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SUMMARY

Most viral vaccines are based on inducing neutralizing antibodies (NAbs) against the virus envelope or spike
glycoproteins. Many viral surface proteins exist as trimers that transition from a pre-fusion state when key
NAb epitopes are exposed to a post-fusion form in which the potential for virus-cell fusion no longer exists.
For optimal vaccine performance, these viral proteins are often engineered to enhance stability and presen-
tation of these NAb epitopes. The method involves the structure-guided introduction of proline residues at
key positions that maintain the trimer in the pre-fusion configuration. We review how this technique emerged
during HIV-1 Env vaccine development and its subsequent wider application to other viral vaccines including
SARS-CoV-2.
INTRODUCTION

Vaccines are a crucial component of humankind’s fight against

infectious diseases, particularly pathogenic viruses. This has

been underscored in the past 12 months, when a new virus, se-

vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

has triggered a pandemic. More than 100 million people are

now known to have been infected, and well over 2 million have

died. But the world’s scientific resources have also been mobi-

lized to create, evaluate, and produce multiple vaccines with un-

precedented speed and magnitude. There are now substantial

indications that these vaccines may significantly curb the

pandemic during 2021. The speed of the international response

was based on the repurposing of existing vaccine technologies.

All the leading candidates rely wholly or in substantial part on the

ability of the SARS-CoV-2 spike (S) protein to stimulate the pro-

duction of virus neutralizing antibodies (NAbs) (Graham et al.,

2019; Krammer, 2020; Klasse et al., 2021; Moore and Klasse,

2020). For optimal performance, the S protein is almost always

engineered to increase its stability, its yield during production

processes, and its presentation of key NAb epitopes. The stabi-

lization method used involves the structure-guided introduction

of proline substitutions in specific positions that sustain the S

protein in the pre-fusion trimeric form. Here, we review how

this technology originated in research on HIV-1 envelope (Env)

glycoprotein trimers and was then exploited to create improved

versions of Env-protein vaccines against other viruses, including

but not limited to respiratory syncytial virus (RSV) and SARS-

CoV-2.

How class I fusion proteins function
Enveloped viruses such as HIV-1, SARS-CoV-2, RSV, and

others fuse at the cell surface or within endosomes in a pro-

cess that is triggered when their Env (S) proteins, known as

class I fusion proteins, bind to one or more cell surface recep-

tors (Kielian, 2014). Although each family of viruses has
evolved its own mechanism of receptor engagement, there

are common elements to the events that then drive the fusion

of virus and cell membranes and initiate cellular infection. The

class I fusion proteins are trimers, each of which comprises a

receptor-binding subunit attached to a fusion-mediating sub-

unit, such that the complete entity is a trimer of heterodimers

(Kielian, 2014; Murin et al., 2019). The fusion-mediating sub-

unit is anchored to the virus via a membrane-spanning

domain. Once assembled and processed by a furin (or some-

times another) protease within the cell, the fusion proteins are

maintained in a metastable state known as the pre-fusion

conformation (Figure 1). In simplistic terms, the receptor-bind-

ing subunit overlays its fusion-mediating counterpart and

temporarily locks it into an energetically unfavorable confor-

mation. However, when the receptor-binding subunit engages

the appropriate cellular receptor(s), its structure alters in a way

that releases the fusion-mediating subunit to itself undergo

profound conformational changes (Figure 1). A hydrophobic

region at the N terminus of the fusion-mediating subunit now

becomes accessible and can insert into the cell membrane,

thereby creating a protein linkage between the virus and cell

membranes. The release of pent-up energy is sufficient to

pull the two membranes together in a way that allows them

to fuse. The fusion protein subunits are now in their post-

fusion conformations (Kielian, 2014).

These substantial rearrangements within and among the sub-

units of the class I fusion proteins can only occur if the pre-fusion

trimer is metastable. An over-tight association between the sub-

units would not allow receptor engagement to drive the confor-

mational changes necessary for virus-cell fusion. However, the

transition to the post-fusion form can occur spontaneously

(i.e., without receptor triggering). When this happens, the ability

to drive virus-cell fusion is lost, and the post-fusion proteins

trigger antibody responses that are unwanted or worse (see

below). Virus evolution creates a ‘‘sweet spot,’’ a trimer with

just the right degree of stability. Unfortunately, in doing so,
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Figure 1. The influenza HA and HIV-1 and
class I fusion proteins
Upper panels: structural models of the pre-fusion,
intermediate, and post-fusion forms of the influenza
HA trimer usingPDBcoordinates4UNW,6Y5K, and
1QU1. The prolines that block HA function (Qiao
et al., 1998) are indicated in red in the right panel.
The prolines are proposed to block the formation of
the long helices that are present in the intermediate
and post-fusion conformations. Lower panels:
structural models of the pre-fusion and post-fusion
forms of the full-length HIV-1 Env trimer and the
recombinant BG505 SOSIP.664 trimer are shown,
as indicated, using PDB coordinates 5FUU, 2EZO,
and 6VO1. On one protomer of each trimer, the key
helical regions in the gp41 fusion-subunit are high-
lighted in turquoise (HR1) andmagenta (HR2). In the
post-fusion form, the previously separated short
segments of HR1 and HR2 have been brought
together into long helices.On theSOSIP.664 trimer,
the position of the I559P substitution is marked in
red. It is located in an unstructured region that links
two helical elements of HR1, and hinders their
transition to the longer helix when the fusion po-
tential of the trimer is activated. Accordingly, the
trimer is stabilized in the pre-fusion configuration.
The figure was generated by Philip Brouwer.
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evolution also creates substantial problems for the designers of

vaccines based on the class I fusion proteins.

The class I viral fusion proteins are vaccine candidates

because they present epitopes for virus-NAbs (Murin et al.,

2019; Ward and Wilson, 2017). For many viruses, they are in

fact the only target for NAbs. When used as immunogens, they

are intended to induce NAbs that, in turn, will bind to the same

proteins on the virus surface, impairing their functions and

neutralizing infectivity. Most NAb epitopes are located on the

receptor-binding subunits, andNAbs often, but not always, inter-

fere with receptor binding. In most cases, the relevant NAb epi-

topes are displayed optimally or only when the trimer is in its

pre-fusion conformation. Conversely, post-fusion or other, aber-

rant protein conformations induce mostly non-neutralizing anti-

bodies (non-NAbs) that have no or limited protective capacity.

In some cases, non-NAbs can even be harmful. Thus, clinical tri-

als of RSV vaccines in the 1960s had to be terminated because

vaccinated infantsmore frequently developed severe disease af-

ter subsequent infection compared to controls, and two young

children died from RSV infection as a consequence. The pro-

posed mechanism involves the induction of non-NAbs resulting

in immune complex deposition and complement activation

(Browne et al., 2020; Graham, 2020). It follows, then, that RSV

vaccines and, by extension, others based on class I fusion pro-

teins are best based on trimers that are in the pre-fusion config-

uration (Graham, 2016; Graham et al., 2019). But herein lies the

problem: the metastable nature of the pre-fusion trimer means

that it is very difficult to produce in the vaccine context, particu-

larly when expressed as a recombinant protein. Put simply, the

trimer undergoes spontaneous conformational changes and de-
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cays into the post-fusion form far too

rapidly to be useful. Usually, the various

subunits simply dissociate, leaving too

few pre-fusion trimers to work with and a

considerable quantity of unwanteddebris.
Overcoming this obstacle requires the application of protein-en-

gineering methods intended to create stable mimics of the pre-

fusion trimer that present key NAb epitopes with appropriate fi-

delity. A related goal is to minimize the immunogenicity of prob-

lematic epitopes for non-NAbs.

The HIV-1 Env SOSIP trimer is the prototype proline
protein
The HIV-1 Env trimer was the first to be engineered for increased

stability as a recombinant protein. Recombinant Env/S proteins

are often produced in secreted form by eliminating the trans-

membrane and internal regions that normally link the trimer to

the virus (or, in this context) the producer cell membrane.

Secreted, soluble proteins are produced in higher yields and

are far more straightforward to purify. However, the truncation

procedure further destabilizes the pre-fusion HIV-1 Env trimer,

which almost immediately disintegrates into its gp120 and gp41

subunits. Eliminating the protease cleavage site between

gp120 and gp41 to keep these subunits covalently linked was

initially considered to solve this problem, but it became apparent

that themodified recombinant trimer did not appropriately mimic

the native, virion-associated form (Ringe et al., 2013). Thus, an

alternative approach was developed that allowed and embraced

furin cleavage while also linking the gp120 and gp41 subunits via

an engineered intermolecular disulfide bond, designated SOS

(Binley et al., 2000). This strategy was successful in preventing

gp120-gp41 dissociation, but the resulting trimers still fell apart,

in this case via instabilities within the gp41 subunits. The end

product was disulfide-linked gp120-gp41 monomers. It was

reasoned that the gp41 subunits were undergoing some form of



Figure 2. Location of proline substitutions in class I fusion proteins
The X-ray or cryo-EM structures of the pre-fusion forms of the indicated class I fusion proteins are indicated, together with the years they were obtained. The
coloring system used is the same as in Figure 1. PDB coordinates are HIV-1 Env (6VO1), RSV F protein (5C69), LASV GP (5VK2), MERS S protein (5W9J), SARS-
CoV S protein (5X58), hMPV F protein (5WB0), Ebola GP (6VKM), and SARS-CoV-2 S protein (6VXX). The figure was generated by Philip Brouwer.
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conformational change whereby they transitioned toward the

post-fusion form. The analytical techniques available at that

time were not adequate for proving this point, and the absence

of a structure of the pre-fusion trimer complicated engineering ef-

forts to stabilize the pre-fusion conformation. Using available in-

formation on the post-fusion six-helix bundle structure of the

gp41 subunits, and the emerging knowledge of howclass I fusion

proteins function, a substitutionwasdesigned thatwould prevent

the formationof the six-helix bundle that is a critical element of the

transition to the post-fusion gp41 configuration (Sanders et al.,

2002). This approach was based on the hypothesis that disfavor-

ing the post-fusion form would help maintain the gp41 subunit,

and as a consequence the entire Env trimer, in its pre-fusion

configuration. Studies on influenza hemagglutinin (HA) had

shown that appropriately targeted proline substitutions strongly

impaired the fusion function of that class I fusion protein (Qiao

et al., 1998). Empirical testing of various amino acids and posi-

tions identified a proline substitution at isoleucine residue-559

as the most effective (Sanders et al., 2002) (Figure 1). The chem-

ical properties of proline both disfavor helix formation and also

confer local rigidity to a polypeptide chain. The resulting I559P

changewasdesignated IP.When itwas combinedwith the afore-

mentioned SOSdisulfide bond, the SOSIP trimer emerged. Addi-

tional refinements over a multi-year period led to the develop-

ment of the BG505 SOSIP.664 trimer, which could be produced

and purified in high yield and thoroughly evaluated in preclinical

studies (Sanders et al., 2013, 2015; Sanders and Moore, 2017).

High-resolution X-ray and cryoelectron microscopy (cryo-EM)

structures of ever-increasing detail were soon obtained,

revealing known and previously undiscovered NAb epitopes, as

well as spawning additional structure-guided design improve-

ments (Ward and Wilson, 2017). The latter include additional di-

sulfide bonds and cavity-filling mutations that confer additional

stability and improved antigenicity (Graham et al., 2019; Sanders

and Moore, 2017; Torrents de la Peña and Sanders, 2018). The

structures also showed that the I559P substitution did indeed

prevent formation of a helix (Ward andWilson, 2017). The SOSIP

design is now the basis of multiple pre-fusion trimer variants that

are in or approaching the clinical trial stage of vaccine develop-

ment (see below). Several of the additional stabilization strategies

for which the original SOSIP trimers were the test-beds are also

now incorporated into pre-fusion trimers from other viruses

(see below).
Adapting the proline-stabilization method to
pneumoviridae
The proline substitution method was next applied to another

vaccine-relevant but unstable class I fusion protein: the fusion

(F)-protein of the paramyxovirus RSV (Krarup et al., 2015)

(Figure 2). RSV causes respiratory infections that can be severe

in young children. The absence of an effective vaccine has pro-

pelled many efforts to generate an immunogen that elicits robust

NAbs. Here, the design efforts were guided by prior knowledge

of the pre-fusion RSV F structure that was, in turn, aided by

the identification of a monoclonal NAb that specifically recog-

nized the protein’s pre-fusion conformation (McLellan et al.,

2013). The exploration of several stabilization methods included

the addition of a C-terminal trimerization domain, altering the

exposure of the fusion peptide, eliminating the cleavage site,

and adding disulfide bonds and cavity-filling mutations, con-

cepts that were all rooted in strategies tested successfully on

the HIV-1 Env trimer (Sanders et al., 2013; Sanders and Moore,

2017). While several of these changes contributed stability to

the RSV F pre-fusion trimer, a particularly valuable method

focused on proline substitutions of residues E161 and S215 in

the hinges linking the alpha-2 helix to alpha-3 and the alpha-4

helix to alpha-5, respectively. The goal was to again prevent for-

mation of a long helix that is an important element of the interme-

diate and post-fusion forms by stabilizing key protein elements

involved in that process. Among multiple substitutions evalu-

ated, the greatest effect was conferred by the S215P change

(Krarup et al., 2015). It was noted that S215P is at a structurally

equivalent position to the I559P substitution in the HIV-1 Env SO-

SIP trimer, which in turn suggested there may be mechanistic

generality among both the class I fusion proteins and the

methods that stabilize them for vaccine purposes. A high-resolu-

tion X-ray crystallography structure enabled the impact of the

most useful amino acid changes, including S215P, to be better

understood (Krarup et al., 2015). The clinical evaluation of the

stabilized RSV F trimers is discussed below.

The proline-substitution, helix-disruption method was also

integral to the production of stable, pre-fusion trimers from the

human metapneumovirus (hMPV) F-glycoprotein ectodomain

(Battles et al., 2017) (Figure 2). hMPV is also a pneumovirus

that causes respiratory disease and shares some molecular fea-

tures with RSV. By analogy to the S215P change in RSV F, three

residues in the loop linking the alpha-4 and alpha-5 helices were
Cell Host & Microbe 29, March 10, 2021 329
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identified as appropriate positions to assess the impact of pro-

line substitutions: A185, I184, and D186. A comparative study

of the three resulting proteins showed that the A185P variant

was the most efficiently expressed, and hence it was selected

for further studies. Again, a high-resolution crystal structure

(2.6 Å) allowed the A185P variant trimer architecture to be

defined in detail (Battles et al., 2017).

.and to arenaviridae and filoviridae
Viruses in these families cause lethal hemorrhagic fevers. The

class I fusion protein on the arenavirus, Lassa virus (LASV),

known as the glycoprotein complex (GPC), comprises the GP1

receptor-binding and GP2 fusion-mediating subunits. In this re-

gard, its architecture is similar to HIV-1 Env. Accordingly, strate-

gies that worked for SOSIP trimers were adapted to stabilize the

GPC as a fully cleaved, soluble, pre-fusion trimer known as

GPCysR4 (Hastie et al., 2017) (Figure 2). The approach taken

included an inter-subunit disulfide bond, an improved cleavage

site between GP1 and GP2 and the E329P substitution in the

metastable region of helical region-1 (HR1) within the GP2 sub-

unit. As with its HIV-1 Env and RSV F counterparts, the modifica-

tions allowed the generation of a high-resolution (3.2 Å) X-ray

structure that, in turn, revealed where the stabilization changes

were located and how they acted (Figure 2).

Producing glycoprotein (GP) trimers from the Ebola (EBOV)

and Marburg filoviruses required targeted proline-substitutions

as well as additional modifications, such as the removal of the

mucin-like domains (Rutten et al., 2020) (Figure 2). Although

the overall architecture of the filovirus GPs is quite different

from HIV-1 Env and RSV F, all of them are class I fusion proteins.

Hence, the proline-based prevention of formation of helices that

are involved in the transition from the pre- to post-fusion forms

was effective at stabilizing the Ebola GP trimers. Proline substi-

tutions at positions 575, 576, 577, 579, and 581 and the T577P/

L579P double change were compared for their impacts on trimer

yield and thermal stability in the context of one or two different

EBOV sequences, with the T577P variant emerging on top in

both cases. Similar helix-disrupting changeswere also beneficial

to stabilizing theMarburg GP.When combinedwith an additional

stabilization change elsewhere, K588F, a high quality Makona

EBOV GP trimer, could be produced for crystallization studies

that yielded a 3.5 A-resolution structure. In turn, the structure

provided additional insights into the workings of the T577P and

K588F stabilization changes (Rutten et al., 2020).

Coronavirus S protein vaccines benefit from proline-
stabilization
The first foray into theworld ofCoVSproteins involved theMiddle

East respiratory syndrome (MERS)-CoV Sprotein (Pallesen et al.,

2017) (Figure 2). MERS-CoV infects camels and horses but is

highly dangerous to humans although transmitted with low effi-

ciency between members of our species. Its S protein is another

example of a class I fusion protein with two basic subunits: S1

contains the receptor-binding domain (RBD), while S2 contains

the fusion machinery. To stabilize the S protein in its pre-fusion

form, the by now classic mechanism of disrupting helix-helix in-

teractions within S2 was adopted. Specifically, the V1060P and

L1061P substitutions were made within the loop region between

HR1 and the central helix (Figure 2). The resulting S-2P mutant
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protein was expressed at a 50-fold higher yield than the wild-

type construct, allowing its biophysical, receptor-binding, and

antigenicity properties to be determined. High-resolution (3.6 Å)

cryo-EM structures of the S-2P protein as a Fab-complex were

also obtained, revealing valuable information on how the RBD

of this type of viral S protein functions to initiate the fusion pro-

cess. In a comparative immunogenicity study in mice, the S-2P

trimer induced NAbs at significantly higher titers than its wild-

type counterpart and an S protein monomer. Additional, less

detailed studies showed that the S-2P strategywas also effective

when applied to the corresponding S proteins from the also lethal

SARS-CoV-1 and the HKU1 betacoronavirus that causes com-

mon colds (Pallesen et al., 2017; Walls et al., 2019).

The paradigm now established for making stabilized S pro-

teins was of rapid and substantial benefit to immunogen design

right at the start of the vaccine response to the COVID-19

pandemic that was triggered by the entry of SARS-CoV-2 into

the human population. When the viral sequence became avail-

able in January 2020, various research groups rapidly applied

the S-2P mutations, in this case K986P and V987P, to the S pro-

tein. A 3.5 Å cryo-EM structure of the stabilized S protein was

soon determined and its antigenicity and ACE2 receptor-binding

properties were explored (Wrapp et al., 2020) (Figure 2). Multiple

S protein-based vaccine programs were soon initiated, and

some advanced through the various clinical stages within the

course of 2020 (Krammer, 2020;Moore and Klasse, 2020; Klasse

et al., 2021). The leading vaccines all use the S-2P stabilization

method, with the exception of the S protein expressed by theOx-

ford/AstraZeneca ChAdOx1 nCoV-19 Adenovirus Ad26 vector,

which has a wild-type sequence (van Doremalen et al., 2020). In-

formation on the exact design of the S proteins expressed by the

CanSinoBio Ad5-nCoV and the Gamalaya Institute’s dual Ad26

plus ChAd vectors has not been published, but they are likely

to be wild type (Klasse et al., 2021). The immunogenicity benefits

of S protein trimer stabilization are summarized below.

Additional stabilization technologies have since been fruitfully

applied to the SARS-CoV-2 S protein via structure-guided design

(Hsieh et al., 2020; Juraszek et al., 2020). In one study, various di-

sulfide bonds and cavity-filling mutations were evaluated and

found to be useful for increasing yield and stabilities. However,

the greatest benefits were seenwith the HexaPro variant, in which

four more proline substitutions (F817P, A892P, A899P, A942P)

were added to the original S-2P design to further impede loop-

to-helix transitions (Hsieh et al., 2020). In an independent but

conceptually similar approach, the most effective additional

changes were found to be D614N, A892P, A942P, and V987P.

Taken together, these modifications further improved the yield

stability and antigenicity of the resulting S protein variant, and their

collective impacts were studied at the structural level via cryo-EM

(Juraszek et al., 2020). Of note is that two of these substitutions,

A892P and A942P, were identified independently in both studies.

Data on the immunogenicity of these two new, additionally stabi-

lized constructs are not yet available.

As noted above, the S-2P mutations were clearly beneficial to

the immunogenicity of the MERS-CoV S protein (Pallesen et al.,

2017). Accordingly, most of the high-level SARS-CoV-2 S protein

vaccine programs simply incorporated the twin proline substitu-

tions as a matter of course. There were, however, several immu-

nogenicity experiments in small animals and/or macaques in
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which various forms of the S protein were directly compared,

including the wild-type and S-2P versions. In the earliest studies,

the most commonly used sequence changes in the SARS-CoV-

2 S proteins were S-2P and a furin cleavage-site knockout. To

assess their impact on immunogenicity, four S proteins were

produced that contained neither, one, or both of these changes

(Amanat et al., 2020). When mice were immunized twice with

each of the four proteins in Addavax adjuvant, antibody and

NAb titers were fairly similar after the second dose, with the

two cleavage-site mutant proteins inducing the highest titers.

However, when the experiment was extended to include a

SARS-CoV-2 challenge, the strongest protection was seen in

the group given the double mutant (S-2P plus cleavage-site

knockout) S protein (Amanat et al., 2020). In a macaque study,

seven recombinant Ad26-based vectors, each expressing a

different version of the S protein in an adenovirus vector, were

given once to groups of 4–6 rhesus macaques before intranasal

challenge 6weeks later with SARS-CoV-2 (Mercado et al., 2020).

When antibody responses were measured and protection

was assessed by viral load measurements, the virus vector ex-

pressing the soluble S.PP (i.e., S-2P) protein outperformed its

wild-type counterpart (Mercado et al., 2020). A mouse immuno-

genicity experiment that also compared the Ad26 virus variants

led to a similar conclusion (Bos et al., 2020). Accordingly, Jans-

sen chose the S.PP construct to become its Ad26.COV2.S

clinical vaccine candidate. A comparison of DNA vaccines inma-

caques showed that the S.dTM.PP construct, a soluble S protein

containing the two proline substitutions, a cleavage site

knockout, and a trimerization domain, provided stronger protec-

tion against SARS-CoV-2 challenge than the corresponding

S.dTM wild-type soluble S protein (Yu et al., 2020). Comparative

immunogenicity experiments in mice also led to the inclusion of

the same double-proline substitution (plus a furin cleavage site

knockout) in the S protein expressed by the Sanofi Pasteur clin-

ical mRNA vaccine (initially designated 2P/GSAS but, for clinical

trials, renamed as MRT5500). The choice was based on a com-

parison of four mRNA constructs expressing S proteins that con-

tained either, both, or neither of the above two changes, with an

antibody plus NAb titer endpoint. No virus challenge was per-

formed (Kalnin et al., 2020).

In summary, stabilization of the SARS-CoV-2 S protein in its

pre-fusion form via the dual-proline method, in some cases com-

bined with other modifications, clearly increases the yield of tri-

mers that can be produced and purified. That factor alone would

be beneficial to vaccine development, but there is also compel-

ling evidence that S protein trimer stabilization also improves

immunogenicity and protective capacity.

Clinical trials of Proline-stabilized Class I fusion
proteins
Stabilized HIV-1 pre-fusion Env trimers based on the SOSIP

design have now been successfully produced and purified under

the conditions required for human clinical trials (Table 1). They

include the BG505 SOSIP.664 prototype, the DS-SOSIP version

that is also based on the BG505 genotype, and amultiplymodified

variant, BG505 SOSIP.v4.1-GT1.1 that is designed to engage the

human germline precursors of broadly activeNAbs. SOSIP-based

trimers from diverse HIV-1 isolates, consensus sequences, and B

cell mosaic sequences are also being evaluated in humans (Table
1). These trials began in late 2019, but their progress has been

slowed by the COVID-19 pandemic, and no immunogenicity

data are yet publicly available.

As noted earlier, serious side effects, including deaths,

occurred in clinical trials of RSV vaccines in the 1960s and

were considered to be attributable to the induction of a low ratio

of NAbs to non-NAbs (Browne et al., 2020; Graham, 2020). In a

much more recent Phase 2b/3 trial, a post-fusion form of recom-

binant RSV F protein failed to protect older adults and was,

again, associated with a poor NAb to non-NAb ratio (Falloon

et al., 2017; Graham 2017). However, progress toward a safe

and effective vaccine was seen in a Phase 2a trial of the

Ad26.RSV.preF vaccine (Sadoff et al., 2020). Here, the stabilized,

pre-fusion form of the RSV F protein described above was deliv-

ered via an Ad26 vector (Krarup et al., 2015; Sadoff et al., 2020).

The outcome was an acceptable safety profile and, of particular

relevance, amarked increase in the ratio of the desired NAbs that

inhibit virus infection to the undesired non-NAbs that drive infec-

tion enhancement (Sadoff et al., 2020).

Hundreds of SARS-CoV-2 vaccine development programs

based on S proteins have been initiated during 2020, and dozens

are now in human clinical trial stage, including Phase 3 (Kram-

mer, 2020; Klasse et al., 2021) (Table 1). Initial positive data on

the efficacy of four of them were reported in press releases

from November, 2020 (summarized in Klasse et al., 2021). Two

papers on the Phase 3 trials have been published (Voysey

et al., 2021; Polack et al., 2020). The Pfizer/BioNTech and Mod-

erna mRNA vaccines are approved for widespread use. The S

proteins in the Pfizer/BioNTech, Moderna, and CureVac mRNA

vaccines; the Janssen Ad26 vector; and the Novavax recombi-

nant protein vaccines include the two-proline stabilizations, as

do most others (Krammer, 2020; Klasse et al., 2021). The Ad26

vector system used in the SARS-CoV-2 S protein vaccine trials

is the same as the one that delivered the stabilized RSV F protein

(Sadoff et al., 2020;Mercado et al., 2020). The AstraZeneca ChA-

dOx1 adenovirus vaccine is, in contrast, based on an unmodified

S protein (van Doremalen et al., 2020; Voysey et al., 2021). NAb

responses to these vaccines vary widely, although cross-study

comparisons are compromised by variations in how the titers

are determined and presented (Klasse et al., 2021; Krammer,

2020; Moore and Klasse, 2020). As the vaccine design also

varies, it is not possible to know whether S protein stabilization

has benefitted the human antibody response to S proteins. The

animal studies summarized above imply that this is the likely

outcome, however, which may be relevant to the apparently

reduced efficacy of the non-stabilized AstraZeneca ChAdOx1

adenovirus vaccine compared to the mRNAs (Klasse et al.,

2021; Polack et al., 2020; Voysey et al., 2021).

Conclusion
The stabilization of trimeric class I fusion proteins into their pre-

fusion forms has now become a standard vaccine development

procedure for which there is a substantial blueprint. Themethod-

ology invariably includes introducing one or more proline

substitutions into a loop between two helical regions of the

fusion-mediating subunit; these changes hinder the transition

of the protein toward the post-fusion form and hence stabilize

the desired pre-fusion trimer. Inter- or intra-subunit disulfide

bonds, cavity-filling substitutions, and other modifications have
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Table 1. Ongoing and completed clinical trials of viral vaccines based on proline-stabilized class I fusion proteins

Virus Vaccine Type Proline Phase n Location Trial ID Sponsor

HIV-1 BG505 SOSIP.664 Protein I559P 1 60 USA, Kenya NCT03699241 IAVI

BG505 SOSIP.664 Protein I559P 1 105 USA NCT04177355 NIAID

ConM SOSIP.v7 Protein I559P Exp 30 UK NCT03816137 ICL

ConM SOSIP.v7 Protein I559P 1 24 Netherlands NCT03961438 AMC

BG505 DS-SOSIP Protein I559P 1 16 USA NCT03783130 NIAID

Trivalent MosM

SOSIP.v7

Protein I559P Exp 32 UK NCT04046978 ICL

BG505 GT1.1 Protein I559P 1 48 USA, Netherlands NCT04224701 IAVI

RSV Ad26.RSV.preF Adenovirus S215P 1 24 Belgium NCT03795441 Janssen

Ad26.RSV.preF Adenovirus S215P 1 73 USA NCT02926430 Janssen

Ad26.RSV.preF Adenovirus S215P 2a 180 USA NCT03339713 Janssen

Ad26.RSV.preF Adenovirus S215P 1/2a 48 USA, Finland NCT03303625 Janssen

Ad26.RSV.preF Adenovirus S215P 2a 64 UK NCT03334695 Janssen

SARS-

CoV-2

mRNA-1273 mRNA K986P

V987P

3 30,000 USA NCT04470427 Moderna

BNT162b2 mRNA K986P

V987P

3 44,000 USA, Germany,

Argentina, Brazil,

South-Africa, Turkey

NCT04368728 BioNTech

Ad26.COV2.S Adenovirus K986P

V987P

3 60,000 USA, Argentina, Brazil,

Chile, Colombia, Mexico,

Peru, South-Africa

NCT04505722 Janssen

Ad26.COV2.S Adenovirus K986P

V987P

3 30,000 USA, Belgium, Colombia,

France, Germany, Philippines,

South-Africa, Spain, UK

NCT04614948 Janssen

NVX-CoV2373 Protein K986P

V987P

3 15,000 UK NCT04583995 Novavax

NVX-CoV2373 Protein K986P

V987P

3 30,000 USA NCT04611802 Novavax

CVnCoV mRNA K986P

V987P

3 36,500 Germany and others NCT04652102 Curevac

This table lists all ongoing and completed human studies with proline-stabilized HIV-1 Env and RSV F that we are aware of. Considering the large num-

ber of proline stabilized SARS-CoV-2 S-based vaccines that are now in human clinical trials, with new ones starting at regular intervals, we have listed

only the vaccines that are furthest along in the evaluation process (e.g., in Phase 3 trials). As even this subset of trials is ever-expanding, our listing is not

intended to be definitive, only exemplary. For details of what vaccines are at what stage of the clinical testing programs, it is best to consult routinely

updated websites such as https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html or https://www.who.int/

emergencies/diseases/novel-coronavirus-2019/covid-19-vaccines.
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all been applied. High-resolution structures, have guided the

positioning of these stabilization changes, usually in an iterative

process. Most of these strategies were derived during years of

research on the HIV-1 Env trimer and have been successfully

extended to multiple counterparts from other viruses. Stabilized

pre-fusion trimers from RSV and HIV-1 are now in clinical trials,

with promising data emerging on the antibody response to

RSV F. The SARS-CoV-2 S protein-based vaccines created dur-

ing 2020 usually incorporate the dual-proline modification that

can be traced back, first to the I559P change made to the HIV-

1 Env trimer in 2002 and from there, to stabilization work on

RSV F, MERS-CoV S, and other class I fusion proteins.
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