receptor-binding domain (RBD), the S2 fusion
subunit has remained highly conserved among variants. Hence, S2-based therapeutics may provide effective cross-protection
against new SARS-CoV-2 variants. Here, we summarize the most recently developed broad-spectrum fusion inhibitors (e.g., nAbs,
peptides, proteins, and small-molecule compounds) and candidate vaccines targeting the conserved elements in SARS-CoV-2 S2
subunit. The main focus includes all the targetable S2 elements, namely, the fusion peptide, stem helix, and heptad repeats 1 and 2
(HR1-HR2) bundle. Moreover, we provide a detailed summary of the characteristics and action-mechanisms for each class of cross-

reactive fusion inhibitors, which should guide and promote future design of S2-based inhibitors and vaccines against new

coronaviruses.
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INTRODUCTION
Coronaviruses (CoVs) are enveloped, positive-sense, single-
stranded RNA viruses, classified in the family of Coronaviridae.'
They exist widely in nature and can infect humans, other
mammals, or various avian species, causing different acute and
chronic diseases.>® Coronaviruses are a highly diverse family
comprising four genera: alphacoronavirus (a-CoV), betacorona-
virus (3-CoV), gammacoronavirus (y-CoV) and deltacoronavirus (6-
CoV).* The four annually circulating human coronaviruses (HCoVs),
namely HCoV-229E and HCoV-NL63 of a-CoV and HCoV-OC43 and
HCoV-HKU1 of B-CoV, are endemic to humans and generally cause
mild upper respiratory illness.>® However, there are also three
highly pathogenic B-CoVs, including severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syn-
drome coronavirus (MERS-CoV), and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).°"'" All three highly
pathogenic HCoVs can cause severe pneumonia in humans and
have led to numerous infections and deaths worldwide.">'* The
astonishingly high transmissibility of SARS-CoV-2 has resulted in a
global coronavirus disease 2019 (COVID-19) pandemic that
significantly impacted the global economy and public health,
causing more than 763,740,140 confirmed infections and over
6,908,554 deaths as of 19 April 2023 (https://covid19.who.int).
Coronavirus infection begins with virus entry, which depends
on the intact trimetric spike (S) protein located on the surface of
the virion.">™'® The S protein, a class | viral fusion glycoprotein, is
functionally divided into S1 and S2 subunits, which are
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responsible for receptor binding and membrane fusion, respec-
tively. Specifically, S1 relies on receptor-binding domain (RBD) to
interact with human angiotensin-converting enzyme 2 (ACE2).'5%°
As a major antigenic determinant, RBD is a critical target for the
development of vaccines and fusion inhibitors. Currently, most
therapeutic neutralizing antibodies (nAbs) and promising vaccine
candidates are designed to target the RBD or use RBD as the sole
antigen.?' %> However, RBD is poorly conserved, with the newly
emerged Omicron subvariants harboring multiple mutations in
RBD that are capable of immune evasion from the majority of
existing neutralizing antibodies (nAbs). Consequently, vaccine
efficacy has markedly reduced, thus, posing new challenges for
the prevention and treatment of SARS-CoV-2.°3 Although
efforts have been made to design nAbs and vaccines against
Omicron subvariants, new variants might continue to emerge due
to the progressive accumulation of mutations and the increasing
immune selective pressure.>’ Moreover, SARS-CoV-2 and MERS-
CoV coinfection has been reported and may occur more
frequently as the virus evolves.*? Given that B-CoVs infect the
same target cells and use identical transcriptional regulatory
sequences, genetic recombination between coronaviral coinfec-
tion in COVID-19 may result in new clades with higher
transmissibility and lethality.>* Although many nAbs and vaccines
against each class of $-CoVs have been developed with proven
efficacy, they show weak cross-neutralization activity, thus, limit-
ing their ability to prevent or treat highly pathogenic new HCoV
infections.3*3°
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Sarbecovirus belongs to the Betacoronavirus genus and includes
SARS-CoV-2, SARS-CoV, and their-related zoonotic coronaviruses
isolated from bats, pangolins, etc., that share common features
with SARS-CoV or SARS-CoV-2.3%%7 These zoonotic coronaviruses
may use multiple ACE2 orthologues for host cell entry and exhibit
a similar binding affinity as the SARS-CoV-2 RBD-ACE2 interac-
tions.>®*! Along with viral evolution, these zoonotic coronaviruses
may, via cross-species transmission, lead to human infection and a
potential pandemic. Although many nAbs against SARS-CoV-2 and
SARS-CoV have been developed with proven efficacy, they exhibit
weak cross-neutralizing activity against zoonotic coronaviruses.
Hence, a need exists to develop broad-spectrum antiviral agents
against sarbecovirus to combat future threat of zoonotic
coronaviruses.*?

In contrast to the massive accumulation of mutations within the
SARS-CoV-2 RBD, the S2 fusion subunit has remained highly
conserved among variants.'* It may, therefore, represents an ideal
target for the design of cross-protective fusion inhibitors and
candidate vaccines against new coronaviruses. Accordingly,
herein, we review the most recently developed broad-spectrum
fusion inhibitors and candidate vaccines targeting the conserved
elements in SARS-CoV-2 S2 subunit. The main focus includes all
the targetable S2 elements, namely, the fusion peptide (FP),
heptad repeats 1 and 2 (HR1-HR2) bundle, stem helix (SH), and the
related S2-targeted antivirals (e.g., nAbs, peptides, proteins, small-
molecular compounds, and vaccines). In addition, the character-
istics, and action-mechanisms for each class of cross-reactive
fusion inhibitors are summarized in detail.

STRUCTURE AND FUNCTION OF THE SARS-COV-2 S2 FUSION
SUBUNIT
Each of the three monomers is composed of 1273 amino acids
(prototype) which constitute an ST and S2 subunit heterodimer
that form the bulbous head and stalk region, respectively (Fig. 1a).
Topologically, the S N-terminus locates in the membrane-distal
S1 subunit of the ecto-domain, and the short S C-terminus in the
S2 subunit locates in the intracellular space (Fig. 1b).****
Structurally, the S1 subunit (the bulbous head) is divided into
four domains: N-terminal domain (NTD), RBD, and two subdo-
mains (SD1 and SD2), which wrap around the three-fold axis and
shield the S2 subunit. The S2 subunit (the stalk) comprises various
a-helical secondary structural motifs, including the FP, HR1, central
helices (CH), connector domain (CD), SH, HR2, transmembrane
domain (TM), and cytoplasmic tail (CT), which form a fusion-
competent state after cleavage at the S2’sites (Fig. 1a, b).**
The fusion process mediated by the SARS-CoV-2 S protein is
similar to that of class | viral fusion proteins, such as influenza virus
haemagglutinin  (HA), human immunodeficiency virus (HIV)
envelope, and mouse hepatitis virus S spike.'®*® Initially, the
standing RBD will engage ACE2, and subsequently, S1 subunit will
dissociate from S2, followed by the exposure of S2’ site and the
cleavage of S2’ by the host proteases, releasing the structural
constraints on the FP region. Membrane fusion could then occur
along with a cascade of irreversible conformational transition
events in the S2 subunit. HR1 undergoes a “jack-knife” refolding
change to allow FP insertion into the host cell membrane.
The folding back of the extended SH-HR2 element packs against
the long central CH-HR1 coiled-coil, subsequently inducing the
binding of SH to the outer region of CH and HR2 to the HR1
groove.*** Thus, the long central helical bundle formed by SH-
HR2 with CH-HR1 is strengthened and becomes a very rigid
fusion-core structure in S2, providing a strong force to hold the
membrane together. In addition, this conformational change of S2
can induce the FP and the TM regions to co-locate at the same
end to form the fusion pore in the post-fusion S state.***
Subsequently, membrane fusion occurs between viral particles
and host cells, enabling the delivery of viral RNA into target cells.
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Therefore, S2 subunit is a crucial target for the design of antiviral
drugs and vaccine candidates. Here, we summarize the detailed
structural features of the targetable elements in pre-fusion or
post-fusion SARS-CoV-2 S protein (Fig. 1b).

Fusion peptide

SARS-CoV-2 S protein can be processed by the endopeptidase
furin at the S1/S2 junction; subsequently, the cleaved S1 and
S2 subunits remain noncovalently attached and fusion compe-
tent.”’ Proteolytic cleavage at the S2’ site (R815, adjacent to FP)
can be processed by enzymes like transmembrane protease serine
2 (TMPRSS2) via the plasma pathway or mediated by lysosomal
cathepsins during virion endocytosis.*® As a result of S1
dissociation and S2’ site cleavage, a highly conserved short
segment termed FP consisting mostly of hydrophobic residues
spanning S816-1834 (residue numbering based on GenBank
accession number of MN908947.3) is released and becomes
inserted into the target cell membrane, thereby triggering the
fusion event. Structurally, the buried FP can be divided into two
segments: residues Sg;6FIEDLLFNKVg,¢ (residue numbering based
on MN908947.3) in a short coiled-coil state located in a negative
charged binding cavity and residues Tg,;LADAGFlg34 in a short
loop state mostly positioned in a positively charged binding cavity
(Fig. 1¢).**

Stem helix

The SARS-CoV-2 stem helix is composed of 22 amino acid residues
spanning Py140LQPELDSFKEELDKYFKNHTS¢; (residue numbering
based on MN908947.3), which forms a central triple-helix under the
spike bundle to connect with the HR2 region (Fig. 1d).** During
conformational transition, a helical motif of the upstream helix
(D737-A783, residue numbering based on MN908947.3) runs
parallel to the CH groove via hydrophobic interactions, effectively
forming a short six-helix bundle (hereafter named 6-HB-1) in post-S
trimer (Fig. 1e).***> Due to the rotation of the connector domain,
the extended SH-HR2 element aligns with the long-axis formed by
the CH-HR1 domain, thus inducing the subsequent binding of SH
to the outer region of the 6-HB-1, and HR2 to the hydrophobic groove
formed by HR1.** Specifically, a portion of SH (S;147/FKEELDK; 154,
residue numbering based on MN908947.3) maintains the helical
state, while the remaining segments of SH (P;140LQPELD;4¢ and
Y115sFKNHTS; 161, residue numbering based on MN908947.3) extend
from the helix into a long loop to fit the extended post-fusion S2 state
(Fig. 1e). The correct refolding of SH contributes to the formation of
HR1-HR2 fusion bundle and the overall stability of the S2 fusion
subunit, thus providing a promising therapeutic target for the design
of fusion inhibitors and vaccines.*”

HR1-HR2 bundle

In pre-S, the buried HR1 (G910-D985, residue numbering based
on MN908947.3) folds into four consecutive a-helices in the
direction opposite to the downstream CH (Fig. 1b). During pre-
to post-fusion transition, HR1 undergoes a “jack-knife” refolding
to append to the CH, which forms an unusually long central
three-stranded coiled coil (>180 A) with three surface grooves
between two adjacent HR1s. Subsequently, HR2 (D1163-K1211,
residue numbering based on MN908947.3) binds to the
hydrophobic HR1 grooves in an antiparallel manner to form
HR1-HR2 6-HB fusion core by hydrophobic and hydrogen-bond
interactions (Fig. 1f-h).***> Notably, the binding groove of HR1
forms and exposes in the intermediate state of S. Unlike HR1,
HR2 is accessible in pre-S trimer.*® Overall, HR1 and HR2 can
provide the promising therapeutic targets for the design of
fusion inhibitors and vaccines.

Coronavirus S2 subunit

The sequence features of the targetable elements (e.g., the fusion
peptide, stem helix, and HR1-HR2 bundle) in the S2 subunit of
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Fig. 1 Structural features of targetable elements (fusion peptide, stem helix, and heptad repeats 1 and 2) in SARS-CoV-2 S2 subunit.
a Schematic structure of SARS-CoV-2 spike protein. The conserved glycosylation sites within the SARS-CoV-2 S2 subunit are shown and
marked as y. b Conformational transition of SARS-CoV-2 S2 subunit from pre- (PDB: 6XR8) to post-fusion (PDB: 7E9T) state. ¢ The electrostatic
surface representation of the FP binding area and the structural illustration of the FP in pre-fusion spike (PDB: 6XR8). The segment
corresponding to FP is shown in sticks and colored in cyan. d The stem 3-helix bundle is shown in pre-S trimer (PDB: 6XR8). The detailed
residues are shown in sticks and colored in green. e The electrostatic surface representation of the SH binding area and structural illustration
of SH in post-fusion spike (PDB: 6XRA). The segment corresponding to SH is shown in sticks and colored in green. f-h Structure of the SARS-
CoV-2 six-helix bundle (6-HB) in the post-fusion conformation (PDB: 6LXT). The symmetry-related structure of the 6-HB bundle is shown.
Structures from a top view (up) and a side view (down) are presented in (f). The electrostatic surface of the HR2 binding site is shown in (g).
The detailed hydrophobic and hydrogen-bond interactions between HR1 and HR2 are shown and labeled in (h). The distance cut-off is 3.1 A
for hydrogen-bond contact
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a b

|- 81 subunit -} $2 subunit {
WHO Pango mutations in SARS-CoV-2
Label Lineage S1or RBD FP HR1 SH HR2 RaTG13
Omicron  BA.1 30 15 N764K, D796Y N856K Q954H, N969K, L981F
BA.2 27 16 N764K, D796Y Q954H, N969K PANG/GD
BA4 30 17 N764K, D796Y Q954H, N969K
BAS 30 17 N764K, D796Y Q954H, N969K SARS-CoV
BA.2.121 28 17 S704L, N764K, D796Y Q954H, N969K
BA.2.75 34 18 N764K, D796Y Q954H, N969K WIV1
BQ.1 33 20 N764K, D796Y Q954H, N969K
XBB 38 23 N764K, D796Y Q954H, N969K HKU3
Alpha B.1:1.7 il 1 T716! S982A D118H
Beta  B.1351 9 3 ATO1V MERS-CoV |c
Gamma P.1 10 3 T10271
Delta ~ B.1.617.2 9 2 D950N V1176F 100 HCoV-HKU1
Kappa B.1.617.1 5 2 Q1071H [ ‘
Epsilon  B.1.427 4 1 HCoV-OC43
a B.1.525 8 1 F888L
t)ta b B.1.526 5 1 A701V a5 100 HCoV-229E
ambda C.37 13 2
Mu B.1.621 8 3 D950N a-CoV L HCoV-NL63
SARS-CoV-2
Amino Acid Sequence Identity (%)
S1 RBD S2 helical FP stem helix HR1 HR2
(1-684) (331-528) (685-1273) (815-826) (1140-1161) (910-985) (1163-1211)
PANG/GD 87.3 98 98.6 100 100 100 100
RaTG13 96.7 93.1 99.7 100 100 100 100
SARS-CoV 734 83.2 90.9 100 100 90 100
WIVA1 74.2 84.8 91 100 100 90 100
HKU3 724 82.8 94 100 100 98.9 100
HCoV-HKU1 27.2 14.5 41.1 83.3 40.9 68.9 46.9
HCoV-0C43 28.2 17.5 42.6 83.3 54.5 67.8 51.6
MERS-CoV 29.9 34.3 43.3 83.3 31.8 63.3 54.7
HCoV-229E 32.9 38.3 333 66.7 13.6 411 26.6
HCoV-NL63 21.8 37.6 32.7 75.0 13.6 42.2 21.9
d fusion peptide sequence e stem helix sequence
SARS-CoV-2 815 RSFIEDLLFNKVTLADAGFI 834 SARS-CoV-2 1140 PLQP_ ELDSFKEELDKYFKNHTS 1161
RaTG13 811 |« v v v vvv oo e 830 RaTG13 1136 - « « « =« « oo v v v oo oo 1157
PANGIGD 807" = |- wowen v & smal|smms amn s 826 PANG/GD 1132 - « « v = v v o|e v oo oo oo 1153
SARS-CoV 797 | « « v v v v oo M 816 SARS:CoV" 1122 wmmewig a w offla o ¢ ¢ & 5 & 5 o 5 60w w e 1143
WIVE 798 < |ows emmn cmn d|loma smwn M 817 WIV1 1123 - - o o o e e 1144
HKU3 801 « | v vvvvvo |t M 820 HKU3 1126 - - - - o v o fe oo 1147
HCoV-HKU1 904 .| .F..... D--|K-S-V..V 923 HCoV-HKU1 1226 Hgv - - K- SD: ES- - SHwW: - - Q- - 1247
HCov-0C43 911 .| A. ... .. D--|K-S-V..Vv 930 HCoV-0C43 1233 Tg| --N-SD- - -« - - Qw: - - Q- - 1254
MERS-CoV 887 - |- A. ..... D---1.-P.YM 906 MERS-CoV 1222 L - GNSTGI|D-QD: - - Ef - - - VST 1244
HCoV-229E 689 - | A. .. |..S.LVTSGL.TV 708 HCoV-229E 1028 T |V - - - Y I[IDVNKT - QE|LSYKLPN 1049
HCoV-NL63 870 - | A. .. ... S- - [VTSGL.TV 889 HCoV-NL63 1209 TV| - -DYV[DVNKT - QE[FAQ"- LPK 1230
f HR1 sequence
SARS-CoV-2 910 SENI GK[T Q)
RaTG13 906 sE\IGK[IQ
PANG/GD 902 SEVI GK|I Q)
SARS-CoV 892 KNI S QT Q
WIV1 893 KE\I S Q|T O
HCOVE§H1 896 SEVI GK|I Q]
HCoV-0OC43 1002 gﬁﬁi%g
ERS-CoV 984 OF\LGAMOQ
HCoV-229E 781 Ia KEAM T N[ V|
HCoV-NL63 962 |a KENT NN[I V]

SARS-CoV-2 1163 DVD-LGD[IS|GIFJASVVNIQKET ELGKYEQFIIY 1211
RaTG13 1159 DVD-LGD|IS|G T ELGKYEQNIIY 1207
PANG/GD 1155 DVD -LGD|I S[G| 3| ELGKYEQ}IIY 1203
SARS-CoV 1145 DVD-LGD|IS|G| I ELGKYEQ}INY 1193
WIV1 1146 DVD-LGD[IS|G I ELGKYEQNTI|Y 1194
HKU3 11 DVD-LGD[IS|G 1 ELGKYEQMIJY 1197
HCoV-HKU1 1251 APNLTLN[LHT DIGTYEMPVEY 1298
HCoV-0C43 1256 AP --DLS[LDY| DIGTYEYp{VY 1303
MERS-CoV 1246 1PN-FGSLTQINTTLLDL TYBMLSLQ- - = == == === == - - ELGNYTYWN)Y 1294
HCoV-229E 1054 TVP-DLVVEQ IS TILENKSAELNYTVQKLQTLIDNI WLNRVETH{IId 1113
HCoV-NL63 1235 VKP-NFDLTPFLLTYLNLS/SIALKQLEAKTASLFQTTVELQGLIDQT LLNRFENpTRY 1294

typical coronavirus, including SARS-CoV-2 variants, HCoVs, and (Fig. 2¢, d), SH (Fig. 2c and e), HR1 and HR2 (Fig. 2c, f) are highly
various zoonotic coronaviruses, are shown in Fig. 2. The S2 subunit conserved among sarbecoviruses, including the SARS-CoV-2
is more conserved among SARS-CoV-2 variants and {-CoVs, related lineage (SARS-CoV-2, its variants, Pangolin Guangdong
compared with RBD (Fig. 2a, c). The sequences of helical FP 2019 (PANG/GD), and RaTG13) and the SARS-CoV related lineage

SPRINGER NATURE Signal Transduction and Targeted Therapy (2023)8:197



Targetable elements in SARS-CoV-2 S2 subunit for the design of...
Guo et al.

Fig. 2 Sequence features of targetable elements (fusion peptide, stem helix, and heptad repeats 1 and 2) in coronavirus S2 subunit. a Amino
acid mutations in the S2 subunit of SARS-CoV-2 variants (https://covariants.org). The number of mutations in S1 and RBD are shown.
b Phylogenetic tree of typical coronaviruses, including SARS-CoV-2 (MN908947.3), RaTG13 (QHR63300.2), PANG/GD (QLR06867.1), SARS-CoV
(AY278554.2), WIV1 (AGZ48828.1), HKU3 (QND76034.1), HCoV-HKU1 (YP_173238.1), HCoV-OC43 (NP_937950.1), MERS-CoV (QJX19948.1),
HCoV-229E (NP_073551.1), and HCoV-NL63 (YP_003767.1), built via MEGA and maximum likelihood analysis of spike amino acid sequences.
¢ Sequence identity of S and its targetable elements among SARS-CoV-2 and other coronaviruses. d-f Alignment of the fusion peptide (d) and
stem helix (e), and HR1 and HR2 (f) among typical CoVs. The helical bundles of FP in the prefusion state and SH in the post-fusion state are
outlined by a rectangle box. Residues composed of HR1-HR2 six-helical core are outlined. The dots represent similar residues, and the short

lines represent missing residues

«

(SARS-CoV, WIV1, and HKU3). In addition, the S2’ cleavage site
(R815) remains unchanged among these typical coronaviruses
(Fig. 2d). Moreover, the helical FP is also highly conserved among
HCoVs (Fig. 2¢, d), thus providing a promising cross-reactive target
for pan-antivirals. Furthermore, HR1 and HR2 sequences shared
the same length in B-CoVs (Fig. 2f). Notably, most mutations in the
HR1 and HR2 of SARS-CoV-2 variants and other sarbecoviruses
may not influence the global architecture of the post-fusion HR1-
HR2 bundle,*® thus indicating that antiviral fusion inhibitors
targeting the HR1-HR2 interface may exhibit effective cross-
protection against the ongoing SARS-CoV-2 pandemic and the
potential future outbreaks of other sarbecoviruses.

In conclusion, the structural rearrangement of coronavirus S2
subunit induces the formation of a stable post-fusion conforma-
tion, resulting in the fusion of viral envelope with the host cell
membrane, and subsequent delivery of viral RNA into host cells.
Due to the sequence homology of the S2 subunit among
coronaviruses, it is likely that most coronaviruses share the same
membrane fusion mechanism. Therefore, S2-based therapeutics
can interfere with the formation of fusion machinery and provide
cross-protection to combat infection with SARS-CoV-2 variants,
other HCoVs, and zoonotic sarbecoviruses.

BROAD-SPECTRUM THERAPEUTIC NABS TARGETING THE S2
FUSION SUBUNIT

SARS-CoV-2 host-cell entry depends on S1 and S2 subunits, which
mediate receptor binding in the pre-fusion conformation by S1
and induce membrane fusion along with the post-fusion change
of S2. Thus, any antibody interfering with these processes may
exhibit entry-inhibition activity (Fig. 3a). Most SARS-CoV-2 nAbs
target the NTD or RBD of the S1 subunit, which may succumb to
selective pressures and enhance immune escape as viral evolu-
tion. In contrast, recently reported nAbs targeting the FP or SH of
the S2 subunit have shown cross-neutralizing activity against
various coronaviruses (Fig. 4a).

NAbs targeting a cryptic fusion peptide epitope

Fusion peptide is a targetable S2 element. NAbs that recognize the
cryptic fusion peptide epitope could neutralize CoV infections
(Fig. 3b). Currently, several FP-targeted monoclonal antibodies
(mAbs) with broad neutralizing activity against CoVs have been
isolated from COVID-19 convalescent patients, such as COV44-62,
COV44-79, VNOTH1, VP12E7, C77G12, 76E1, and fp.006 (Fig. 4a,
b).>'">* The representative broad-spectrum nAbs targeting fusion
peptide are summarized in Table 1.

COV44-62 and COV44-79 were the first identified anti-FP
antibodies.”' They can broadly neutralize envelope pseudotyped
viruses (PsVs) of CoVs, including SARS-CoV-2 with half maximal
inhibitory concentration (IC50) values of 9.8 pg/mL for COV44-62
and 21.53 pg/mL for COV44-79, as well as its variant of concerns
(VOCs) and the tested HCoVs.>" Mechanically, the complementar-
ity determining regions (CDRs) on the heavy chains (H1, H2, H3)
and light chains (L1 and L3) of COV44-62 interact with the
Pg1,SKRSFIEDLLFNKg,5 motif, while HCDR1, HCDR2, HCDR3, and
LCDR3 of COV44-79 bind the Pg,SKRSFIEDLLFg,3 segment
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primarily via hydrogen bonds, salt bridges, and hydrophobic
interactions.”’ Furthermore, alanine mutation assays revealed that
R815, E819, D820, L822, and F823 are the key residues recognized
by COV44-62, and R815, E819, D820, and F823 are the most crucial
for COV44-79 binding. Notably, a non-nAb, COV77-39, with a
similar binding affinity to SARS-CoV-2 S, targets multiple residues
around FP excluding R815, indicating that R815 at the S2/ cleavage
site may be an indispensable recognition site for the design of
anti-FP  nAbs.>' However, compared with the COV44-62 Fc
antibody, only the COV44-79 Fc antibody effectively limited
SARS-CoV-2 infection in the Syrian hamster model. Furthermore,
superimposition of the FP epitope structure bound by the two
nAbs onto the intact SARS-CoV-2 pre-S conformation revealed that
the FP epitope was buried and inaccessible, indicating that a
conformational change or conformational dynamics around the FP
segment may be a basic premise to accommodate these nAbs to
bind FP.*'

In addition, FP-targeted nAbs, VNO1H1, VP12E7, and C77G12,
isolated from COVID-19 convalescents and vaccinated individuals,
bind a core epitope of FP spanning residues Rg;sSFIEDLLFNKgs.>?
Specifically, VHOTH1 and VP12E7 exhibit broad entry-inhibition
activity against the tested a- and B-CoVs, in the presence of
TMPRSS2.>% Compared to VHOTH1 and VP12E7, C77G12 exerts an
enhanced neutralization potency, however, only against B-CoVs,
even in the absence of TMPRSS2. In addition, they can block SARS-
CoV-2 S-mediated cell-cell fusion. Prophylactic administration of
VNO1TH1 or C77G12 at high doses can reduce the pathology and
burden of the SARS-CoV-2 Gamma (P.1) variant challenge in vivo,
albeit with moderate potency.>® Structurally, these nAbs have
slightly different binding modalities for the core epitope. Notably,
the conserved R815 residue is concealed by the epitope/paratope
interface of the three mAb Fabs via electrostatic interactions,
indicating that these antibodies may neutralize SARS-CoV-2
infection by preventing S2’ cleavage, thereby impeding the
conformational change of S2 subunit>? Interestingly, ACE2-
dependent enhancement of binding can be observed in these
FP-specific nAbs, but not SH- or RBD-targeted nAbs (C21E3 and
C94, respectively), suggesting that the cryptic FP epitope hidden
in pre-S trimer may exposed following the conformational change
induced by receptor binding.>

Recently, 76E1, a human antibody, also was isolated from
COVID-19-recovered patients and exhibited broad neutralizing
activity against various a- and B-CoVs.>®* Moreover, 76E1 prevents
SARS-CoV-2 and HCoV-0OC43 infections in vivo. Similar to the FP-
specific nAbs, 76E1 targets the helical FP epitope and the
conserved S2’ site via forming a binding groove with H1, H2,
H3, and L3 on the CDR loops of Fab. Moreover, receptor binding
can induce the cryptic epitope to emerge, increasing the binding
capacity of 76E1 to SARS-CoV-2 S protein.>® Notably, 76E1 retains
antiviral activity during the viral post-attachment process. In
contrast, the CB6 mAb targeting RBD does not, possibly because
76E1 binds to S after ACE2 binding, whereas CB6 competes with
ACE2 for the RBD epitope.>*>3

More recently, a FP-targeted nAb, fp.006, isolated from COVID-
19 convalescents, binds to a core epitope (Sg;3RRSFIEDLLFNKg,5)
containing the S2’ site and the helical FP segment.>* Structural
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analysis further revealed that R815, E819 and F823 are the key
residues recognized by fp.006, which is similar to FP-targeted
nAbs (e.g., COV44-79 and COV44-79). The epitope peptide
bound to fp.006 is folded as an amphipathic a-helix in the Fab
groove.>* In addition, fp.006 cross-reacts with a variety of a- and
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-CoV spike proteins and cross-inhibits pseudovirus infection of
SARS-CoV-2 ancestral virus and its VOCs in vitro, and prevents
SARS-CoV-2 infection in vivo, suggesting that it may be a
promising antiviral drug candidate to combat the ongoing
COVID-19 pandemic.>*
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Fig. 3 Proposed anti-viral mechanism for antibodies and fusion inhibitors targeting S2. a An overview of SARS-CoV-2 spike conformation
change and its mediated membrane fusion. After the standing RBD engages ACE2 and S1 subunit dissociates, S2 site will expose and be
cleaved by the host proteases, followed by the insertion of FP into host cell membrane and the formation of HR1-HR2 six-helix bundle (6-HB).
Subsequently, membrane fusion occurs between viral particles and host cells. b—e Proposed mechanism of virus neutralization by anti-FP
nAbs (b), anti-SH nAbs (c), HR2 or EK1-based peptides/lipopeptides (d), and 5-HB proteins (e). Anti-FP nAbs bind to the uncovered S2’ site and
FP after S1 dissociation, inhibiting S2’ cleavage and/or preventing FP insertion into the host cell membrane. Anti-SH nAbs bind to SH in pre-S,
disrupting 6-HB formation to prevent membrane fusion. 5-HB proteins bind to HR2 in pre-S trimer and HR2/EK1-based peptides bind to the
HR1 groove in the intermediate state of S, both of which would block 6-HB formation. FP fusion peptide, HR1 heptad repeats 1, CH central
helix, SH stem helix, HR2 heptad repeats 2, TM transmembrane domain, CT cytoplasmic tail, nAbs neutralizing antibodies, HB helix bundle,

ACE2 angiotensin-converting enzyme 2

<

Taken together, the highly conserved FP element, especially the
short helical segment Sg;¢FIEDLLFNKVg,e, allows FP-targeted
antibody to exhibit broad neutralizing activity and to counter
the viral escape. Moreover, R815, within the SARS-CoV-2 ‘fusion
activation’ proteolytic site, is also important for antibody recogni-
tion and neutralization. It is probably that these FP-targeted nAbs
will form steric hinderance to prevent S2’ cleavage and/or inhibit
FP insertion into the host cell membrane. In addition, super-
imposition of the FP epitope structure bound by each anti-FP nAb
onto the pre-fusion S structure has suggested that these anti-FP
nAbs bind to the core epitope with slightly different binding
modalities, and that they all bind to the unexposed inner face
rather than to the helical region fully accessible in the prefusion
structure (Fig. 4b). These nAbs therefore are expected to bind the
FP epitope after the exposure of the FP inner face (e.g. in the
intermediate state of S). Accordingly, combined application of FP-
targeted nAbs with RBD-specific nAbs or ACE2-mimics that
destabilize pre-S is shown to enhance the therapeutic efficacy of
antibodies against SARS-CoV-2.5%>3

NAbs targeting a vulnerable stem helix region

The stem helix is also a targetable S2 element (Fig. 3c). To date,
several anti-SH nAbs with the different degree of cross-reactivity
and cross-neutralizing activity against CoVs have been isolated
from COVID-19 convalescent patients (S2P6, CC40.8, CV3-25,
hr2.016, CC25.106, CC95.108, CC68.109, CC99.103, and CC95.102)
or elicited by immunization in mice (WS6, B6, 1.6C7, 28D9, IgG22,
and G5) (Fig. 4a, b and Table 2).>3

Anti-stem helix nAbs isolated from COVID-19 convalescent patients.
S2P6, identified by Pinto et al.,, can cross-react with S proteins of
human-infected B-CoVs.>® Importantly, S2P6 exhibits high neu-
tralizing potency against PsVs of SARS-CoV-2 and its variants, as
well as the tested HCoVs and PANG/GD. Moreover, the Fc-
mediated effector functions of S2P6 can enhance protection
against SARS-CoV-2 infection in vivo.>® Structural analysis further
revealed that the epitope peptide bound to S2P6 is folded as an
amphipathic a-helix and spans D;q46SFKEELDKYFKNH;5¢ via
shape-complementarity and hydrogen bonding. In addition, the
hydrophobic side of the epitope peptide interacts with S2P6 via
residues F1148, L1152, Y1155, and F1156 with S2P6 antibody’s
HCDR1, HCDR2, and HCDR3, as well as LCDR1 and LCDR3.*
Mechanistically, S2P6 binding to viral S may disrupt the stem-
helical bundles and sterically block SARS-CoV-2 S fusogenic
rearrangements.”> Moreover, S2P6 binds to S protein with
comparable affinities in pre- and post-fusion conformations,
indicating that SH may be accessible in all S trimer conformations,
unlike the FP epitope, which is accessible only in the intermediate
conformation (Fig. 3b, c).>> Moreover, similar to that observed for
FP-targeted nAbs (e.g., VHOT1H1 and VP12E7), S2P6 exhibits full
neutralizing activity in the presence of TMPRSS2, however, is less
effective in the absence of TMPRSS2, suggesting that their binding
may be influenced by endosomal pH.>>> Indeed, the interaction
between S2P6 and S protein is pH-dependent, with the higher
binding affinity at serological-pH than at endosomal-pH, indicat-
ing that its entry-inhibition capacity may be decreased when virus
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entering into host cells via the endosomal pathway relative to the
membrane fusion route.>> Moreover, S2P6 does not compete with
anti-FP nAbs, such as COV44-62 or COV44-79, for spike binding,
indicating that a bispecific antibody that combines SH and PF
epig?_r;’)ses might exhibit more potent antiviral neutralizing activ-
ity

CC40.8—another anti-SH antibody—exhibited broad neutraliz-
ing activity against sarbecoviruses from clades 1a (PANG, SARS-
CoV-2, and its VOCs) and 1b (SARS-CoV, WIV1, and SHC014).>°
Despite the relatively low neutralizing potency against SARS-CoV-
2 PsVs, CC40.8 still exhibits potent protection against SARS-CoV-2
challenge in mice and hamster models.>® Structurally, the epitope
residues targeted by CC40.8 also adopt a helical structure
comprising residues Q;14,PELDSFKEELDKYFKNH;;50 which span
the hydrophobic groove formed by the CC40.8 paratope. Among
them, residues L1145, F1148, E1151, and Y1155 are the key
contact epitopes for antibody binding and neutralization.>®
Moreover, two possible neutralization mechanisms have been
described for CC40.8, in which antibody binding may conflict with
neighboring protomers, causing the stem-helical bundle fragmen-
tation in the pre-fusion state and therefore promoting premature
spike activation. Alternatively, antibody binding may clash with
the post-fusion conformation when superimposed, thus, hindering
the formation of the 6-HB fusion machinery.>® Notably, cross-
reactive nAbs targeting the CC40.8 SH epitope can be infrequently
induced following natural infection with HCoVs, relative to strain-
specific nAb responses.®*

Another mAb-CV3-25 can neutralize PsVs of SARS-CoV-2, its
VOCs, as well as SARS-CoV and WIV1 in vitro, with IC50s values of
0.1~0.8 ug/mL>” Unlike B-cell lineage-derived anti-SH mAbs,
such as S2P6 and CC40.8, which bind to the hydrophobic surface
of the amphipathic epitope, CV3-25 interacts with the relatively
solvent-exposed hydrophilic surface in a distinct S2 stem-helix
epitope that spans residues D;;53KYFKNHTSPDVDL, ¢, thereby
identifying an auxiliary vulnerability site on the pathogenic
B-CoVs.>” Interestingly, CV3-2 binding to the epitope peptide
almost exclusively depends on the heavy chain. In addition, the
alignment of the CV3-25-SH structure to the molecular dynamic
model of the full length S ectodomain suggests that the light
chain of CV3-35 likely interacts with residues in the downstream
region of SH and the initiation region of HR2, spanning
D116sISGINASVVN, 1,8, which differs from other SH reignition
mAbs.>’

Nowadays, hr2.016 is probably the most effective cross-
neutralizing human antibody of all identified SH-targeted nAbs
against PsVs of SARS-CoV-2 (with an IC50 of 10 ng/ml) and the
tested VOCs (with IC50s of 0.6 ~ 1082 ng/ml).>* Moreover, hr2.016
can effectively prevent SARS-CoV-2 infection in vivo. However, the
complex structure of hr2.016-SH has not been clarified. Notably,
ACE2-dependent enhancement of binding is observed in hr2.016-
spike interactions (2.3-fold for SARS-CoV-2, and about 5-fold for
the Omicron subvariants), suggesting that hr2.016 may recognize
different epitopes in the S conformational change or through an
induced fit mechanism at the binding interface.”*

Notably, Zhou et al. recently identified a large panel of cross-
reactive nAbs from vaccinated individuals that recognize a
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FP-targeted nAbs

COV44-62 (P812-K825)
COV44-79 (P812-F823)
VNO1H1 (R815-N824)
VP12E7 (R815-K825)
C77G12 (K814-F823)
76E1 (R815-K825)
Fp.006 (S813-K825)

SH-targeted nAbs

CC40.8 (Q1142-H1159)

hr2.016 (E1144-S1161)

S2P6 (D1146-H1159)

B6 and 1gG22 (S1147-F1156)

WS6 (F1148-K1157)

CC25.106, CC95.108, CC68.109,
CC99.1083, and CC95.102 (F1148-N1158)
28D9 and 1.6C7 (E1150-K1157)

CV3-25 (D1153-L1166)

SARS-CoV-2 pre-fusion

COV44-62 COV44-79 VNO1H1

VP12E7

S2P6 CC40.8 CC25.106

Cv3-25

Fig. 4 Broad-spectrum therapeutic nAbs targeting fusion peptide and stem helix. a S2 epitopes recognized by FP-targeted nAbs and SH-
targeted nAbs are listed along with the SARS-CoV-2 pre-fusion S protein (PDB: 6XR8). Helical fusion peptide region (R815-V826) is colored red,
and stem helix (P1140-S1161) is in green. b, ¢ The binding mode of each nAb to fusion peptide (b) or stem helix (c). Each nAb-epitope peptide
complex is aligned with the SARS-CoV-2 pre-fusion S protein (PDB: 6XR8) over fusion peptide (P812-V826, red) or stem helix (P1140-S1161,
palecygan). The nAbs-bound peptides in the complex are colored yellow (b) and red (c), respectively. The light chain of each nAb is colored in

gray, and the heavy chain is in a different color to distinguish

common hydrophobic SH epitope (F;4gKEELDKYFKN;5g) in the
52 fusion subunit of B-CoVs.”® These nAbs show potent cross-
neutralization against 3-CoVs, including SARS-CoV-2, the tested
VOCs, SARS-CoV, MERS-CoV, and various zoonotic sarbecov-
iruses. Among them, CC25.106, CC68.109 and CC99.103 can
effectively provide cross-protection in mice challenged with the
three HCoVs that cause deadly disease.®® Three hydrophobic
residues, F1148, L1152, and F1156, are the most critical epitope
residues for nAbs binding, which is the same as other reported
anti-SH nAbs (e.g., 52P6).°® Moreover, they found that the heavy
chains of these anti-SH nAbs were primarily derived from IGHV1-
46 (63%) and IGHV3-23 (19%) germline gene families, while the
light chains were encoded by IGKV3-20 (47%) and IGLV1-51
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(16%) germline genes. Notably, the broad neutralizing SH-
targeted antibodies, e.g.,, S2P6 and CC40.8, were also derived
from IGHV1-46 and IGHV3-23 germline gene families, respec-
tively. In addition, PPxF modification in CDR3 of the light chain
was essential for the broadly neutralizing SH-targeted antibodies
to neutralize multiple beta-coronaviruses. The structural analysis
results showed that there are two SH-binding modes for IGHV1-
46-encoded nAbs. The two modes were differentiated by the
light chain residues. Overall, their results reveal the molecular
basis of these anti-SH nAbs and enrich the common features of
antibody germline-encoded residues that are vital for SH-
targeting, which may guide and promote the design of the
pan-betacoronavirus vaccines.
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SH-targeted antibodies can be evoked during natural infec-
tion. A dominant linear epitope SH-peptide, F;;48KEELD-

KYFKNH, 5o, that is naturally recognized by serum antibodies
in ~90% of COVID-19 convalescents has been identified by Li
et al.® In addition, Altin et al. suggested that peptide
E1150ELDKYFK; 57 is the minimal linear epitope of stem helix
and is widely recognized in COVID-19 convalescence. Impor-
tantly, SARS-CoV-2 infection can induce antibodies to this
epitope that can cross-react with the pandemic and endemic
coronavirus S antigens.®® Moreover, a prior exposure to endemic
coronaviruses (e.g., HCoV-OC43 and HCoV-229E) could induce a
pre-existing immune response to the conserved SH epitope in
non-COVID-19 exposed donors.’® This is further supported by
the fact that a higher frequency of polyclonal nAbs targeting SH
region may reduce disease severity in COVID-19 donors.5>®

Anti-stem helix nAbs from immunized mice. WS6 was isolated
from a mouse immunized with SARS-CoV-2 S mRNA that can bind
to SH (F;14sKEELDKYFK5,).>° It can effectively prevent SARS-CoV-
2, all the VOCs and other tested sarbecovirus infections. The
neutralization mechanism of WS6 is similar to that of CC40.8.
Moreover, residues F1148, L1152, Y1155, and F1156 are critical
contact epitopes for WS6 binding and neutralization.>® In addition,
Shi et al. compared the epitopes of six anti-SH nAbs (e.g., S2P6,
CV3-25, 1gG22, CC40.8, B6, and WS6) and subsequently identified a
supersite of vulnerability.>® The majority of SH-targeted nAbs
could recognize this supersite of the vulnerable segment,
F114sKEELDKYF156.°° This stem-helical supersite is highly con-
served among sarbecoviruses, indicating a broad neutralization
activity of anti-SH antibodies at this site.>®

Other anti-SH nAbs (B6, 28D9, 1.6C7, and 1gG22) were identified
from mice immunized with MERS-CoV S antigen alone or in
combination with SARS-CoV S and/or HCoV-OC43 S antigens.°-52
They can recognize a similar epitope in the SARS-CoV-2 SH
(S1147FKEELDKYFK;157). Notably, they can cross-react with S
proteins of most human-infected B-COVs (SARS-CoV-2, SARS-
CoV, MERS-CoV, and HCoV-0OC43) and neutralize infection against
MERS-CoV PsV and/or authentic MERS-CoV. However, they do not
exhibit entry-inhibition activity against authentic SARS-CoV-2 and/
or SARS-CoV-2 PsV, except for 28D9 with a weak neutralizing
activity against SARS-CoV-2 PsV with an IC50 value of 45.3 ug/
mL.5%7%2 Notably, 9G22 can prevent MERS-CoV and SARS-CoV-2
challenges in vivo.®

Recently, a study reported that MERS-related bat coronaviruses,
including NeoCoV and PDF-2180, can utilize specific bat ACE2
orthologues rather than Dipeptidyl peptidase 4 (DPP-4, the
receptor of most merbecoviruses) as an entry receptor.’® Notably,
the NeoCoV PsV containing a T510F RBD mutation could
effectively enter into human ACE2 cells, suggesting a potential
zoonotic threat to humans. Although anti-RBD nAbs for SARS-CoV-
2 or MERS-CoV did not cross-neutralize PDF-2180 or NeoCoV, two
broad-spectrum SH-targeted nAbs (e.g, S2P6 and B6) can
effectively cross-inhibit PDF-2180, NeoCoV, and NeoCoV-T510F
PsVs entry into Bat40ACE2- or human ACE2 cells.®® In addition, the
sequence and structure of the helical FP between MERS-CoV and
PDF-2180 are highly conserved, suggesting that FP-targeted nAbs
may be also effective in preventing the potential PDF-2180
infection.®

It should be noted that the N-glycan site N1158 is present in SH.
The SH epitopes of most nAbs (e.g., S2P6, CC40.8, CV3-25, Hr2.016,
CC25.106, and CC95.108) (Fig. 4a) contain glycan residues at this
site. Despite of the glycan decorations, these nAbs still exhibited
potent neutralizing activities against SARS-CoV-2 prototype and its
variants. Structurally, most anti-SH nAbs bind to the unexposed
inner surface of the stem-helices (Fig. 4c), whereas N1158 residue
in SH is solvent-exposed and may not directly participate in nAbs-
SH interactions.***> The T1160A mutation could eliminate the
AsnHisThr  (NHT) N-glycosylation motif. The neutralization

SPRINGERNATURE

sensitivity of CC40.8 to the SARS-CoV-2 T1160A variant was only
slightly increased as compared to the wild-type virus, indicating
that the steric obstruction caused by N1158 glycan on SH region
was limited.>®

In conclusion, SH-targeted nAbs can be identified from COVID-
19 convalescents or vaccinated animals. In addition, they are
nearly all bind to the unexposed inner face rather than to the
helical region fully accessible in the prefusion structure with
different binding modes and varying orientations (Fig. 4c). These
nAbs exert cross-neutralization by disrupting pre-fusion S
conformation or sterically preventing 6-HB formation and blocking
membrane fusion (Fig. 3c), suggesting they are promising
candidate antibodies to combat the ongoing COVID-19 pandemic.
In addition, the conserved SH epitopes are potential targets for
the design of fusion inhibitors and next-generation vaccines
against SARS-CoV-2 variants, novel recombinant coronaviruses,
and potentially zoonotic coronaviruses. Drug combinations offer
numerous advantages over monotherapies, such as decreasing
drug dose, toxicity, and cost, as well as increasing therapeutic
effects. Thus, combination drugs targeting RBD and FP or SH may
effectively enhance broad-spectrum antiviral activity against pan-
sarbecoviruses, or pan-betacoronaviruses, or even pan-
coronaviruses.

PEPTIDIC AND PROTEINACEOUS FUSION INHIBITORS
INTERFERE WITH HR1-HR2 BUNDLE ASSEMBLY

HR2 binds to the exposed HR1 groove to form 6-HB, which is a
critical step in mediating virus entry into host cells. Consequently,
the HR1-HR2 interface is a prospective target for developing
broad-spectrum fusion inhibitors.

HR2-based peptides preventing the HR1-HR2 interaction
Theoretically, inhibitor peptides that are highly similar or identical
to HR2 can bind to the HR1 groove in the intermediate state of S
and effectively impede the HR1-HR2 interaction, thereby blocking
membrane fusion and virus entry (Fig. 3d). Here, we summarize
and discuss HR2-based peptides that interfere with HR1-HR2
bundle assembly (Table 3).

HR2P and unmodified-EK1 as broad-spectrum anti-coronaviral fusion
inhibitors. The first reported fusion inhibitory peptide against
HIV-1 infection was SJ-2176, designed based on the HR2 segment
of HIV-1 gp41.%° Subsequently, many peptide-based anti-corona-
viral fusion inhibitors derived from HR2 domain have been
reported, including the anti-SARS-CoV peptide (CP-1), anti-MERS-
CoV peptide (MERS-HR2P), and anti-SARS-CoV-2 peptide (2019-
nCoV-HR2P).”°”®* However, these HR2-based peptides exhibit
weak cross-inhibitory activities against heterologous HCoVs,
possibly due to the different length of HR1 sequences between
a-CoV and B-CoV.”* Following the screening of fusion inhibitor
peptides based on HR1 or HR2 derived from five HCoVs (SARS-
CoV, MERS-CoV, HCoV-0C43, HCoV-229E, and HCoV-NL63), OC43-
HR2P was selected due to its broad neutralizing activity (sub-
micromolar) against the tested HCoVs.”” In addition, EK1—the
OC43-HR2P peptide modified by E-K mutation to enhance
solubility and stability—exhibits an enhanced inhibitory activity
against the five HCoVs and certain SL-CoVs. Furthermore,
intranasal application of EK1, before or after viral challenge,
prevents HCoV-OC43 and MERS-CoV infections in mice.”® In
addition, EK1 effectively inhibits SARS-CoV-2 S-mediated mem-
brane fusion and pseudovirus infection with IC50s of 0.31 uM and
2.37 uM, respectively, showing the comparable inhibitory activity
to 2019-nCoV-HR2P.”>7® Moreover, EK1 can effectively neutralize
the Omicron pseudovirus infection with a sub-micromolar
IC50.7”7% Nasal administration of EK1 also prevents and treats
SARS-CoV-2 infection in mice; it also exhibits good safety profiles
in different animal models, even at high dosages.”®”® The complex
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structure of 6-HB formed by SARS-CoV-2 HR1 and EK1 indicates
that EK1 fits well into the groove formed by two adjacent HR1s,
thus probably blocking viral 6-HB formation and subsequent
preventing membrane fusion, further supporting the key role of
the HR1 groove as a viable antiviral target.”® Moreover, EK1 can
adapt well to the HR1 groove of different HCoVs and exhibit high
affinity to these HR1s, thus exerting broad inhibition activity
against various coronaviruses.”®

Yan et al. reported that EK1 with dual Q1004E/N1006] mutations
has an improved ability to bind to the HR1 groove, probably
enabling an enhanced efficacy against the COVID-19 infection
than primary EK1.”° Moreover, Yang et al. designed two HR2
peptides with 6 or 11 extended residues in the N-terminal region
of HR2 (longHR2_42 or longHR2-45, respectively) that were 100-
fold more potent than the reported short, unmodified HR2
peptide against SARS-CoV-2 infection.®’ The extended HR2
peptide (longHR2_42) inhibits pseudovirus infection of SARS-
CoV-2 Omicron and other VOCs with almost nanomolar 1C50s.%°
Thus, the N-terminal region of HR2 (or the C-terminal region of SH)
may offer new possibilities for the design of more potent fusion
inhibitors against SARS-CoV-2.2° Overall, the optimal length and
sequence for HR2-based fusion inhibitors warrant further inves-
tigation.

Importantly, Wang et al. reported that P3—the SARS-CoV-2 HR2
(11167-L1203) peptide—shows strong inhibitory activity against
authentic SARS-CoV-2 and its PsV with IC50s of 0.32 uM and
0.58 uM, respectively. In addition, P3 can prevent SARS-CoV-2
S-mediated cell-cell fusion®' Importantly, HY3000, the P3-
modified peptides, exhibit more potent cross-inhibitory activity
against pseudovirus infection with SARS-CoV-2 and its variants
(e.g., Alpha, Beta, Gamma, Kappa, Delta, and Omicron) (CN
114437184 B). Indeed, the efficacy of inhalable formulations of
HY3000 and EK1 against SARS-CoV-2 infection is currently being
assessed in clinical trials in China, which may provide new avenues
for the prevention or treatment of COVID-19 and the potential
emergence of novel coronaviruses or other zoonotic
coronaviruses.

HR2- and EK1-based lipopeptides as broad-spectrum anti-coronaviral
fusion inhibitors. The viral inhibitory activity of EK1 or HR2P
against SARS-CoV-2 was measured at micromolar concentrations
and was modest relative to the HIV-1 gp41 HR2 peptide, which
prevents HIV infection at nanomolar concentrations.®2%3 Given
that lipid-labelled peptides have an extended half-life and can
localize at high concentrations more readily where S-directed
membrane fusion occurs in the endosome or on the cell surface,
they can provide broader and more potent antiviral effects.®* This
was confirmed by an almost 1000-fold increase in the anti-MERS-
CoV effect using a lipid-modified peptide named MERS-CoV-HR2P-
M2.2% Hence, Jiang et al. designed EK1C4—EK1 modified with a
polyethylene glycol-conjugated (PEGylated) lipopeptide—that
inhibits SARS-CoV-2 S-mediated membrane fusion, pseudovirus
infection, and live virus infections with IC50s of 1.3, 5.7, and
36.6 nM, which are about 240-, 150-, and 67-fold more potent than
the original EK1 peptide, respectively.”® In addition, EK1C4 exhibits
enhanced cross-inhibitory activity against pseudovirus infection of
the five HCoVs and three zoonotic coronaviruses (WIV1, Rs3367,
and SHC014).”® EK1C4 also effectively inhibits infection caused by
SARS-CoV-2 variants, including Alpha, Gamma, and Omicron, with
nanomolar 1C50s in vitro.”””® Moreover, nasal administration of
EK1C4 protects against SARS-CoV-2 and HCoV-OC43 infections
with satisfactory safety profiles in vivo.”%”®

Zhu et al. also reported IPBO2—the original HR2 peptide
modified with a C-terminal cholesterol—that inhibits SARS-CoV-2
S-mediated membrane fusion and pseudovirus infection, with
IC50s of 31nM and 148 nM, respectively.®® In addition, IPB02
derivatives—the modified IPB02 peptides with a PEG8-linked
cholesterol—exhibit potent cross-inhibitory activity against the
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five HCoVs.2® Importantly, EK1V2 which was modified similar to
IPB02 derivatives exhibits an enhanced antiviral potency than EK1
or EK1C4.%

Notably, the dimeric HR2-modified lipopeptide, named
[SARSprc-PEG,l>-chol, that modified with two original HR2
peptides linked by PEG,-cholesterol-PEG,, shows an enhanced
cross-neutralizing activity (nanomolar) by blocking 6-HB formation
and preventing virus-host membrane fusion.?” In addition, daily
intranasal administration of [SARS,rc-PEG,],-chol provides com-
plete protection for ferrets against SARS-CoV-2 infection in vivo
through direct-contact transmission.®” This indicates that HR2-
based poly-peptides/lipopeptides may serve as a promising
intranasal prophylaxis to prevent SARS-CoV-2 transmission
in vivo.

Considering that PEG linkers might affect peptide stability or
elicit anti-PEG antibodies in vivo, EKL1C—EK1 with a de-PEGylated
lipopeptide—was designed.?®#° Although EKL1C shows enhanced
antiviral activity compared to EK1 against SARS-CoV-2, its VOCs,
other HCoVs, and zoonotic coronaviruses, its entry-inhibition
activity is still weaker than that of EK1C4.”7728 Moreover, EKL1C
protects against SARS-CoV-2 and HCoV-OC43 infections as a
prophylactic or therapeutic agent in mice.®® Importantly, EKL1C is
more resistant to proteolytic enzymes and has a higher
thermostability than EK1C4.2° Although, cholesterol-modified
peptides have not been approved for clinical applications, a
palmitic acid-based HIV lipopeptide vaccine was shown to be safe
and effective in phase 2 clinical trials.”® Another study reported
that 25-hydroxycholesterol (HC), the ideal safety profile as a
natural cholesterol metabolite in humans, shown potent antiviral
potency against HCoV-OC43 infection in vivo and in vitro.*"*?
Accordingly, Jiang et al. synthesized a palmitic acid-based
lipopeptide (EK1-C16) and 25-hydroxycholesterol-modified pep-
tide (EK1P4HC) that are effective on preventing infection caused
by SARS-CoV-2 VOCs, as well as the tested HCoVs and zoonotic
CoVs. 39

Taken together, HR2- and EK1-derived lipopeptides are promis-
ing candidates as broad-spectrum anti-coronaviral fusion
inhibitors.

Proteinaceous inhibitors blocking the HR1-HR2 bundle assembly
Fusion inhibitors based on the HR1 domain can theoretically block
virus infection by binding to HR2, and, therefore, preventing viral
6-HB formation (Fig. 3e). However, HR1-based peptides, including
SARS-CoV-HR1P, MERS-HR1P, and 2019-nCoV-HR1P, all fail to exert
an effective neutralizing activity.”"””>7>> This may be due to their
strong propensity to aggregate. Nevertheless, Dang et al.
designed HRTMFd—SARS-CoV-2 HR1 (E918-V952) linked with
the folded motif to form an HR1 trimer protein—that showed
moderate cross-neutralizing activity against SARS-CoV-2, its VOCs
(Alpha and Omicron), SARS-CoV, and MERS-CoV, albeit at
micromolar IC50s (Table 4).”

To improve stability and solubility, small recombinant proteins,
denoted 5-HB, comprising HR1 and HR2, with one HR1 groove
remaining unoccupied and capable of binding to one HR2, have
been successfully designed for HIV, MERS-CoV, and SARS-CoV-
249839597 The SARS-CoV-2 5-HB protein showed broad neutraliz-
ing activity against pseudovirus infections of SARS-CoV-2 and its
variants, as well as certain zoonotic coronaviruses, with picomolar
to micromolar IC50s (Table 4).* Although the entry-inhibition
efficacy of 5-HB is slightly weaker than that of HR2 or EK1, 5-HB
can bind to the pre-exposed HR2 domain in pre-S state, whereas
HR2 or EK1 only interact with the HR1 groove in the intermediate
state of S, not the pre- or post-fusion states of S (Fig. 3d, e).*° Thus,
as membrane fusion inhibitors, 5-HB protein may be a better
preventative candidate than HR2-based peptides.** Mechanisti-
cally, 5-HB protein provides an extended hydrophobic groove to
accommodate HR2, thereby preventing viral 6-HB formation, thus
impeding membrane fusion. Notably, 5-HB binds to HR2 at
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serological and endosomal pH with a similar binding affinity,
probably indicating its entry-inhibition capacity may not be
affected when SARS-CoV-2 enters via a membrane fusion pathway
or an endosomal route.** In addition, Liu et al. also reported a
similar SARS-CoV-2-5-Helix protein that prevents infection with
authentic SARS-CoV-2 and the Delta variant, with sub-micromolar
IC50s (Table 4).°°> Collectively, these studies suggest that 5-HB
protein may serve as a promising broad-spectrum antiviral fusion
inhibitor.*>*>

Lectin griffithsin (GRFT), comprising 121 amino acids, is an anti-
HIV microbicide that is currently in clinical trials for HIV prevention.
In addition, GRFT exhibits a high affinity for mannose recognition
and broad-spectrum antiviral activity.”® Meanwhile, GRFT can
prevent SARS-CoV and SARS-CoV-2 infections by interacting with
glycosylation sites in the S1 subunit, potentially the RBD
region.’®'% Cai et al. showed that GRFT, combined with EK1,
exerts excellent synergistic inhibitory activity against SARS-CoV-2
infection.”® Moreover, a recombinant protein, GRFT-L25-EK1
(GL25E), exhibits more potent neutralizing activity against SARS-
CoV-2 and its VOCs, as well as the five HCoVs, compared with
GRFT or EK1 alone (Table 4)."°" In addition, the cost of
manufacturing GL25E with an E.coli expression system at a large
scale is more economical than the synthesis of cholesterol-
conjugated EK1 lipopeptides, such as EK1C4, EKL1C, and EK1-C6.
As such, GL25E has better prospects for developing clinical drugs
to prevent and treat COVID-19 and other coronaviruses.'®' To
increase the half-life of EK1 in vivo, Duan et al. engineered a
recombinant protein, named FL-EK1, comprising a modified
fibronectin type domain (FN3) with reversible albumin-binding
ability linked to EK1.'° Similar to EK1, FL-EK1 exhibits cross-
neutralizing activity against SARS-CoV-2, the tested VOCs, as well
as HCoV-OC43 in vitro, albeit with slightly enhanced inhibitory
activity compared to EK1 alone (Table 4)."% Moreover, FL-EK1
protects mice from the Delta variant and HCoV-OC43 challenge
in vivo. Notably, the half-life of FL-EK1 was 15-fold longer than that
of EK1 in a mouse model, suggesting that it has a better
pharmacokinetic profile and is a promising long-acting antivir-
als.’®2 Overall, owing to the longer half-life and lower cost of large-
scale production of proteinaceous drugs, compared with peptidic
drugs, strategies to enhance the pharmacokinetic properties of
anti-CoV proteinaceous inhibitors, such as IgG Fc-binding peptide
conjugation and IgG Fc-bivalent proteins, warrant further
investigation.

Overall, these fusion inhibitors (e.g., nAbs, 5-HB proteins, and
HR2- or EK1-based peptides/lipopeptides) could exhibit different
antiviral mechanisms by interacting with the targetable S2 fusion
elements (the FP, SH, and HR1-HR2 bundle) in distinct conforma-
tions of S protein (Fig. 3). Anti-FP nAbs can bind to the uncovered
S2’ site and FP in the intermediate S protein, inhibiting S2’
cleavage and/or preventing FP insertion into the host cell
membrane. Anti-SH nAbs are expected to bind to SH in pre-S,
probably disrupting the SH three-helical bundles and sterically
block SARS-CoV-2 S fusogenic rearrangements. HR2/EK1-based
peptides bind to the HR1 groove in the intermediate state of S and
5-HB protein bind to HR2 in pre-S trimer. All would impede 6-HB
formation to prevent membrane fusion. During the endocytosis of
viral particles, the entry-inhibition activity of anti-FP and anti-HR1
inhibitors may be influenced due to the relatively low concentra-
tion within the endosome. However, HR2- and EKI1-derived
lipopeptides may have remained active during the endocytosis of
virions, since they can be more readily localized at high
concentrations where S-directed membrane fusion occurs, even
in the endosome. Moreover, SH- and HR2-targeted inhibitors can
pre-bind virions floating outside of the plasma membrane, and thus
could exhibit an effective neutralizing activity during the endocy-
tosis of viral particles, thereby providing a longer binding window
for preventive therapy relative to anti-FP and anti-HR1 inhibitors.
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SMALL-MOLECULE COMPOUNDS THAT BLOCK THE HR1-HR2
INTERACTION

Compared with bio-macromolecule drugs, most small-molecule
compounds have the advantage of lower cost, higher oral
bioavailability, higher adherence, higher stability and more ease
of transportation and storage, making them a promising
candidate for clinical applications. Currently, many broad-
spectrum compounds (e.g., Remdesivir, Molnupiravir, VV116, and
Azvudine) have already been approved for the treatment of
COVID-19 by targeting SARS-CoV-2 RNA-dependent RNA poly-
merase (RdRp).'®*7'%® In addition, several candidate compounds
are undergoing clinical trials that could enrich anti-COVID-19
drugs.'® Moreover, small-molecule compounds reportedly pro-
tect against SARS-CoV-2 infection by blocking the HR1-HR2 bundle
assembly, paving a potential way for screening and designing
broad-spectrum antiviral inhibitors.

Pu et al. synthesized a series of small-molecule compounds
FD0O01 to FDO012. FDOOT1, for instance, exhibits broad-spectrum
antiviral activity against pseudovirus infection mediated by SARS-
CoV-2 and its VOCs as well as MERS-CoV and SARS-CoV, with sub-
micromolar 1C50s.'% In addition, FD0OO1 and its analogues
effectively inhibit infection caused by authentic SARS-CoV-2 and
Delta, with 1C50s of 13 ~410nM, which are similar (Delta) or
superior (SARS-CoV-2) to remdesivir.'® Mechanistically, FDOO1
and its analogues are proposed to interfere with the HR1-HR2
bundle formation and/or to target the virus membrane to
inactivate cell-free virions.'®

Salvianolic acid (Sal-C)—a hydrophilic compound isolated from
the traditional Chinese medicine, Danshen—exhibits potent
antiviral activity against SARS-CoV-2 pseudovirus and authentic
SARS-CoV-2 infections with 1C50s of 3.85 uM and 341 uM,
respectively.'®” In addition, Sal-C may impede the 6-HB fusion core
assembly by interacting with residues S940, T941, A942, L945,
K947, L948, and Q949 in the conserved hydrophobic pocket of the
SARS-CoV-2 HR1 groove.'” Moreover, Davide Gentile et al. also
confirmed the efficacy of Sal-C in preventing SARS-CoV-2
infection. They demonstrated the importance of the interaction
between Sal-C and residues (K933 and K947) for occupancy of the
hydrophobic pocket.'®®

Umifenovir (Arbidol)—a broad-spectrum anti-influenza drug—
has been used clinically in Russia and China with good efficacy
and safety. It blocks influenza virus entry into host cells by
disrupting virus-mediated membrane fusion.'® More specifically,
Arbidol binds to the hydrophobic cavity of the HA trimer and
inhibits pH-induced post-fusion conformational transition related
to membrane fusion.'’® Recently, studies have reported that
Arbidol is useful for treating SARS-CoV, MERS-CoV, and SARS-CoV-
2 infections.""""'? Molecular dynamics and structural analysis
revealed that Arbidol interacts with residues in the central CH-HR1
helix via hydrogen bonding and van der Waals forces.'”® Thus,
Arbidol could effectively interfere with the trimerization of the
SARS-CoV-2 S protein, which is critical for virus entry."'® Another
study reported that Arbidol effectively prevents SARS-CoV-2
infection with an IC50 value of 4.11uM by blocking viral
attachment and releasement from endolysosomes.''* Further-
more, a retrospective cohort study reported that post-exposure
prophylactic application of Arbidol is related to a reduced risk of
COVID-19 infection in hospital and community settings.''® That is,
a clinical trial reported that Arbidol markedly accelerates the
negative conversion rate of SARS-CoV-2 and improves the
recovery of COVID-19 patients."'® Moreover, Arbidol combined
with lopinavir/ritonavir improves the negative conversion rate
for coronaviruses and chest computed tomography scans
compared with lopinavir/ritonavir alone."”” However, a retro-
spective study suggested that additional Arbidol does not
enhance prognosis, or facilitate viral clearance, in non-Intensive
Care Unit patients.''® Therefore, understanding the potential
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drug targets and action-mechanisms of Arbidol may guide the
future design of new antivirals.

Moreover, certain Food and Drug Administration-approved
drugs reportedly help combat SARS-CoV-2 infection. For example,
Posaconazole, an antifungal drug, can inhibit SARS-CoV-2 and its
variant infections. It can bind to the conserved “E1182-L1186L-
L1193” motif located in HR2 with high affinity, thereby interfering
the 6-HB fusion core formation and then blocking membrane
fusion.'™ In this way, Posaconazole can serve as a broad-spectrum
fusion inhibitor against the ongoing SARS-CoV-2 variants.'"”® In
addition, itraconazole and estradiol benzoate could interact with
the HR1 of several HCoVs, including SARS-CoV-2, SARS-CoV, and
MERS-CoV, and exhibit broad neutralizing activity in vitro.'*°
Meanwhile, biflavone-based anti-HIV drugs, such as hinokiflavone
and robustaflavone, could prevent SARS-CoV-2 S-mediated virus
entry by blocking the HR1-HR2 interaction.'?'

Recently, a fluorescent polarization detection method based on
5-HB protein and HR2 that mimics 6-HB formation during virus-
host membrane fusion was used to evaluate and screen small-
molecule fusion inhibitors against SARS-CoV-2.'*> However,
attempts to identify anti-SARS-CoV-2 fusion inhibitors have been
unsuccessful, largely due to the small size of compounds library
used. Although this approach has identified small-molecule
compounds targeting the HIV fusion core, their effects on
neutralizing virus infection are relatively moderate, with 1C50s of
18 ~38 puM.'>® Future attempts for isolation of small-molecule
inhibitors targeting SARS-CoV-2 fusion core might, therefore,
require optimized screening systems and/or expand small-
molecule libraries.

Taken together, these studies suggest that small-molecule
compounds that block 6-HB formation have the potential to treat
or prevent the emerging COVID-19 infection. Moreover, the
screening of antiviral small-molecule inhibitors based on 6-HB
fusion core structure may be ideal and feasible for novel
coronaviruses.
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Intranasal application of GL25E can
prevent and treat infection in mice
challenged with HCoV-OC43 and SARS-
CoV-2 Delta variant

challenged with HCoV-OC43
Intranasal application of FL-EK1 can

Protective efficacy
prevent and treat infection in mice

N.A
N.A
N.A.

IC50s of Live
coronaviruses (nM)

N.A.

SARS-CoV-2: 293,
Omicron: 279
SARS-CoV-2: 29.8, HCoV-
177.2

SARS-CoV-2: 25.3, Delta:
281.2, HCoV-0C43: 207

VACCINES BASED ON THE SARS-COV-2 S2 FUSION SUBUNIT
The emergence and rapid dominance of Omicron sub-lineages
(BA.2, BA.4/5, BA.2.12.1, XBB, and BQ.1) show striking immune
evasion against most antibodies and vaccines."**'*® This has
required rapid updating of vaccine S antigen strategies to adapt to
the ongoing antigenic drift pressure. Notably, the targetable
S2 subunit has been shown to harbor promising cross-reactive
antibody epitopes for the design of broad-spectrum vac-
cines.>®127:128 Racently, a membrane-bound SARS-CoV-2 S2 (686-
1211) DNA vaccine was shown to induce cross-reactive nAbs in
mice that neutralize various animal and human a- and B-CoVs
(including the Omicron subvariants) in vitro and to provide certain
degree of protection against SARS-CoV-2 challenge in vivo.'?
Moreover, another study has also reported that a multivalent S2
nanoparticle-based vaccine can induce cross-reactive antibodies
and provide effective protection against SARS-CoV-2 variants and
PANG/GD challenges in vivo."*°

HCoV-NL63: 0.5, HCoV-229E: 1.8, HCoV-OC43: 0C43: 0.2, HCoV-229E:

WT: 1230, Alpha: 2350, Omicron: 1060, SARS- N.A.
0.15

CoV: 2130, MERS-CoV: 2860
Lambda: 88.5, Eta: 179.2, Kappa: 230.9, HCoV-

WT: 590, Beta: 3080, Omicron: 1630, Kappa:
0C43: 1593

3250, Delta: 2660, RaTG13: 2510, PANG/GD:
1.0, SARS-CoV: 1670, WIV1: 2460, HKU3: 1.0
WT: 243, Alpha: 363.6, Beta: 169.7, Gamma
(P.1): 141.8, Delta: 368.9, Omicron: 140.7,
WT: 90.6, Alpha: 114.5, Beta: 201.2, Gamma
(P.1): 373.1, Delta: 133.0, Omicron: 297.5,

lambda: 238.2
WT: 8.7, SARS-CoV: 62.1, MERS-CoV: 0.2,

IC50s of pseudotyped coronaviruses (nM)

IC50s of viral S-mediated cell-cell
fusion (nM)

MERS-CoV: 4.9, HCoV-NL63: 0.40,
HCoV-229E: 0.33, HCoV-OC43:

SARS-CoV-2: 4.4, SARS-CoV: 30.1,
0.27

SARS-CoV-2: 630
SARS-CoV-2: 127
SARS-CoV-2: 68.5
HCoV-0OC43: 398.2

WT: 740

Vaccines design based on the conserved fusion peptide epitope
Universal vaccine candidates against highly variable pathogenic
viruses, including HIV-1 and influenza, have been guided based on
the conserved FP region recognized by a broad-spectrum
nAb."3"132 It follows that cross-reactive vaccines containing the
conserved FP epitope across the coronavirus subfamily can induce
the generation of FP-specific nAbs that might help to resist viral
escape.”**"** |n addition, FP vaccines based on SARS-CoV-2 and
porcine epidemic diarrhea virus (PEDV, a a-CoV subgenus
belonging to Pedacovirus) have been shown to provide similar
clinical protection against PEDV challenge in a porcine model.'*
Moreover, receptor-induced FP exposure may be blocked by
prefusion-stabilizing 2P mutations, indicating that current mRNA

HR1-HR2-HR1-HR2-HR1-
His (HR1:L922-Q965;
HR2: D1165-G1204)

HR1-HR2-HR1-HR2-HR1-
GRFT-(G4S)5-EK1

HR1(E918-V952)-Fd
His (HR1:E918-L966;
HR2: D1168-L1203)
FN3-Linker-EK1

Proteinaceous inhibitors blocking the HR1-HR2 interaction
Constructs

WT, wild type (of SARS-CoV-2). N.D., indicates below neutralizing threshold. N.A., not application. Fd, T4 foldon

HRTMFd
5-HB-H2
SARS-CoV-2-

Table 4.
Name
5-Helix
GL25E
FL-EK1
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vaccines may require further optimization to induce antibody
responses against FP.'*® Therefore, immunogens that reveal the
FP epitope may elicit more potent cross-reactive nAbs and can be
used as probes for vaccine design. Notably, cross-reactive CD4" T
cell immunity to SARS-CoV-2 may be provoked by highly
conserved FP, suggesting that these cells may provide intramo-
lecular assistance for FP-targeted antibody production.'’
Overall, these findings indicate that the targetable FP epitope
may guide the design of pan-coronavirus vaccines. Thus, further
understanding of the dynamic change of FP structure and the
mechanism of interaction between FP and host cell membrane is
critical for making clear the key process involved in virus entry,
which may promote the development of structure-based FP
immunogen design and the screening of FP-based antivirals.

Vaccines design based on the conserved HR bundle

The HR1-HR2 bundle is also an alternative targetable S2 element
for vaccine design. For example, Ma et al.'*® developed covalently
conjugated nanoparticle vaccines displaying either SARS-CoV-2
RBD or RBD-HR (HR1-HR2) on the surface."*® Notably, the RBD-HR
chimeric nanoparticle vaccine could elicit higher titers of HR-
specific nAbs, providing cross-protection against diverse human a-
and B-CoV PsVs relative to the RBD nanoparticle vaccine.'* In
particular, the RBD-HR nanoparticle vaccine induces more potent
cross-reactive T-cell and B-cell immune responses against variable
CoVs, laying a foundation for developing universal CoV vac-
cines.”® Notably, their results suggest that the widespread
neutralization of nanoparticle vaccine may be modulated by S2-
based antibodies.'*® Another study also reported a novel subunit
vaccine, RBD-HR/trimer, that directly links SARS-CoV-2 RBD and HR
(HR1-HR2) in a tandem manner and automatically assembles into
a trimeric recombinant RBD/HR protein. The RBD-HR/trimer
vaccine produced potent nAb responses against SARS-CoV-2
and the tested VOCs in vitro and provided protection against
Omicron and Delta challenges in vivo.'*

More recently, Pang et al. designed a variant-proof SARS-CoV-2
S2 subunit vaccine, HR121, that targets the more conserved HR1
domain of the S2 subunit.'*’ The recombinant HR121 antigen
comprises HR1-HR2-HR1 and forms a stable asymmetric 6-HB
conformation via the HR121 dimer, with two surface grooves formed
by two adjacent HR1s remaining unoccupied, thereby providing two
possible binding sites for exogenous HR2 in the intermediate state of
S."*! Importantly, high titers of cross-reactive nAbs were induced in
both HR121-immunized rabbits and rhesus monkeys. This prevented
infection with SARS-CoV-2 and the Omicron BA.2 variant in vitro and
in vivo.""" Notably, HR121 vaccination produced potent nAb
responses in human ACE2 transgenic mice, Syrian golden hamsters,
and rhesus monkeys, providing nearly complete protection against
ancestral SARS-CoV-2 infection, as well as effective protection against
the Omicron BA.2 variant infection in Syrian golden hamsters.'"’
Notably, HR121, which possesses the HR1 groove, is a better vaccine
antigen than HR12 that designed with the intact 6-HB scaffold.
Although the binding Ab titers elicited by the HR121 antigen were
nearly 7.5-fold lower than those elicited by the HR12 antigen, they
were more potent in neutralizing SARS-CoV-2 pseudovirus infection
in immunized rabbits, with 34.4-fold higher than those elicited by
HR12, indicating that Abs targeting the HR1 groove may be more
effective against SARS-CoV-2 infection.'!

Collectively, cross-reactive nAbs that recognize the targetable
HR bundle, hold promise for the development of HR-based
universal vaccines. In particular, HR121 is a promising variant-
proof COVID-19 vaccine candidate for providing a novel cryptic
epitope to combat pan-coronaviruses.

SARS-COV-2 S-SPECIFIC T CELL RESPONSES
Virus-specific humoral immunity and cellular immunity exhibited a
strong synergistic effect in protecting the host from virus
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infection.'?'*® This adaptive immune response was reliant on B
cells for producing antibodies, as well as on T cells for alleviating
virus-infected cells (CD8" T cells) and inducing helper and effector
functions (CD4™ T cells), all of which are critical to the success of
SARS-CoV-2 vaccines.'*? Memory T cells combined with antibody
responses to form the basis of protective immunity against SARS-
CoV-2."**1% |n addition, protective nAbs may wane within months
after infection or vaccination, whereas coronavirus-induced
memory T cells can be maintained for decades and durably
persist within humans.'*61%%

SARS-CoV-2-specific CD4" and CD8" T cell responses can be
induced following SARS-CoV-2 infection or vaccination,'*” 149130
These functional T cells play a potential role in reducing COVID-19
disease severity and in providing antiviral protection.'#*'>'"1%3
The early production of functional SARS-CoV-2-specific T cells is
related to mild COVID-19 and enhanced viral clearance.'*® One
previous study reported that circulating SARS-CoV-2-specific CD4 ™"
and CD8" cells were detected in 100% and 70% of COVID-19
recovered patients, respectively.'>* The SARS-CoV-2-specific CD4™
T cell responses to spike were closely related to the magnitude
titers of anti-SARS-CoV-2 S antibodies, because CD4™ T cells would
contribute to B cell-mediated antibody production.’** In addition,
SARS-CoV-2 S-specific CD4" T cells can be identified in 40 ~ 60%
of SARS-CoV-2-unexposed individuals, indicating cross-reactive T
cell recognition between SARS-CoV-2 and human endemic
coronaviruses (e.g., 229E, 0OC43, HKU3, and NL63).'** SARS-CoV-2
S-specific CD4" T cells from uninfected individuals primarily react
against the S C-terminal epitopes of SARS-CoV-2 and human
endemic coronaviruses, suggesting that S2 subunit may con-
tribute to stimulating the production of pre-existing cross-
protective CD4™ T cells.'”

COVID-19 vaccines can elicit the generation of SARS-CoV-2
S-specific CD4" and CD8" memory T cells."*® A previous study
reported that SARS-CoV-2 S-specific memory T cells derived from
the ancestral strain exposed to donors or vaccinees could
effectively recognize the spike of the variants. Notably, 93%
(CD4™) and 97% (CD8™) of T cell epitopes are highly conserved
across these variants, suggesting that mutations in these variants
would unlikely disrupt the total SARS-CoV-2 T cell reactivity.'>® Six
months post-vaccination, 84% (CD4%) and 85% (CD8™") of memory
T cell responses induced by SARS-CoV-2 vaccines were preserved
against Omicron, whereas Omicron RBD-specific memory B cells
were reduced.’”” The median 11 (CD4") and 10 (CD8™) of spike-
specific T cell epitopes were recognized by each vaccinated donor,
with average preservation being more than 80% for Omicron.'®’
Notably, some highly conserved spike-specific CD4" T cell
epitopes were located in the targetable S2 elements, such as
Koz1LIANQFNSAIGKIQo3s in HR1, SgiFIEDLLFNKVTLADgs, in FP,
L1141QPELDSFKEELDKY 155,  D1146SFKEELDKYFKNHT; 160 and
T1136VYDPLQPELDSFKE 150 in SH.”” Another study reported
dominant T cell epitopes for robust spike-specific responses
induced by two vaccine doses. The Lg;;LFNKVTLAg,o (located in
FP) and V576LNDILSRLog, (located in HR1) epitopes of CD8" (HLA-
A"02:01) T cells from the ancestral strain were 100% and 97.6%
conserved, respectively, across the indicated SARS-CoV-2 VOCs.'*®

Overall, functional SARS-CoV-2 S-specific T cells play an
important role in the recognition of virus-infected cells and
inducing a protective immune response against COVID-19.

PROSPECTS AND CONCLUSIONS

This current review summarizes the most recently developed
broad-spectrum fusion inhibitors and vaccine candidates target-
ing the conserved fusion elements in SARS-CoV-2 S2 subunit. In
particular, we highlight the role of the more targetable S2
elements, including the fusion peptide, HR1-HR2 bundle, and stem
helix region, in antibody recognition and antiviral design. More-
over, we provide a detailed summary of the characteristics and
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action-mechanisms for each class of cross-reactive fusion inhibi-
tors (e.g., nAbs, peptides, proteins, and small-molecular com-
pounds), which have the potential to further enrich the family of
antiviral drugs and should guide and promote future design of S2-
based vaccines.

Novel S2-based fusion inhibitors also need further study, such as
nanobodies and aptamers, that can specifically recognize antigen
epitopes with high affinity.”**'®® Numerous studies have reported
that nanobodies and aptamers can effectively neutralize SARS-CoV-2
infection by blocking the RBD-ACE2 interactions.'®''®* Due to their
small size and unique conformation, they are more likely to bind the
cryptic epitopes that are usually inaccessible to conventional
antibodies. Hence, they have the potential to perform more potent
cross-neutralizing activity to combat coronavirus infections, relative to
the large-sized nAbs. In addition, 5-HB and HR121 can mimic the
theoretical HR1 groove that only exposed in intermediate state of S
and serve as effective immunogens for immunizing camelid/alpaca to
obtain nanobodies, as well as baits for screening aptamers that inhibit
6-HB formation. Thus, it is feasible to screen anti-S2 nanobodies or
aptamers with potent cross-inhibitory activity against future outbreaks
of novel coronaviruses.

S2-based vaccines might also be promising candidates for the
design of cross-reactive pan-coronavirus vaccines. However, the
relatively low immunogenicity of the S2-based antigens remains a
limited factor. N-glycan or other segments of the trimeric S protein
may cover the neutralizing epitope, making it difficult to recognize
by the immune system. It is important to consider the effects of
glycosylation or cryptic epitopes when designing broad-spectrum
SARS-CoV-2 vaccines. Therefore, novel adjuvants (e.g., cGAS-STING
stimulator) that adequately stimulate immune response to the S2-
antigens and different antigen-presentation strategies (e.g.,
mosaic nanoparticle) that present multi and repeat antigens as
well as S2-based vaccine with glycan-site deletion that fully
exposes more conserved epitopes should be considered.'®>7"%° In
this way, the vaccine might be more immunogenic and provide
stronger cross-protection.

Overall, the conserved neutralizing elements (the FP, SH, and
HR1-HR2 bundle) are promising targets for the design of cross-
reactive fusion inhibitors or vaccine candidates to combat the
current COVID-19 pandemic as well as the future outbreak of
novel human coronaviruses and potential spillover of zoonotic
coronaviruses.
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