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RESPIRATORY DISEASES

EXPERT INSIGHT

RSV vaccines: a new hope but 
the virus might strike back
John Tregoning, Haoyuan Li, Chubicka Thomas, Ziyin Wang,  
and Lucy G Mosscrop

Respiratory syncytial virus (RSV) was discovered in 1956—that it took nearly 70  years 
to develop working vaccines, speaks to the challenges posed by this virus (by contrast, a 
SARS-CoV-2 vaccine took 11  months). There are, like the proverbial London buses, now 
three RSV vaccines at once—two for use in the elderly (Arexvy and Abrysvo™) and one as a 
maternal vaccine (Abrysvo). In parallel, there is a new monoclonal antibody, nirsevimab. Both 
the vaccines and the antibody target the RSV-F protein. The current challenge is how to best 
implement these preventative measures to maximize their impact and reduce the menace 
of this important viral pathogen. In this review, we will give an overview of the antibodies 
and the vaccines and look at the immunological, viral, economic, and societal challenges that 
might arise in the next few years to avoid the return of the virus.

Vaccine Insights 2024; 3(1), 47–64

DOI: 10.18609/vac.2024.010

INTRODUCTION

Respiratory syncytial virus (RSV) is a major 
respiratory pathogen causing an estimated 
33 million episodes of acute lower respiratory 
infection in 2019 and accounting for 2% of 
deaths in children under 5  years old [1]. It 
also has a large clinical burden in older adults 

with an estimated 1.5 million episodes in over 
65-year-olds and 214,000  hospitalizations 
in high-income countries in 2015 [1]. This 
burden of disease is even more significant in 
low- and middle-income countries (LMIC), 
accounting for 97% of RSV-attributable 
deaths. The financial burden of RSV is high 
as there is no specific treatment against RSV 
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infection once acquired, with treatment 
largely through supportive management. 
65% of this €4.82 billion economic burden 
falls on LMIC [2]. Prevention of severe RSV 
infections through immunization has there-
fore become a global health priority.

Despite the clear need for preventative 
measures against RSV infection, progress 
has been slow. The gap between virus isola-
tion and vaccine development for RSV was 
longer than for polio, influenza, chickenpox, 
measles, or Ebola [3]. This was partly due to 
the legacy of the formalin-inactivated vaccine 
trial of 1969, in which infants were vacci-
nated with RSV that had been grown in cell 
culture and inactivated with formalin. The 
FI-RSV vaccine was initially well tolerated 
but on exposure to natural RSV infection, 
particularly in the younger children with no 
prior exposure to RSV, vaccine-enhanced 
respiratory disease was seen. This led to 80% 
of the children being hospitalized and ulti-
mately the death of two infants in the trial 
[4–7]. Understanding what went wrong with 
this vaccine trial was vital for RSV vaccine 
development to continue. Many factors have 
also been speculated to play a role in the 
failure of the FI-RSV vaccine [8], including 
immune complexes [9], the presence of car-
bonyl groups [10], and a T helper 2 bias [11]. 

RSV vaccine efforts have been refocused 
since the FI-RSV tragedy, with developments 
in understanding of the RSV fusion (RSV-F) 
protein structure underpinning most new 
vaccine candidates [12]. RSV-F is considered 
a major antigenic target for preventative inter-
ventions due to its essential role in the viral life 
cycle and relative genetic stability. RSV-F is 
expressed as an envelope glycoprotein on the 
outside of the virion and is responsible for the 
fusion of viral and host cell membranes, allow-
ing entry to the cell; blocking RSV-F prevents 
viral entry. Critically, RSV-F is a meta-stable 
protein, with two forms, pre- and post-fusion 
[13]. It has six antigenic sites (numbered sites 
Ø through V); of these, sites I, II, and IV are 
found on both pre- and post-fusion forms, and 
Ø, III, and V only on the pre-fusion form [14]. 

One important strand in the development of 
new vaccines and antibodies was differences 
observed in the structure of RSV-F in the for-
malin-inactivated vaccine, which was found 
to be predominately in the poorly neutraliz-
ing, post-F conformation [15]. Understanding 
the structure of RSV-F has contributed to the 
development of both vaccines and antibodies.

ANTIBODIES

In the absence of vaccines, using monoclonal 
antibodies as passive immunization has proven 
successful for the most at-risk pediatric pop-
ulations, with palivizumab (Synagis®) licensed 
for use in vulnerable infants in the UK since 
1999 and the USA since 1998. Palivizumab 
is a humanized murine monoclonal anti-
body targeting antigenic site II on the F pro-
tein. Palivizumab was first demonstrated to 
be effective across two large studies [16,17] 
and has since shown efficacy in practice too. 
Importantly, use of palivizumab has been 
shown to reduce post-bronchiolitic wheeze 
[18]. Because it is unmodified, palivizumab has 
a short half-life (equivalent of human IgG), 
and therefore must be administered monthly 
throughout the RSV season. The dosing reg-
imen contributes to the main drawback of 
palivizumab—the high cost—which makes it 
prohibitive for low-income countries where 
the disease burden is highest. It is currently 
only used for the highest-risk infants (in the 
UK that includes infants born preterm with 
chronic lung disease, infants with congenital 
heart disease, infants requiring long-term ven-
tilation, and various other co-morbidities) [19].

The short half-life of palivizumab has led 
to the development of alternative approaches. 
One of the major advances in monoclonal 
antibodies has been the incorporation of the 
YTE (M252Y/S254T/T256E) mutation 
in the Fc  region, which has been shown to 
extend serum half-life fourfold [20]. Several 
clinical trials have been performed with new 
monoclonals, but not all trials have been suc-
cessful. A successor to palivizumab, motavi-
zumab, was derived by affinity maturation, 
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selecting for improved binding—it differs 
from palivizumab in 13  amino acids with a 
greater neutralizing activity [21]. However, 
trials were discontinued in 2010, with some 
concerns about cutaneous adverse effects and 
limited benefit compared to palivizumab [22]. 
Regeneron also dropped its monoclonal anti-
body to RSV (suptavumab) in 2017, after it 
failed to meet the primary endpoint in a trial 
for infants. The failure of suptavumab was due 
to two spontaneous mutations arising in the 
F protein of circulating RSV-B strains, leading 
to complete resistance to the antibody [23].

Fortunately, the development of anti-
RSV monoclonal antibodies has been a 
multi-pronged approach and there were 
multiple other candidates in contention 
(Table 1). The most established of these is 
AstraZeneca/Sanofi’s Beyfortus® (nirsevimab) 
which was licensed in Europe on October 31, 
2022 [24]. Beyfortus targets antigenic site Ø 
which is present only on the pre-fusion con-
formation of F, leading to stronger neutraliz-
ing activity compared to palivizumab. It has 
been specifically engineered for increased sta-
bility and has a longer half-life, meaning one 
dose can protect an infant for the entire RSV 
season. In the initial Phase 2b trial, the inci-
dence of medically attended lower respiratory 
tract infection caused by RSV was reduced by 
70.1% compared to placebo (NCT02878330) 
and in the subsequent Phase  3 MELODY 
trial, incidence was reduced by 74.5% com-
pared to placebo. Following these trials, 
which met their primary endpoint, there was 
a further pre-specified pooled analysis of the 
data, demonstrating an efficacy of 79.5% for 
infants born at term or preterm and entering 
their first season [25]. The MEDLEY trial 
(Phase 2/3, NCT03959488) was carried out 
to assess safety and tolerability in preterm 
infants and infants with congenital heart dis-
ease and/or chronic lung disease of prematu-
rity, with infants in their first season receiving 
either palivizumab or Beyfortus. Beyfortus 
was well tolerated in these groups, with serum 
levels comparable to those seen in the Phase 3 
MELODY trial, giving some assurance that 

there will be similar protection in these 
groups compared to healthy term and late 
preterm infants [26]. Taken together, these tri-
als demonstrate the protection that Beyfortus 
can provide infants in their first RSV season 
whether they are preterm, healthy late-term 
and term, or have high-risk co-morbidities. 

In the HARMONIE trial, Beyfortus was 
tested in healthy infants in settings approxi-
mating real-world settings and showed very 
promising results, with a reduction in RSV-
related hospitalizations in the season in which 
the RSV was administered of 83% in treated 
(infants <12  months) compared to placebo, 
and minimal side effects [27]. These positive 
outcomes have been mirrored post-Beyfortus 
licensure with nirsevimab being used clini-
cally for the first time in Galicia, Spain for the 
2023/2024 RSV season [28]. The preliminary 
results coming from this work suggest a flat-
tening of RSV-hospitalization rate compared 
to previous seasons (rolling data in [29]).

Another antibody, clesrovimab, has been 
developed by Merck. It is also a half-life-ex-
tended anti-RSV-F monoclonal, but it targets 
antigenic site IV (present on both pre-F and 
post-F). Clesrovimab is still in Phase 3 clini-
cal trials (NCT04938830) and a Phase 1b/2a 
study (NCT04086472) has been carried out 
in healthy adults demonstrating tolerability 
with no serious adverse events. A model-based 
meta-analysis looking at RSV serum neutral-
izing activity and clinical endpoints predicted 
75% efficacy for the prevention of medically 
attended lower respiratory tract RSV infec-
tion in infants [30] but whether this will be 
the case remains to be seen. There are also 
RSV-F-targeting monoclonals by Trinomab 
Biotechnology, TNM001, currently in 
Phase 1b/2a clinical trials (NCT05630573), 
and a site Ø-targeting antibody, RSM01, 
supported by the Gates Foundation, which 
has completed Phase 1 [31]. 

MATERNAL VACCINES

Another way of providing passive immune pro-
tection to infants is maternal immunization. 
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  f TABLE 1
Anti-RSV monoclonal antibodies that have progressed to at least Phase 3 trials.

mAb (market 
name)

Product description Target 
site

Half-life 
extended? 
(Y/N)

Efficacy Escape mutants Comments

Approved 
for clinical 
use

Palivizumab 
(Synagis®)

Murine humanized mono-
clonal IgG1

II N 55% reduction in RSV-related hospitalizations [17] K272Q, K272E, K272N, K272M, 
K272T, S275L, S275F [72]

Limited application due to cost and monthly dosage 
regimen

Nirsevimab 
(Beyfortus™)

IgG human monoclonal 
antibody

Ø Y 83% reduction in RSV-related hospitalizations [27] K68N, K68E, N201S, N201T, 
N208Y, N208D, N208S [109,110]

In use in Galicia Spain as of March 2023 [26]

In clinical 
trials

Clesrovimab IgG1 human monoclonal 
antibody

IV Y Predicted 74.2% efficacy for prevention of medically attended 
lower respiratory tract RSV infection [30]

N/A Large Phase 3 clinical trial set to complete 2026 
(NCT04938830)

Withdrawn Suptavumab IgG human monoclonal 
antibody

V Y No clinical benefit in RSV-related hospitalization in Phase 3 
trial [23]

L172Q, S173L in RSV-B [23] Withdrawn in 2017 due to failure to meet primary end 
point [23]

Motavizumab Humanized monoclonal 
IgG

II Y 26% relative reduction in RSV hospitalization compared to 
palivizumab [22]

K272E [72] Withdrawn due to adverse effects (skin reactions) and 
questions regarding improved efficacy [22]

  f TABLE 2
RSV vaccines that have progressed to Phase 3 clinical trials.

Vaccine name Type Adjuvant Efficacy Adverse events

Maternal vaccine
Licensed Pfizer: Abrysvo™ Bivalent pre-F protein (RSV-A and B) No 81.8% efficacy against severe illness after 90 days (Phase 3 trial) [38] Rates of adverse events low and similar between vaccine and placebo group 

GSK: RSVPreF3 Pre-F protein No Studies were halted across three Phase 3 trials due to 6.8% preterm 
births in vaccine arm compared to 4.9% in placebo [33]

Increased risk of preterm birth seen in those vaccinated

Novavax RSV-F nanoparticle Yes: alum 39.4% efficacy against medically significant, RSV-associated lower  
respiratory tract infection but primary endpoint success criteria not  
met [34]

Well-tolerated with rates of adverse events similar between vaccine and 
placebo group 

Older adult vaccine
Licensed Pfizer: Abryvso Pre-F protein No 67% efficacy against RSV-LRTD with two or more symptoms, 

86% efficacy in RSV-LRTD with three or more symptoms and 62% effica-
cy for RSV-associated acute respiratory illness [51]

Incidence of local reactions was higher with vaccine (12%) than with  
placebo (7%); the incidences of systemic events were similar (27% and 26%, 
respectively)

GSK: Arexvy Pre-F protein (RSVPreF3 subunit) Yes: 
AS01E

83% against RSV-lower respiratory tract disease and 94% against severe 
RSV-LRTD [44]

Vaccine more reactogenic than placebo but adverse events transient and 
mild-moderate. Incidence of severe events similar in vaccine and placebo 
group

Discontinued Bavarian Nordic: MVA BN 
RSV

MVA recombinant vector vaccine No 59% efficacy in preventing at least 2 pre-defined LRTD symptoms but 
only 42.9% for at least 3 and so did not meet primary end point [59]

No serious adverse events, injection site pain higher in vaccine group

Janssen: Ad26.RSV.pre Adenovirus recombinant vector 
vaccine with pre-F 

Pre-F 
protein 
adjuvant

80% efficacy for reduction of lower respiratory tract infection in a  
Phase 3 [56]

Local and systemic adverse events were higher in the vaccine group than in 
placebo (local, 37.9% vs 8.4%; systemic, 41.4% vs 16.4%). Most reactions mild 
to moderate

In trials Moderna: mRNA-1345 mRNA encoding for 
membrane-anchored pre-F

No 84% efficacy against lower respiratory tract disease [60] Higher incidence of local and systemic adverse reactions in vaccine group 
compared to placebo. Most reactions mild to moderate



ISSN: 2752-5422; Published by BioInsights Publishing Ltd, London, UK  

expert insight 

  51

During pregnancy, maternal-derived anti-
bodies are actively transported through the 
placenta from mother to fetus, which offers 
passive immunity for infants up to 6 months 
against infection [32]. This has proved highly 
effective for other pathogens such as influ-
enza, pertussis, and tetanus, and is also being 
proposed for group B streptococcus [33].

Three maternal RSV vaccines have pro-
gressed to Phase  3 clinical trials—an adju-
vanted RSV-F-nanoparticle (Novavax), and 
two pre-F protein vaccines (from Pfizer and 
GSK) (Table 2). In the first 90  days of life, 
the RSV-F nanoparticle was immunogenic 
and had a 39% vaccine efficacy based on 
RSV-associated medically significant lower 
respiratory tract infections, but did not quite 
meet the pre-specified endpoint; the study 
authors suggest it was underpowered due to 
a lower than expected attack rate of RSV in 
the infants [34].

The GSK pre-F vaccine (RSVPreF3) was 
seen to be immunogenic in pregnant women 
in a Phase  2 study, inducing a 12.7–14.9-
fold increase in antibody titer [35]; there 
were no pregnancy or neonatal adverse 
events in the Phase 2 trial. This vaccine went 
forward into three Phase  3 clinical stud-
ies (NCT04605159, NCT04980391, and 
NCT05229068). These studies were stopped 
in February 2022 due to an increased risk 
of preterm birth in the vaccine arm, par-
ticularly in NCT04605159. GSK reported 
6.8% preterm births in the vaccine arm 
compared to 4.9% in the placebo arm, with 
a higher rate of preterm births in study cen-
ters in LMIC [36]. Why this occurred needs 
to be determined—it has not been seen for 
other maternal vaccines, which are safe for 
both mother and baby. Questions include 
whether it is an acute reaction to the vaccine 
or a cross-reactive adaptive response affect-
ing the pregnancy. Understanding the tim-
ing of preterm birth relative to vaccination 
will help address whether it is an acute reac-
tion. In terms of adaptive immunity, since 
this increased preterm birth effect is not 
seen for other maternal vaccines, it may be 

related to the immune response against the 
F protein. But it should be noted that adult 
women already have pre-existing levels of 
RSV antibody—it is not a neoantigen. Other 
factors include the timing of the trial, per-
formed during the COVID-19 pandemic, 
and whether SARS-CoV-2 infection had an 
effect. Likewise, understanding why there 
was a higher frequency of preterm birth in 
LMIC is important.

In parallel, Pfizer developed a bivalent 
RSV pre-F vaccine for use in pregnancy 
(RSVpreF—trade name Abrysvo™), con-
taining equal amounts of pre-F from both 
A and B RSV  strains. In a Phase  2b trial, 
the vaccine was immunogenic, and interim 
analysis had an observed efficacy of 84.7% 
against medically attended RSV lower respi-
ratory tract illness [37]. In an interim analy-
sis of a Phase 3 trial, vaccine efficacy against 
severe illness was 81.8% after 90  days and 
69.4% within 180  days [38]. However, the 
vaccine did not meet the success criterion 
for the other primary endpoint (medically 
attended RSV-associated lower respiratory 
tract illness); the reported vaccine efficacy 
was 57.1% (99.5% CI) but the success cri-
teria of a lower boundary of CI <20% was 
not met (lower CI was 14.7%). The interim 
analysis reported no statistically significant 
differences in the rates of preterm birth. 
However, there was insufficient data to rule 
out an effect on preterm birth, leading the US 
FDA to recommend the vaccine for pregnant 
persons between 32 and 36 weeks gestation 
[39], whereas the EMA recommendation is 
24–36 weeks gestation (the range studied in 
the Pfizer trial). The reasons for differences in 
safety outcomes between the two companies’ 
pre-F vaccines needs further evaluation as 
they are very similar [36]. The Pfizer vaccine 
was licensed by the FDA in August 2023 [40], 
and the UK Joint Committee on Vaccination 
and Immunization (JCVI) recommended it 
for use in the UK in September 2023 [41]. 
Ongoing Phase  4 monitoring will be vital, 
with a focus on preterm birth, especially in 
LMIC.
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VACCINES FOR THE ELDERLY

As well as causing disease in early life, RSV 
causes severe respiratory illness in older 
adults and is estimated to be responsible for 
214,000 acute lower respiratory infection 
hospitalizations per year in adults aged 65 
or above in industrialized countries [42]. In 
2023, two vaccines that target pre-F, Arexvy 
and Abrysvo (Table 2), were licensed for peo-
ple aged 60 years and above [43].

Arexvy

Arexvy is a subunit vaccine developed by 
GSK that targets RSV-related lower respira-
tory tract disease (LRTD) in elderly people 
60 years or older. It contains the RSVPreF3 
subunit, a pre-F protein from the RSV-A2 
strain, and the adjuvant AS01E. Arexvy is 
safe and can significantly reduce RSV-related 
respiratory infections. Efficacy was 83% 
against RSV-lower respiratory tract disease 
and 94% against severe RSV-LRTD [44] and 
common adverse effects included injection 
site pain (61%) and fatigue (34%). A 3-year 
follow-up study is ongoing [45], to evaluate 
immunity duration and safety of repeated 
vaccination (NCT04732871).

Arexvy received FDA approval for RSV-
LRTD in adults over 60 on May  3,  2023, 
which made it the first approved RSV vaccine 
[46]. This was followed by approval by the 
EMA on June 6, 2023 [47], the UK Medicines 
and Healthcare Products Regulatory Agency 
(MHRA) on July  10,  2023 [48], Health 
Canada in August 2023 [49], and the Ministry 
of Health, Labour and Welfare (MHLW) of 
Japan in September 2023 [50]. 

Abrysvo 

Abrysvo is a bivalent pre-F subunit vaccine 
developed by Pfizer, which contains stabi-
lized pre-F from RSV-A and RSV-B subtypes 
that also targets RSV-LRTD in elderly peo-
ple 60 years or older (it is the same vaccine 
as the maternal one). In trials in the elderly, 

the vaccine showed 67% efficacy against 
RSV-LRTD with two or more symptoms, 
86% efficacy in RSV-LRTD with three or 
more symptoms, and 62% efficacy for RSV-
associated acute respiratory illness [51]; com-
mon adverse effects included injection site 
pain and fatigue. The vaccine was approved 
by the FDA on May 31, 2023 [52], the EMA 
in August  23,  2023 [53], and MHRA on 
November 23, 2023 [54]. Making it available 
in the USA, European Union, and UK for 
individuals 60 years or older. 

In the UK (at the time of writing—
February  2024), the JCVI is advising an 
RSV vaccination program for elderly adults 
aged 75 and above [55], with no preference 
between the approved RSV vaccines due to 
comparable efficacy and the absence of direct 
comparison. The main difference between the 
two vaccines is the inclusion of the AS01E 
adjuvant in Arexvy, but whether this will 
affect the longevity of the immune response 
remains to be seen.

Three other vaccine approaches have 
reached Phase  3 trials, two were discontin-
ued. Janssen Pharmaceutical Companies 
developed a replication-defective adenovi-
rus 26 to encode stabilized pre-F called Ad26.
RSV.preF, combined with pre-F protein. This 
had an 80% efficacy for reduction of lower 
respiratory tract infection in a Phase  3 trial 
[56] and was also protective in a human chal-
lenge model [57], but was discontinued in 
March  2023. A modified vaccinia Ankara 
(MVA)-based vaccine expressing multiple 
antigens (F, N, M2–1, and G) was also pro-
tective in a human challenge model [58], but 
was discontinued because the Phase 3 study 
failed to meet the primary objective [59]. 
The remaining vaccine in play is an mRNA 
vaccine developed by Moderna, encoding a 
membrane-anchored pre-F called mRNA-
1345. This vaccine has a preliminary efficacy 
of 84% against lower respiratory tract disease 
[60] and the common adverse effects were 
fatigue, headache, myalgia, and arthralgia. In 
a follow-up study with a median follow-up 
duration of 8.6 months, the VE was 63% 
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[61]. Moderna filed a global regulatory sub-
mission in July  2023 [62]. mRNA vaccines 
are also under evaluation in pregnant women 
(NCT06143046).

IMPLEMENTATION CHALLENGES 

Having the tools to prevent RSV is only the 
beginning in reducing the burden of disease. 
There are several challenges facing the suc-
cessful rollout of preventative medicines for 
RSV, including economic, viral, immunolog-
ical, and societal challenges.

Economic factors

The largest burden of severe disease and 
death from RSV falls on low-income coun-
tries, particularly in early life [63]. Therefore, 
equitable rollout of vaccines and antibodies 
should focus upon these countries. The total 
healthcare budget per capita for low-income 
countries is estimated at $17 and for mid-
dle-income countries at $90 [64]. Alternative 
funding systems, such as Gavi, have helped to 
make up the shortfall and modeling suggests 
that a maternal RSV vaccine with 60% effi-
cacy could avert 123,700–177,700 deaths in 
the Gavi-supported countries [65]. The cost–
effectiveness of RSV vaccines for the elderly, 
where the burden of disease, particularly in 
low-income countries, may be underreported 
[66], will also need to be evaluated. These 
cost–effectiveness calculations and the will-
ingness of different agencies to pay for them 
will impact on whether maternal or elderly 
vaccines are introduced into low-income 
settings.

A similar approach will need to be taken 
for monoclonal antibodies, which have his-
torically been more expensive than vac-
cines. At the time of writing, the price per 
dose of nirsevimab in the USA was $495 
per 100 mg dose according to data from the 
American Academy of Pediatrics (accessed 
December 2023 [67]). Modeling from Canada 
using CAD$50,000 per quality-adjusted 
life year (QALY) gained suggests nirsevimab 

is cost-effective at $290 per dose [68]. UK 
modeling (using a QALY of GB£20,000) 
suggests the price point would be £63 per 
dose (approximately CAD$107 based on an 
exchange rate of 2:1 at the time of writing) 
[69]. Different healthcare systems will have 
ongoing negotiations with providers of vac-
cines and antibodies. The prices of monoclo-
nal manufacturing are coming down rapidly, 
with a rabies monoclonal priced at $20 a dose 
[70]. However, estimates suggest that a prod-
uct would need to be less than US$4 per dose 
to be cost-effective [71]. Alternate suppliers or 
antibodies may lead to the reduction in price 
needed to achieve global cost–effectiveness.

Virological factors

A critical factor for the success or failure of 
both antibodies and vaccines for RSV will 
be virus evolution and escape. All licensed 
products to date target the RSV-F protein. 
RSV-F is more conserved than the other 
RSV surface glycoprotein, G, but RSV can 
still evolve to escape monoclonal antibod-
ies, as has been seen for palivizumab [72]. 
Importantly it only took two amino acid sub-
stitutions in RSV B strains to cause the failure 
of suptavumab [23]. Before the introduction 
of nirsevimab (between 1956 and 2021), its 
binding site has been highly conserved, but 
potential resistance mutants are already cir-
culating at a low frequency (<1%) [73]. The 
risk is that the antibody will select for escape 
mutations or drive new ones, and thereby 
reduce its efficacy. An alternative approach is 
to apply a cocktail of monoclonals, but this 
will impact cost–effectiveness. Even then, 
based on experience with COVID mono-
clonals, respiratory viruses can still evolve to 
escape a cocktail of antibodies [74]. Because 
vaccines induce a more polyclonal response, 
they are potentially less susceptible to viral 
escape. However, use in elderly adults who 
may also be immunocompromised might 
accelerate viral mutation. The cause of viral 
escape, whether it is natural immunity, vac-
cine, or antibody, ultimately doesn’t matter if 
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the virus does change, rendering treatments 
ineffective. There is a need for surveillance of 
circulating RSV genomic variability and the 
WHO has established a program that will be 
invaluable in ongoing efforts to control RSV 
[75,76]. The recent development of a robust 
and sensitive amplicon-based whole-genome 
sequencing assay should help these efforts 
[77]. 

A second challenge is viral replacement. 
This is a theoretical risk and relates to the idea 
that infection with one respiratory virus may 
inhibit concurrent infection with another. 
The COVID-19 pandemic definitely led to 
changes in patterns of respiratory viral spread 
[78], which was most likely due to non-phar-
maceutical interventions [79], but may have 
had an element of SARS-CoV-2 displacing 
other viruses. A similar pattern was seen 
during the H1N1 pandemic in 2009, when 
the RSV season was delayed in France [80]. 
There is also a suggestion that RSV infection 
suppresses rhinovirus infections [81]. One 
proposed mechanism for this is that the first 
viral infection induces an interferon response 
that can then inhibit subsequent infections 
[82]. Delaying or removing RSV may open 
the way for other respiratory infections, par-
ticularly human metapneumovirus and rhi-
novirus, so surveillance for these other agents 
will be important. But it should also be noted 
that co-infection or at least co-carriage of 
respiratory viruses is common, so this may 
not be an issue.

Immunological factors

An important question is how long will 
immunity to RSV last? The commonly held 
view is that the immune memory to RSV 
is short-lived and that re-infection is com-
mon. This received view is based on a rela-
tively small number of primary studies. One 
of the most cited studies supporting the idea 
of RSV re-infection followed volunteers who 
had had natural RSV infection and were 
deliberately challenged with RSV multi-
ple times afterward. There are some caveats 

with this study, the challenge virus had been 
passaged 20  times through three different 
cell lines, two of which were bovine origin 
[83], which could have induced some muta-
tions into the virus, especially the bovine 
cell line. Infection was defined as a rise in 
antibody titer—under this definition 11 of 
the 15  subjects were ‘re-infected’ and 50% 
of them had three or more increases in anti-
body; whether this counts as an infection or 
just the recall immune response to the virus is 
unclear. There was some detectable virus, but 
by later infectious challenges, the duration of 
shedding was 1 day, which could potentially 
be residual inoculum. The infections were 
either asymptomatic or mild. Anti-F titers 
were higher in those who were not infected, 
but since infection was defined as a fourfold 
increase in titer, there may be a mathematical 
issue—an increase might not have been seen 
because antibody titer was already at peak. 

There is other evidence to support RSV 
re-infection. In a surveillance study using 
PCR, re-infections were detected in 23 out 
of 55  infants a year after their first infec-
tion; interestingly, this did not correlate with 
T cell levels to RSV [84]. This supports data 
from earlier longitudinal studies looking for 
recoverable virus and change in antibody 
response—one that followed children over a 
10-year period [85] and another that followed 
them for 5 years [86]. A re-infection rate of 
0.25% was observed in a much larger study 
that looked at an insurance database, but it 
used International Classification of Diseases 
codes rather than direct measurement of 
infection [87]. Another study inferred re-in-
fection by the detection of RSV in adults in 
the US Marine Corps—the argument being 
that if there was RSV in an adult it was a 
re-infection due to the ubiquity of childhood 
infection [88]. Apart from the PCR study, 
none of these studies would have looked at 
RSV genome sequence to determine whether 
re-infection was with the exact same strain or 
there were subtle shifts.

Taken together, these studies suggest that 
RSV can re-infect. It is unlikely to be unique 
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in this respect. Waning immunity is also likely 
to facilitate repeat infections of other respi-
ratory viruses, though they are likely to be 
less severe on subsequent infection. If respi-
ratory viruses are looked for in large cohorts 
using sensitive molecular tools, they are likely 
to be found in asymptomatic individuals. 
During the COVID pandemic, re-infection 
was observed with the same strain of SARS-
CoV-2 virus [89], though most re-infections 
were with different strains. There is also evi-
dence for re-infection with the same strain of 
influenza during an outbreak on the isolated 
island community of Tristan da Cunha in 
1971 [90]. 

The question is what does waning immu-
nity mean for the protection offered by vac-
cines? In infants there is a similar issue for 
both maternal vaccination and monoclonal 
antibody strategies—neither of them induce 
an active immune response in the infant so 
there is a linear decline in antibody over time. 
The timing of maternal vaccination will be 
important to maximize the protection given 
[91]. One challenge for maternal vaccination 
is that premature babies are born before the 
gestational age of 32–36  weeks that is rec-
ommended by the US  FDA for maternal 
vaccination, so will not get any additional 
antibody from the mother. This is problem-
atic as premature babies are at the highest risk 
of severe disease; however, a monoclonal anti-
body could be used to backfill the immune 
gap. A theoretical concern is that when anti-
body falls below a certain threshold it may no 
longer neutralize the virus but instead poten-
tiate its infectivity. This has been postulated 
to be one of the reasons why the FI-RSV vac-
cine failed, but is unlikely in the case of vac-
cination with pre-F. A related issue is whether 
antibody-mediated protection prevents 
infection or reduces severity of disease after 
infection. Data from the nirsevimab clinical 
trials indicate that antibody recipients sero-
converted to post-F (i.e., the epitope not rec-
ognized by nirsevimab) during their first year 
of life, suggesting that they were still infected 
with RSV, but did not develop disease [92].

The impact of waning antibody will 
depend on what the major driver of RSV 
disease is. If in infants, it is an airways/
plumbing issue, and severity is due to 
smaller airways, then moving infection to 
later in life should reduce disease severity. 
But 6  months of age is not a magic cut-
off—there is a substantial burden of hospi-
talizations and deaths in older children up 
to age  5 [1], so top-up immunization will 
be important. Whilst an mRNA vaccine is 
possible and currently in late-phase clinical 
trials, we believe infant boosting is likely to 
take the form of a live-attenuated vaccine 
if the problems of balancing infectivity and 
immunogenicity can be achieved. New can-
didates are relatively advanced: RSV/ΔNS2/
Δ1313/I1314L lacks the NS2 gene and has 
temperature-sensitive mutations in other 
parts of the genome, and RSV/276 lacks 
the M2-2 gene. Both have been trialed in 
children aged 6–24 months, and were infec-
tious and well tolerated, leading to a four-
fold rise in serum neutralizing titers in 60% 
(RSV/ΔNS2/Δ1313/I1314L) and 92% 
(RSV/276) of vaccinees [93]. An alternative 
parainfluenza virus type 5 (PIV5)-vectored 
vaccine has recently completed Phase  1 
clinical trials in adults [94]. Mucosally 
delivered vaccines are likely to have the ben-
efit of inducing resident memory T  cells, 
which have been shown to be protective in 
pre-clinical models [95], but whether infants 
make resident memory T cells needs further 
investigation [96]. 

In the elderly who are antigenically expe-
rienced with RSV, any RSV vaccine is effec-
tively a booster, but there will be complex 
natural history of infection that may affect 
the quality of response, with the potential 
to expand poorly protective epitopes due to 
original antigenic sin [97]. T cells might also 
play a protective role in the elderly—a recent 
study showed that functional T cell responses 
were associated with asymptomatic infec-
tion [98]. In the elderly, it is likely that there 
will need to be booster vaccinations to keep 
antibody levels high. In a Phase 2a study of 
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RSVPreF3-AS01E (now Arexvy), boosting at 
2 months had no effect on antibody titer, but 
a subsequent re-boost at 20 months led to a 
twofold rise in levels [99]. 

In general, more research is needed to 
identify correlates of protection for RSV 
[100], these will help with bridging studies 
for future vaccines and determining the opti-
mum schedule for boosters. The most likely 
candidate is neutralizing antibody in blood, 
but RSV-F binding antibody and nasal IgA 
both have potential. Human infection chal-
lenge studies, both historic [101] and recent 
[102], indicate that the presence of antibody 
contributes to protection but in and of itself 
is not enough to prevent infection. Whether 
the same correlates of protection can be used 
for infants and the elderly is also an import-
ant question. 

Societal factors

A final challenge is getting people to use 
the vaccines, especially pregnant women in 
the context of the safety signal relating to 
preterm birth, which halted the GSK trial. 
In a survey sample comprised of 315 respon-
dents, 70.2% showed willingness to get the 
RSV vaccine, whereas 15.2% resisted, and 
14.6% were hesitant [103]. As only 67.6% 
of all respondents had heard of RSV before 
the study, it was inevitable that RSV vac-
cine acceptance was associated with con-
cerns about potential risks to themselves 
or their fetuses. In a separate study with 
427  participants in Italy, only 45.9% were 
willing to be vaccinated during pregnancy, 
and this was more likely among those with 
a university degree [104]. The likelihood 
of vaccination by parents was higher for 
RSV than COVID-19 or influenza [105]. 
Another study indicated a relatively low 
awareness of RSV in UK midwives [106], 
which is of particular concern as they are 
likely to be the ones recommending vaccina-
tion. Future promotion efforts should focus 
on enhancing RSV vaccine education at the 
community level to address safety concerns, 

as well as improving communication strat-
egies to effectively promote the benefits of 
the vaccine. Interestingly, uptake rates of 
nirsevimab antibody have been very high, 
suggesting there may be different levels of 
acceptance for the different strategies [107].

CONCLUSION

It is a remarkable achievement that after 
nearly 70 years with no vaccine, there are now 
three vaccines for RSV, approved within the 
space of 1 year. This is complemented by the 
licensure of one antibody and another on the 
horizon. They will undoubtedly have a major 
impact on the burden of disease. A model-
ing study suggests that vaccines could avert 
2.4 million infections in the UK alone in a 
low-transmission scenario and slightly fewer 
(2  million) in a high-transmission scenario 
[108], which could translate into 12,000 fewer 
hospitalizations. There are several potential 
hurdles to successful implementation, but 
these are not insurmountable.

TRANSLATION INSIGHT

After 70 years, there has been a sudden surge 
of licensed approaches to prevent severe RSV 
disease. Critically, these are available for both 
age groups that are susceptible to severe RSV 
disease, the very young and very old (Figure 1). 
For infants, there is passive protection in the 
form of antibodies and maternal vaccina-
tion; for the over 60s there are two vaccines. 
There are a number of implementation issues 
that need to be addressed to ensure equitable 
access to these products. For the monoclonal 
antibodies, the main concerns are viral escape 
leading to reduction of potency and the cost 
of product. The cost will have a particular 
impact in LMIC where the burden of severe 
disease is greatest. For the maternal vaccine, 
the main concern is vaccine hesitancy; better 
communication and further safety studies 
will be required to improve uptake. For the 
elderly vaccine, communication of the risk 
of RSV and the need for vaccination will be 
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	f FIGURE 1
Options and possible issues for RSV prevention. 
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INTERVIEW

Charting a course for better 
pneumococcal vaccines

A new platform for developing bacterial vaccines—the multiple 
antigen presenting system—could enable an affordable alter-
native to current pneumococcal conjugate vaccines. Here, the 
multiple antigen presenting system co-inventor Rick Malley, 
Senior Physician in Pediatrics, Boston Children’s Hospital, 
and Professor of Pediatrics, Harvard Medical School, speaks 
with Charlotte Barker, Editor, Vaccine Insights, about the 
fast-evolving pneumococcal vaccine field. 

Vaccine Insights 2024; 3(1), 7–12

DOI: 10.18609/vac.2024.003

RESPIRATORY DISEASES

	Q How did you first get involved in vaccine development?

RM: Starting my career in pediatrics at Boston Children’s Hospital in the early 
1990s, I was very impressed by the impact of the Haemophilus influenzae type B (Hib) 
conjugate vaccine. 

Conjugate vaccines were a new development at the time. By conjugating proteins to poly-
saccharides found in the bacterial surface we can essentially trick the body into responding 
to the polysaccharide as if it were a protein, and therefore elicit a more robust immune 
response. Importantly, it allows babies under the age of 2 years to make antibodies to bacte-
rial polysaccharides, which they could not otherwise do.

During my internship, I cared for many children with meningitis and other forms of inva-
sive disease caused by Hib, but a year later, the disease was virtually eliminated in the US after 
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the conjugate vaccine was introduced. A few years later, I was a pediatric infectious diseases 
fellow working in a laboratory when I was lucky enough to meet one of the scientists behind 
the Hib vaccine: Dr Porter Anderson.

He told me he was working on one last research effort before his planned retirement: the 
development of an affordable vaccine against pneumococcus (Streptococcus pneumoniae), the 
pathogen most often associated with bacterial pneumonia. I was inspired by this mission, 
and eventually turned it into a full-blown research project, with Porter as my mentor. Porter 
has still not retired and the collaboration we started in the mid-1990s persists to this day!

Inspired by Porter, I realized that I wanted to dedicate myself to vaccine development; 
specifically, vaccines for countries that cannot afford the very expensive vaccines that are 
currently on the market. That has been one of the guiding principles of my research for the 
last 20-plus years at Boston Children’s Hospital.

	Q What impact did you see in your practice—and in the wider 
population—after the introduction of pneumococcal conjugate 
vaccine 7?

RM: When pneumococcal conjugate vaccine 7/Prevnar® (which Porter also worked 
on) was introduced in 2000, some doctors hoped that we would see the eradication of 
pneumococcus as a cause of pneumonia, bacteremia, meningitis, ear infections, and so on. 
While there was certainly a very remarkable decline, it was not anywhere near as dramatic as 
the Hib vaccine experience. 

Many bacteria cover their surface with polysaccharides, which define their serotype. 
Whereas Haemophilus influenzae consists of only a few serotypes that cause disease in 
humans (of which type b was predominant), pneumococcus has more than 90 serotypes. 
The polysaccharide included in the vaccine confers protection against only some strains of 
that serotype; as we vaccinate against some serotypes, others emerge to take their place. It’s 
like a game of whack-a-mole! My friend and colleague Marc Lipsitch predicted this serotype 
replacement effect as early as 1997 [1] and that is exactly what happened with pneumococcal 
vaccines [2].

	Q How have PCVs evolved?

RM: While serotype replacement did not eliminate the benefit of the conjugate vaccine 
strategy, it mitigated it significantly. In fact, we saw the rise of several serotypes not included 
in the original vaccine; serotype 19A was particularly problematic, as it was highly virulent and 
antibiotic-resistant, causing severe cases of meningitis and sepsis in children.

Inspired by Marc’s work, Porter and I realized that a strategy based on polysaccharide cap-
sule immunity would require adding more and more serotypes, such that the cost of the vac-
cine, instead of reducing over time, would remain high or even rise. Sadly, that is what we have 
observed with the advent of PCV13, and now PCV15 and PCV20. 

It is important to say that these vaccines are phenomenal; they have a very impressive 
effect on most of the serotypes included. But they are hard to produce and very expen-
sive. Quality control issues make it difficult for other vaccine companies, especially those 
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in lower- and middle-income countries, to manufacture. And due to serotype replacement, 
they have not eradicated pneumococcal disease altogether.

Interestingly, if you examine the immune response to the 13 serotypes also covered by 
PCV13, they are lower in PCV20 [3]. We don’t yet know why this happens, nor the clinical 
consequences (if any) for children or adults. It is possible that simply adding more serotypes 
means the body is unable to produce as strong a response to each. A phenomenon in con-
jugate vaccines called carrier-induced epitopic suppression has been described, a situation 
in which using the same carrier over and over in different vaccines may exhaust the T cells’ 
ability to respond [4]. 

	Q How did you set about trying to overcome these limitations?

RM: Initially, I was working on a whole-cell pneumococcal vaccine. Essentially, we 
stripped the bacteria of its polysaccharide capsule, made some mutations to enhance immu-
nogenicity, and used the whole cell (minus the capsule) as a vaccine. This is a much cheaper 
approach than a conjugate vaccine and could be produced for pennies per dose. My group and 
I worked on the whole-cell vaccine for many years, in collaboration with Instituto Butantan in 
Brazil and with support from the Bill & Melinda Gates Foundation (BMGF) and PATH [5], 
and it ultimately reached Phase 2 trials in toddlers in Kenya. 

However, while the vaccine itself is cheap to produce, the clinical development plan 
proved complicated. Since the antigens being targeted are entirely different from the current 
conjugate vaccines, it is not possible to use existing correlates of protection. While PCV13 
and PCV20 could be compared directly with their predecessors, one approach to obtain 
licensure of a new whole-cell vaccine could potentially require large-scale efficacy clinical 
trials enrolling thousands of patients. Efforts in this area are being pursued nevertheless, 
evaluating different clinical endpoints that may require fewer subjects. 

Meanwhile, my close colleagues at Children’s, Fan Zhang and Yingjie Lu, and I developed 
a new technology: the multiple antigen presenting system (MAPS). 

	Q How does MAPS differ from the chemistry used in conjugate 
vaccines?

RM: In traditional conjugation technology, you chemically couple polysaccharides to 
a protein. Multiple proteins are entangled with multiple strands of polysaccharide in what we 
often refer to as a ‘spaghetti and meatball’ configuration.

It is a very good technology, but it is inefficient and requires a huge amount of expertise 
to ensure that the chemistry is right. In addition, in existing vaccines, the protein is not an 
immunogen in its own right and confers no protection.

With MAPS, a biotin molecule is bound to a polysaccharide, and a rhizavidin molecule is 
fused to a protein (which can be derived from the targeted organism). Biotin and rhizavidin 
have an extremely high affinity for each other, similar to the affinity between biotin and egg 
avidin, so when the molecules are combined, the polysaccharide and protein become tightly 
affinity-linked. These affinity links create a more consistent and ordered structure than tra-
ditional conjugation and leave both polysaccharide and protein molecules chemically intact.
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The manufacturing process for MAPS is less complex and more efficient than traditional 
conjugation, and therefore cheaper and more suitable for technology transfer to lower- and 
middle-income countries. Plus, in animal and human studies, we have observed that the 
immunogenicity of MAPS-based vaccines seems to be superior to conjugate vaccines. Even 
though this is not a covalent bond, the immune system sees molecules linked by MAPS as if 
they were conjugated together.

	Q What is the status of the MAPS pneumococcal vaccine, now being 
developed by GSK? 

RM: With funding from the BMGF and others, we spun out Affinivax in 2014, to 
develop vaccines based on the MAPS technology. Affinivax was acquired by GSK in 2022, 
and I remain a consultant to the MAPS program. 

I’m interested in every aspect of vaccine development, but I recognize that a small com-
pany like Affinivax successfully bringing vaccines to the market on a global scale would be 
very unusual, so putting the technology in the hands of a highly experienced pharmaceutical 
company like GSK is the best way to optimize the chances of success.

At Affinivax, we started by targeting 24 polysaccharides and two pneumococcal proteins 
[6], then expanded to more than 30 polysaccharides and four proteins. The first version suc-
cessfully completed Phase 2 in adults, will soon enter a Phase 3 clinical trial in older adults, 
and is now in Phase 2 trial in infants. We are hoping that the combination of so many poly-
saccharides, plus multiple proteins, might be the best way to control this organism and avoid 
the whack-a-mole problem that has plagued previous vaccines. 

	Q Is there hope for a fully serotype-independent pneumococcal 
vaccine in the future?

RM: This is an area where theory and practice are still quite far apart, but progress 
is being made. Our efforts on a whole-cell vaccine are ongoing and an Australian company, 
GPN Vaccines, is also developing a whole-cell vaccine. Many have tried and failed to date, but 
a vaccine targeting pneumococcal proteins is a very attractive idea—it would be inexpensive, 
and you could even imagine a mucosal administration through the nose or skin.

Scientifically, there are lots of exciting approaches that I’m still interested in working on, 
but practically, you have to compete with the remarkable efficacy of polysaccharide-based 
vaccines. Therefore, the approach we took with the MAPS pneumococcal vaccine—includ-
ing proteins primarily as a means of enhancing the immune response to the polysaccharide—
offers massive advantages. Time will tell if this vaccine also results in universal protection 

“Many have tried and failed to date, but a vaccine targeting 
pneumococcal proteins is a very attractive idea—it would 
be inexpensive, and you could even imagine a mucosal 

administration through the nose or skin.”
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through protein-mediated immunity, to protect against serotypes that evade or are not cov-
ered by conjugate vaccines, and/or whether a protein-only-based approach can be successful 
in eradicating pneumococcal disease. That is the holy grail. 

	Q What does the future hold for pneumococcal vaccines?

RM: All in all, these are very exciting times for pneumococcal vaccine research. There 
is a lot of energy in this space because it is an important and global public health issue. Sanofi 
is making a 21-valent vaccine, Vaxcyte is evaluating a 24-valent and a 31-valent vaccine, and 
GSK is working on a 24-valent as well as a 30-plus-valent vaccine. 

It’s very exciting to me, not just as a vaccine researcher, but as a clinician who wants to 
see a vaccine that can tackle the remaining pneumococcal disease in the US and across the 
world. The COVID-19 pandemic reminded us, if there ever was any need, that we live in a 
global community. I think people are increasingly recognizing that the massive inequity in 
vaccine deployment across the world is both morally unacceptable and a huge risk from a 
pandemic-preparedness standpoint. The idea that we’re making vaccines that are not just for 
the wealthy but for all, regardless of the geographical accident of their birth, is something 
that has motivated me throughout my career and is still fueling my research today. 
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What’s next for COVID 
vaccines?
Jeffrey B Ulmer and Lbachir BenMohamed 
TechImmune LLC

“...several exciting [COVID-19 vaccines] are being 
pursued, which have the potential to confer 

broad and durable protection across the 
spectrum of coronavirus strains.”
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COVID-19 REMAINS A MAJOR 
PUBLIC HEALTH CONCERN

The COVID-19 pandemic has created one 
of the largest global health crises in nearly a 
century. As of today, the number of confirmed 
cases has reached over 770  million and the 
disease has caused nearly 7 million deaths. As 
grim as these numbers seem, it would have 
been far worse without the rapid development 
and implementation of the first generation of 
COVID-19 vaccines, based primarily on viral 
vector and modified mRNA technologies. It 
has been estimated that tens of millions of 
lives were saved by these vaccines. However, 
waning immunity in the population has 
fueled the emergence of heavily spike-mu-
tated and highly contagious SARS-CoV-2 
variants and sub-variants that escaped immu-
nity induced by the current clinically proven 
spike-alone-based vaccines, disrupted the 
effectiveness of the COVID-19 vaccine 
booster paradigm, and outpaced the develop-
ment of variant-adapted spike-alone vaccines. 
Since early 2020, over 20 variants of concern 
have emerged and contributed to repetitive 
surges in morbidity and mortality.

Consequently, COVID-19 remains a major 
threat to human health, with rates of hospital-
izations and deaths rising markedly in the past 
few months. COVID-19 now accounts for 
over 3% of all deaths in the US and recently 
exceeded 6,000 deaths every month [1]. While 
it is difficult to assess true infection rates, since 
proactive diagnostics and testing have declined 
and positive home test cases are not reported 
to authorities, the amount of the virus in 
wastewater is the only accurate reflection of the 
amount of virus being circulated in the human 
population. Recently, this number reached the 
second-highest level ever recorded [2]. The rate 
of emergence of new heavily spike-mutated 
virus variants, such as the recent JN-1, has 

accelerated. Of particular concern is the dra-
matically higher rate of change in the virus that 
facilitates escape from immunity conferred by 
the current spike-alone-based vaccines [3]. In 
addition, COVID fatigue and complacency in 
the general population, due in part to decreas-
ing confidence in the effectiveness of the cur-
rently available vaccines, has led to low rates 
of uptake of the updated vaccines and is com-
pounding the problem. It may be only a mat-
ter of time before we return to a much more 
widespread and severe COVID-19. 

This bleak outlook of a prolonged 
COVID-19 pandemic emphasizes the 
urgent need for developing a next-generation 
broad-spectrum pan-coronavirus vaccine capa-
ble of conferring strong cross-strain protective 
immunity that would prevent immune evasion 
and breakthrough infection. Importantly, an 
effective vaccine that obviates the need for fre-
quent updates and boosting could restore con-
fidence and increase uptake, thereby providing 
greater individual protection and a population 
benefit that could break the transmission cycle.

TOWARD BROAD-SPECTRUM 
COVID-19 VACCINES

Current COVID-19 vaccines, except for 
whole inactivated virus vaccines, focus 
immune responses solely on the surface spike 
glycoprotein and confer protection mainly 
via neutralizing antibodies. This approach has 
been shown to work well when there is a good 
match between the spike protein in the vaccine 
and the circulating virus strain, as was the case 
early during the pandemic. But, unfortunately, 
this breaks down when there is a mismatch, 
such as has been the case since the appear-
ance of viral variants. Furthermore, because 
the spike protein gene is not well conserved 
across the coronavirus family, the current 
spike-based vaccines are strain-specific. 

While first-generation COVID-19 vaccines were highly successful, waning immunity and 
the rapid evolution of the virus mean that new approaches are needed. In this Viewpoint, 
we describe several promising strategies with the potential to overcome the limitations of 
current vaccines.
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Fortunately, several promising strategies have 
the potential to overcome these limitations.

First, broadly cross-reactive antibodies 
that can neutralize diverse coronavirus vari-
ants and strains have been identified from 
human samples, similar to those observed in 
people with HIV. Thus, in principle, it may 
be possible to elicit such antibodies with a 
vaccine. Approaches being undertaken to 
achieve this are utilizing novel antigen design 
strategies including:

	f Mosaic antigen delivery where multiple 
spike antigens or receptor-binding 
domains derived from them are presented 
to the immune system in the context of 
nanoparticles or virus-like particles [4];

	f Identification of naturally occurring 
consensus sequences presented as a 
combination of conserved epitopes [5]; and

	f Computationally derived cross-reactive 
sequences identified from large amounts 
of sequence data using bioinformatics and 
machine learning approaches [6].

While more cross-reactive antibodies will 
be an improvement over the relatively nar-
row immunity induced by the current spike-
based vaccines, by themselves such antibodies 
are unlikely to confer broad protection across 
the coronavirus family due to the diversity of 
spike gene sequences and the susceptibility 
to immune evasion.

Second, the function of T cell responses in 
protection against COVID-19 is becoming 
clear. Animal models have demonstrated the 
protective effect of antigen-specific CD4 and 
CD8 T  cells against live virus challenge and 
evidence for the important role T cells play in 
humans is growing [7]. For example, we have 
demonstrated that preexisting cross-reactive 
CD4+ and CD8+ T cells directed against con-
served coronavirus antigens correlated with 
good outcomes in COVID-19 patients, sug-
gesting that vaccines capable of inducing such 
T cell responses could confer cross-protective 
immunity in humans [8]. Unlike antibodies, 

which can prevent virus infection, T cells can 
result in abortive infections by facilitating 
clearance of virally infected cells and prevent-
ing or minimizing disease. Given that these 
antigens have undergone far fewer mutations 
than the spike protein throughout coronavi-
rus evolution, vaccines targeting these con-
served antigens have the potential to provide 
a superior breadth of protection than the 
current spike-only vaccines. A rational strat-
egy is to build on the demonstrated success 
of antibody-inducing vaccines by the inclu-
sion of non-spike antigens to provide the 
added benefit of T  cell responses targeting 
conserved epitopes.

Finally, we have not yet taken advantage 
of an important part of the immune system 
that is particularly relevant for protection 
against respiratory pathogens, namely muco-
sal immunity. Since most viruses, including 
coronaviruses, enter through mucosal surfaces, 
the presence of antigen-specific tissue-resident 
effector and memory lymphocytes could pro-
vide a key first line of defense. In addition, 
because most viruses are also shed via the 
mucosal route, active local immunity could 
reduce the levels of virus transmission. The 
main challenge for the development of suc-
cessful mucosal vaccines has been inefficient 
delivery, usually requiring a live organism or 
viral vector. However, progress is being made 
in overcoming this limitation with improved 
non-viral delivery systems for nucleic acid 
vaccines and recombinant subunit proteins 
with adjuvant [9]. If successful, this approach 
would be complementary or synergistic with 
those targeting broadly neutralizing antibodies 
against spike and T cell responses against con-
served antigens of the virus.

PROSPECTS

In summary, several exciting approaches 
to designing next-generation COVID-19 
vaccines are being pursued, which have the 
potential to confer broad and durable pro-
tection across the spectrum of coronavirus 
strains. From a technical perspective, based 
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on our increasing insights into the virol-
ogy and immunology of coronaviruses, this 
seems achievable. From a practical perspec-
tive, however, for these innovations to make 
a meaningful difference in the ongoing 
endemic and prevention of future outbreaks, 

it will be critical to ensure acceptance of 
these new vaccines by the general popula-
tion and sustainable local manufacturing 
to enable global equitable access. If not, the 
virus will continue to circulate, evolve, and 
cause unnecessary morbidity and mortality.
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INTERVIEW

Avian influenza and the risk 
of pandemic

With the potential for avian influenza to transmit and spread 
amongst humans, an effective vaccine to increase pandemic 
preparedness is a global priority. Charlotte Barker, Editor, 
Vaccine Insights, speaks with Mathilde Richard, Principal 
Investigator and Associate Professor at Erasmus MC, about 
investigating antigenic evolution of avian influenza viruses, 
developing better vaccines, and the need for proactive mea-
sures to ensure global preparedness in the face of evolving 
influenza threats.

Vaccine Insights 2024; 3(1), 41–46

DOI: 10.18609/vac.2024.009

RESPIRATORY DISEASES

	Q How did you get involved in the field of virology and, specifically, 
avian influenzas?

MR: My academic background lies in biochemistry engineering, culminating in a 
Master’s degree from a French engineering school. However, very early on in my career, I 
realized that I did not want to work in the private sector, or even in engineering. So, during the 
final year of my Master’s, I pursued a parallel research Master’s degree in microbiology. During 
my Master’s internship on influenza viruses, I found the topic of virology, and more precisely 
RNA viruses in general, very interesting. 

My subsequent PhD further delved into influenza, with a focus on the resistance of seasonal 
influenza viruses to antivirals. After my PhD, I took on a postdoctoral research position in the 
Netherlands, keen to explore how research was done in countries outside of France. In this 
position, I continued working on influenza viruses but moved away from seasonal viruses. I 
was fascinated by the highly pathogenic avian influenza (HPAI) viruses because of the threat 
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that they pose to animal health and the potential for these viruses to infect humans. I did a lot 
of work on trying to understand the determinants of adaptation of avian influenza viruses to 
infect a human host and transmit among humans.

In 2018, I established my own research team, securing funding for investigations into the 
emergence of HPAI viruses and their antigenic evolution.

	Q What HPAI subtypes are most concerning for human health?

MR: At the moment, the subtypes that are of most concern are the H5N1 viruses. The 
hemagglutinin protein of this virus strain traces its origin to the goose/Guangdong lineage, 
the viruses of which are characterized by high pathogenicity in poultry. The initial emergence 
of these viruses dates back to 1997 in Hong Kong, marking the first instance of direct human 
infection with avian influenza virus.

Following the outbreak in Hong Kong, a poultry cull was carried out in an attempt to eradi-
cate the virus. However, the virus persisted in wild birds within reservoirs in China, reemerging 
in 2002. After that, the virus spread across Asia and entered Europe in 2005. At this point, the 
virus was still an H5N1 virus, but after about 2014, the virus started to reassort, exchanging 
gene segments with different low-pathogenicity avian influenza viruses that circulate in wild 
birds.

This period marked a significant juncture, characterized by a specific subclade of the hemag-
glutinin 2.3.4.4b reemerging, and leading to outbreaks in 2016, 2017, 2020, and 2021. Since 
2021, these viruses have become endemic in wild bird populations. Before that, outbreaks 
were predominantly observed in poultry, with sporadic occurrences in wild birds. However, the 
virus has now spread extensively to Europe, the Americas, and even to Antarctica.

H5N1 is now a panzootic virus, affecting many different species. For instance, there have 
been outbreaks in wild carnivores, like foxes and stone martens, and also in marine mammals, 
like sea lions. The severity of the situation has escalated, reaching unprecedented levels.

However, at the same time, we should not forget about the H7N9 viruses that have mostly 
remained in China. These viruses emerged in 2013 and have caused five waves of human infec-
tions. Subsequent vaccination efforts in poultry populations in China led to a decline in virus 
prevalence. However, reports from China suggest continued circulation, and due to ongoing 
viral evolution accelerated by vaccination, we must continue to keep an eye on the situation. 
The transition from low to high pathogenicity occurred around 2019, adding another layer of 
concern that warrants sustained attention.

	Q What projects are you and your team working on right now? 

MR: Currently, my team is working on two lines of research. The first is foundational 
research aimed at unraveling the emergence of HPAI viruses. We are particularly interested 
in understanding the transition from low to high pathogenicity in avian species, focusing on 
subtle changes in the hemagglutinin protein. For a long time, the actual molecular mechanism 
behind that genetic change was unknown. Our recent publication in bioRxiv sheds light on 
one of the two putative mechanisms underlying this transition [1].
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We are also trying to understand why these viruses originally only emerged in poultry and 
not in wild birds. Additionally, we are investigating subtype specificity, particularly the factors 
behind the exclusive evolution of H5 and H7 viruses towards high pathogenicity. This funda-
mental understanding of the virus’s biology can hopefully help us to mitigate further outbreaks 
and emergencies.

Our second line of research revolves around trying to understand the antigenic evolution of 
HPAI viruses. We are specifically focusing on the H5 virus from the goose/Guangdong lineage. 
Because these viruses have been circulating extensively in birds for more than 20 years, the 
main antigens of the virus have evolved at both the genetic level and the antigenic level. At the 
moment, different antigenic variants are circulating in different parts of the world, making it 
very difficult for us to prepare for a potential pandemic. There is no universal vaccine to protect 
against all of the variants. 

What is missing in this field of research is a powerful tool to monitor antigenic evolution 
of these zoonotic viruses. We have been using antigenic cartography, which is a tool devel-
oped by Ron Fouchier at Erasmus University Medical Center and Derek Smith at Cambridge 
University to visualize the antigenic evolution of viruses. This approach, applied to H7 and H5 
viruses, offers valuable insights into mutations in the hemagglutinin that may contribute to 
antigenic differences, facilitating the identification of potential new viral variants. Furthermore, 
we employ these antigenic maps to design broadly reactive antigens and to visualize antibody 
responses. 

While a lot of our work is done in animals, we aim to test some of our antigens in humans 
in a clinical trial. The goal of these trials would be to visualize individual antibody responses 
and gain insights into the breadth of immune responses. 

	Q How can your work be applied to develop more effective vaccines? 

MR: It is very hard to design good vaccines against influenza viruses because they are 
so variable. Efforts to create a universal flu vaccine, capable of protecting against viruses from 
all subtypes—be they seasonal or zoonotic—have been underway. The focus has been on tar-
geting regions of the virus that undergo fewer changes compared to the primary immunodom-
inant components. Some of that work is quite promising, but challenges persist because those 
parts of the virus are conserved and are not very immunogenic. 

While the aspiration for a fully universal flu vaccine should remain, a more practical approach 
involves developing subtype-specific universal vaccines. Our ongoing efforts, especially on the 
H5 subtype, revolve around understanding the mediators of antigenic phenotypes in hem-
agglutinins and include strategies to enhance both the height and breadth of the immune 
response.

The choice of vaccine platform is crucial, and the emergence of mRNA vaccines offers a 
promising avenue. Ongoing exploration by various companies and researchers is adapting this 

“Understanding the genetic underpinnings of antigenic changes 
and phenotypes crucial for mammalian adaptation is imperative. 

Enhanced knowledge, potentially assisted by artificial intelligence, 
could facilitate high-throughput screening of circulating viruses.”
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platform for influenza viruses. Traditional inactivated vaccines often lack T cell responses and 
mRNA vaccines might fill that gap. T cell responses represent an area we should invest in. 
Furthermore, there is a call to move beyond a singular focus on either antibodies or T cells. 
Collaborative efforts should converge to develop vaccines that effectively elicit both compo-
nents of the immune response. 

In our approach, we design robust antigens with the aim of integrating them into potent 
platforms, optimizing the potential for a heightened and comprehensive immune response. 
This holistic strategy represents our ongoing commitment to advancing vaccine development 
in the context of influenza viruses.

	Q Where do you hope to be with your research in 5 years?

MR: Regarding the project on antigenic evolution, I hope that in 5 years we will have 
done a clinical trial on one of our antigenically central antigens— those positioned in the 
center of the antigenic space to provoke a broad immune response and hopefully protect 
against a wide range of antigenically diverse viruses. Further, while we have engineered hem-
agglutinins in such a way that we get a better immune response, we do not yet understand the 
mechanism behind it. I hope that in the next few years, we will have more understanding of 
how the changes that we have introduced in those antigens boost the immune response. I also 
hope that our knowledge of H5 will be applied to other viruses and that we will be at a point 
where we can also design better H7 and H9 vaccines.

As far as the emergence aspect of our research, we have made significant strides in under-
standing the transition from low to high pathogenicity. The mechanism involves a multibasic 
cleavage site in the hemagglutinin, with nucleotide insertions occurring through polymerase 
activity. While our recent work has elucidated this mechanism, we must refine the model and 
discern potential species-specific differences.

Our upcoming endeavors involve understanding the second mechanism involved in this 
process—non-homologous recombination between the hemagglutinin gene and RNA from 
other parts of the virus genome or the host. This intricate process is currently poorly under-
stood, and the next 5 years hold the promise of shedding light on its molecular intricacies. 
We have secured funding for this research, signifying our commitment to understanding this 
mechanism and potentially revolutionizing our comprehension of influenza virus evolution.

	Q Are we doing enough to prevent or prepare for a possible influenza 
pandemic?

MR: I do not think that we are doing enough. While I love my work, the nature of 
our research environment, driven by individual career pursuits and the imperative of secur-
ing research funding, hampers our collective ability to address global challenges in a coordi-
nated fashion. We need coordinated actions, ideally orchestrated by governmental institutions. 
Rather than redundant efforts, a more effective strategy would involve assembling individuals 
with diverse expertise to collaboratively tackle substantial issues through coordinated actions.

After the COVID-19 pandemic, we anticipate that there will be an increased emphasis on 
preparedness programs. There are some programs, but we need more. One of the big issues 
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we face when confronted with outbreaks of emerging viruses is that we are always too late. 
This reactive approach, where we mobilize in response to an outbreak, often results in delayed 
studies and analyses.

Keeping up with the evolution of viruses is extremely difficult. It is already difficult for sea-
sonal viruses. To address this, we are actively working on predictive models for seasonal viruses, 
aiming to shift from a reactive to a proactive approach. However, the complex nature of avian 
viruses, with their propensity for reassortments across diverse species, poses a unique challenge. 
Understanding the genetic underpinnings of antigenic changes and phenotypes crucial for 
mammalian adaptation is imperative. Enhanced knowledge, potentially assisted by artificial 
intelligence, could facilitate high-throughput screening of circulating viruses. 

A lot is being done, but to be truly prepared, we need to step up our game.
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INTERVIEW

Toward global RSV vaccination 
coverage 

Charlotte Barker, Editor, Vaccine Insights, speaks with Louis Bont, 
Professor, UMC Utrecht, and Chairman, ReSViNET, about the 
impact of respiratory syncytial virus vaccines, the future of 
respiratory syncytial virus prevention, and the critical need for 
outreach and awareness programs. 

Vaccine Insights 2024; 3(1), 29–33
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RESPIRATORY DISEASES

	Q How did you get involved in respiratory syncytial virus (RSV) 
research? 

LB: I’m a pediatric infectious disease specialist and I started working on this virus 
25 years ago during my PhD studies. I stayed in this line of research because I enjoyed work-
ing in an area that has a global perspective and is tackling a major problem for society. I like 
the mechanistic aspect—trying to understand what others could not—and the opportunity to 
contribute to something bigger.
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	Q Which of your current research projects are you most excited 
about?

LB: I’m excited about working on everything to do with RSV vaccine development. We 
work across several areas, including quantifying mortality related to RSV infection worldwide, 
understanding escape from RSV immunization, exploring the health-economic aspects of RSV 
prevention, and identifying biomarkers of RSV infection. All of these things are very interest-
ing to me.

	Q Is RSV underappreciated as a danger to young children? 

LB: What we learned from our RSV-GOLD study is that all children are at risk of dying 
from RSV—it’s not just a specific subpopulation [1]. Some children are at a higher risk, but the 
majority of children dying from RSV were perfectly healthy until getting RSV. We also learned 
that a large proportion of children in developing countries who die from RSV do so without 
being diagnosed. It is a disease that often goes unnoticed, and yet about 30% of all children 
dying at intensive care units during the winter season have RSV. It isn’t routinely tested for in 
many countries, and until you start looking for it, you don’t see it.

	Q Why have RSV vaccines proved challenging to develop?

LB: Natural immunity against RSV is mostly directed against the post-fusion confor-
mation of the fusion (F) protein (post-F), which is not adequately protective. Indeed, early 
inactivated virus vaccines were found to cause dangerous immune-mediated enhancement. The 
vaccines now on the market target the pre-fusion conformation of the F-protein (pre-F), which 
has been shown to afford protective immunity. The understanding that you need immunity 
against pre-F was a revolution in RSV vaccine development. That discovery came 10 years ago 
and now we are seeing the results, with vaccines for pregnant women, infants, and older adults.

	Q What impact can we expect the RSV vaccines now on the market 
to have?

LB: The impact will vary between different populations. The vaccine for older adults will 
likely have an impact comparable to influenza vaccination. The vaccines for pregnant women 
and infants both have the objective of preventing RSV infection in babies and while they will 
not eradicate or eliminate the virus, I believe they will prevent the majority of severe cases 
during the first winter season.

We’re currently carrying out research into the health economics of RSV vaccines. We don’t 
have the results to share yet, but the burden of the disease is so high in every country around 
the world that the health economic evaluation will almost certainly prove favorable. 
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	Q You recently co-authored an article discussing differing recommend-
ations for maternal RSV vaccines in Europe and the US—what is 
your main concern?

LB: The maternal vaccine has been licensed by the European Medicines Agency from 
24 weeks of pregnancy, as intended by the manufacturer and researchers. In the US, the 
US FDA has decided to limit the use of the maternal vaccine to 32 weeks of pregnancy onwards, 
because they were concerned about the possibility of preterm birth.

My concern is that the FDA decision substantially limits the use of the vaccine because the 
window of administration becomes so small. If a child is born before administration, the vac-
cine can have no impact. If the FDA recommendation is followed by other countries, I believe 
this could cost a lot of lives. It is an issue that requires further study.

There is a trial planned in developing countries using the maternal vaccine, funded by the 
Bill & Melinda Gates Foundation, which should offer some further reassurance that the vac-
cine is safe from 24 weeks. 

	Q What further advances in RSV prevention do you expect to see in 
the coming years?

LB: I hope that in 5–8 years every pregnant woman is vaccinated against RSV, or their 
baby is immunized with a monoclonal antibody. Maternal vaccination has been well imple-
mented in many developing countries so I’m very optimistic. Nearly every expectant mother in 
the developing world is vaccinated against tetanus and I hope to see the maternal RSV vaccine 
gain that level of coverage.

I expect we will also see new vaccines emerge. mRNA-based vaccines are in development 
and may be used for school-aged children. RSV is not usually life-threatening in school-aged 
children, but it does cause disease and can be transmitted to babies and the elderly. A vaccine 
for this age group could provide valuable indirect protection for vulnerable groups. 

	Q How can we ensure global access to RSV vaccines?

LB: There are a number of challenges. For developing countries, we need support from 
Gavi and country-specific safety and efficacy data, because there is evidence that outcomes may 
vary between high- and low-income countries. Plus, there is always the issue of establishing 
cold chain capacity, which should not be underestimated. 

“My hope is that decision-makers in low- and middle-income 
countries decide that this is a vaccine that their country 

needs—and that mothers know about it.”
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One critical aspect is awareness. If decision-makers are not aware of the disease, they will 
never prioritize it. I am the founding chairman of ReSViNET [2], the only international non-
profit foundation focused on RSV specifically. We organize regular conferences, bringing 
together scientists, politicians, and patients in locations around the world.  

We also give lectures and provide educational materials, and we are carrying out health eco-
nomic evaluations in 11 countries. We have worked very hard to get RSV on the agenda of the 
WHO over the past 10 years.

My hope is that decision-makers in low- and middle-income countries decide that this is a 
vaccine that their country needs—and that mothers know about it. We made a video about 
RSV in Soweto [3] and in it, a mother who lost her child to RSV says, “Every mother should 
know about RSV.” We believe everybody should know about RSV. 
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Exploring hybrid mRNA vaccine 
technology for lasting immunity 
to COVID-19

While COVID-19 vaccines have proven effective, the need 
for lasting immunity has prompted exploration beyond con-
ventional approaches. Casey Nevins, Assistant Editor, Vaccine 
Insights, speaks with Magnus Hoffmann, Merkin Institute 
Fellow in the Merkin Institute for Translational Research at 
Caltech, about his work on developing a hybrid mRNA vaccine 
technology and its potential to address the limitations of cur-
rent COVID-19 vaccines.
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	Q What influenced you to start working with vaccines?

MH: I was really fascinated by trying to understand how drugs work and how they 
affect the human body, so I ended up studying pharmacy at Bath University, UK. However, 
I became frustrated with how limited our treatment options were for a lot of conditions. I 
wanted to work on developing new and better drugs so I decided to do a PhD in Pamela 
Bjorkman’s lab at Caltech. Pamela’s group has a long-standing interest in the characterization 
of monoclonal antibodies against various infectious diseases such as HIV-1 and SARS-CoV-2. 
The lab also focuses on the design of immunogens to make more effective vaccines against 
those diseases.
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During my PhD, we developed a new hybrid mRNA vaccine technology—ESCRT-and 
ALIX-binding region (EABR) technology. Based on that work, I received a National Institute 
of Health Director’s Early Independence Award to launch my own laboratory at Caltech as an 
independent postdoctoral fellow. My team is focused on continuing to develop this technology.

	Q What current gaps or challenges in existing COVID-19 vaccine 
approaches led you to explore different vaccine technologies?

MH: The current COVID-19 vaccines are effective, but they do have two main prob-
lems. The first problem is that the antibody titers that get elicited by COVID-19 vaccines 
contract relatively quickly over time. You get your shot, and then a few months later, you might 
not be fully protected anymore. 

The second problem is that viruses like SARS-CoV-2 rapidly evolve to escape from immune 
responses elicited by vaccination or previous infections. For instance, the initial prime/boost 
regimens of the COVID-19 mRNA vaccines did not elicit effective antibody responses against 
the omicron-based variants that emerged later in the pandemic. As a result, we need to get 
frequent and updated booster shots, which is expensive and inconvenient. 

There is a great need for innovative vaccine technologies to be able to induce more 
lasting protection.

	Q Does your vaccine prototype offer an enhanced antibody response 
compared with existing mRNA vaccines?

MH: In mouse studies, our hybrid mRNA vaccine approach elicited about fivefold 
higher neutralizing antibody titers against the original variant as well as the Delta variant. 
The binding titers were also higher. Furthermore, in some cases, this technology elicited over 
tenfold higher titers against some of the omicron-based variants. 

That being said, against the BA.5 omicron variant and some of the variants that came after 
that, like BQ.1.1 and XBB.1, the titers dropped considerably. This was, however, just an ini-
tial prime/boost regimen. In the human population, BA.5 only appeared after we had already 
received three immunizations. Had we given a third immunization in our mouse study, we may 
have seen high titers against these variants. We are currently testing this theory, evaluating our 
technology as a booster shot in pre-immunized animals.

Overall, these are promising results, but these responses were elicited in mice. We will have 
to evaluate this technology in larger animals, and eventually in humans. It is challenging to 
evaluate durability in mouse studies, so one of the key questions we want to answer is whether 
the higher peak antibody titers that we are seeing will translate into more durable responses.

“[mRNA and Novavax] vaccines stimulate the immune response 
by either mimicking an infected cell or mimicking the virus. We 

are trying to develop a technology that does both in one.”
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	Q How does the hybrid vaccine technology combine features of 
mRNA and protein nanoparticle-based vaccines? 

MH: The conventional mRNA vaccine leads to cellular expression of the SARS-CoV-2 
spike protein, which activates the adaptive immune system in two ways: the spike protein 
is presented on the surface of the cell, which activates B-cells; and the spike protein gets 
cleaved into peptides that get presented at major histocompatibility complex molecules, 
which activates T cells. An mRNA vaccine essentially mimics an infected cell to stimulate the 
immune response.

Other vaccines, such as the Novavax vaccine, present dense arrays of spike protein on the 
surface of virus-like particles (VLPs). These vaccines are also very effective at activating B-cell 
responses, and they do so by mimicking the virus. 

These two types of vaccines stimulate the immune response by either mimicking an infected 
cell or mimicking the virus. We are trying to develop a technology that does both in one. In 
practice, our technology looks very similar to a conventional mRNA vaccine, but we have engi-
neered the spike protein so that when it gets to the cell surface, the cytoplasmic tail of the spike 
protein recruits host proteins from the ESCRT pathway. That induces the self-assembly and 
budding of VLPs that pinch off from the plasma membrane and circulate in the body, which 
could activate immune cells more effectively. In our initial published study, we found that this 
approach can elicit higher binding and neutralizing antibody titers.

We also saw a slight improvement in T helper 2 responses, but the T helper 1 responses were 
very similar to the conventional mRNA vaccine. We are in the process of doing more work to 
characterize potential differences between these vaccine approaches to understand exactly how 
the immune responses are different.

	Q Beyond COVID-19, do you see potential applications of the EABR 
technology in the development of other vaccines? Are there specific 
challenges or considerations when applying this technology to 
different pathogens?

MH: There is great potential for this technology in the development of effective vac-
cines against various viral as well as non-viral pathogens. Any associated challenges are quite 
similar to those involved with a conventional mRNA vaccine. One of the key considerations is 
that the immunogen has to express well. If the immunogen expresses poorly, you are not going 
to make a lot of VLPs. Therefore, a lot of work needs to be put into immunogen selection, 
optimization, and design.

	Q Looking to the future, what are your key goals or priorities for your 
research?

MH: In addition to continuing the optimization, evaluation, and application of the hybrid 
mRNA vaccine technology, we are very interested in characterizing the immune responses 
that are being elicited by different vaccine approaches. There is a lot of information out there 
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that can help us to further improve our vaccine designs. In addition, we are very interested in 
engineering the EABR nanoparticles to package and deliver nucleic acid-based cargoes. That 
could be very interesting for drug delivery applications.
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Respiratory syncytial virus has long been recognized as a major contributor to acute respi-
ratory illnesses, morbidity, and mortality in young children. Less recognized, but not nec-
essarily less important, is the impact respiratory syncytial virus has on adult populations, 
for which it remains a major cause of lower respiratory tract disease, resulting in prolonged 
and often severe illnesses, morbidity from exacerbations of underlying medical condi-
tions, and changes in function, cognition, and quality of life [1]. In a pivotal and landmark 
2004 US study involving 608 healthy persons older than 65 and 540 high-risk patients 

“...older adults hospitalized with RSV 
were 1.5 times more likely to be 

admitted to an intensive care unit 
than those hospitalized with either 

COVID-19 or influenza...”



Vaccine Insights; DOI: 10.18609/vac.2024.008

VACCINE INSIGHTS	

36

with cardiopulmonary disease over a 4-year period, respiratory syncytial virus infection was 
identified in 3–7% of healthy subjects and 4–10% of high-risk patients using a combina-
tion of reverse transcription (rt)-PCR and serology [2]. Estimates of the burden of disease 
range between 600,000–1 million medically attended visits, 140–177,000 hospitalizations, 
and approximately 11,000–14,000 deaths in US adults 65 years and older, annually [2,3]. 
Moreover, in a recent report from the US CDC IVY network, older adults hospitalized with 
respiratory syncytial virus were 2–3 times more likely to require supplemental oxygen and 
1.5 times more likely to be admitted to an intensive care unit than those hospitalized with 
either COVID-19 or influenza, and had two-times higher odds of mechanical ventilation or 
death than those with influenza [4].

RECENT ADVANCES IN RSV 
VACCINE DEVELOPMENT FOR 
ADULTS 

In June 2023, the US Advisory Committee 
on Immunization Practices (ACIP) voted to 
recommend respiratory syncytial virus (RSV) 
vaccination for adults aged 60 years and over, 
using shared clinical decision-making. The 
recommendation for shared clinical deci-
sion-making is intended to allow flexibil-
ity for healthcare professionals and patients 
to consider individual risk for RSV disease. 
These recommendations came shortly after 
US  FDA approval of two RSV vaccines for 
this age group: RSVpreF and RSVPreF3. 
Soon, a third vaccine, mRNA-1345, will also 
seek and likely be granted FDA approval. In 
the Phase III trials, investigators showed that 
a single dose of RSVpreF was able to prevent 
symptomatic lower respiratory tract (LRTD) 
in 88.9% of patients, and, similarly, a single 
dose of RSVpreF3 and mRNA-1345 was able 
to prevent symptomatic LRTD in 82.6% 
and 83.7% of patients, respectively [5–7]. 
However, some unique features of the RSV 
vaccine trials have complicated how these 
vaccines may be used in practice.

Firstly, the Phase  III efficacy trials for 
RSVpreF, RSVPreF3, and mRNA-1345 
were conducted during the COVID-19 pan-
demic when many nonpharmaceutical inter-
ventions (e.g., masking, social isolation) not 
only curbed the transmission of COVID-19 
but decreased transmission of viral infections 
in general. This resulted in fewer RSV cases 
during the 2020–2022 US winter seasons 
than are typically seen, impeding the ability to 

assess efficacy against severe disease, hospital-
ization, and death [8]. While it is logical to pre-
sume that if these vaccines can prevent LRTD 
they can also prevent hospitalization, the low 
case numbers did not allow for that analysis. 

Secondly, vaccine trials are often subject to 
healthy user bias. In other words, the people 
willing and able to participate in lengthy clini-
cal trials are generally healthier than the group 
for whom protection is desired. Accordingly, 
frail older adults and those 80 years and older, 
nursing homes residents, and those with car-
diopulmonary medical conditions (e.g., con-
gestive heart failure and chronic obstructive 
pulmonary disease), sub-populations of older 
adults for whom epidemiological data have 
shown a strong association with increased risk 
for severe RSV, were not well represented in 
the clinical trials. 

APPLYING ACIP 
RECOMMENDATIONS 

While the shared clinical decision-making 
aspect of the ACIP recommendation for 
RSV vaccination permits some flexibility, 
more specific recommendations are needed 
to guide clinical practice and improve vac-
cine acceptance and uptake. The most clearly 
defined risk factor for severe outcome with 
RSV infection is age. Studies have demon-
strated that rates of RSV-associated hospi-
talization increase, and in some reports even 
double, with each subsequent decade of life 
over 60  years [9–11]. Therefore, for adults 
75 years and older, a strong recommendation 
for vaccination is supported by the epidemio-
logical data and should be made by regulatory 
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bodies and medical societies. Similarly, resi-
dency in a long-term care facility, which may 
reasonably be considered a correlate of med-
ical frailty, constitutes a significant risk for 
RSV-associated hospitalization, resulting in 
often-catastrophic loss of function and these 
patients should have unequivocal recom-
mendations for RSV vaccination [9,10,12]. 
Further work will be needed to ensure RSV 
vaccines are protective in the oldest and most 
frail of patients, but this should take the form 
of immune-bridging studies and post-mar-
keting surveillance of effectiveness and safety, 
without precluding stronger recommenda-
tions being made now. 

The shared clinical decision-making model 
is probably most appropriate for adults in 
their sixties, for whom risk for severe RSV 
disease is often correlated with the presence or 
absence of certain underlying chronic comor-
bid conditions [13]. However, navigating the 
complexity of determining who will benefit 
from RSV vaccination may be the justifica-
tion to develop a larger policy of risk- rather 
than age-based recommendations; for exam-
ple, all adults 75 years and older, residents of 
long term care facilities, and adults of any age 
with certain conditions including immuno-
compromise, chronic obstructive pulmonary 
disease, congestive heart failure, end-stage 
renal disease and other serious cardiac and 
endocrine conditions. 

Several studies now also report differences 
in RSV-associated hospitalizations by race, 
ethnicity, or socioeconomic status [9,10,14]. 
In an unpublished analysis from a popula-
tion-based incidence study we conducted in 
Rochester, NY, when compared to white race, 
black or African-American race was associ-
ated with a three-times higher rate of hos-
pitalization in adults 45–64 years of age but 
only 1.4 times higher rate of hospitalization 
in adults 65 years and older [9]. Similarly, the 
CDC Respiratory Syncytial Virus–Associated 
Hospitalization Surveillance Network 
recently reported that the proportion of hos-
pitalized patients whose race was Hispanic 
or black decreased with increasing age 
(p-value <0.01), with black patients account-
ing for 28.2% of hospitalized patients aged 
60–64 years and 8.2% of those aged 80 years 
or over [10]. These findings may be driven by 
many factors including access to healthcare, 
higher rates of important chronic comorbid 
conditions at a younger age for black and 
Hispanic Americans and shorter life expec-
tancies. Collectively, however, these dispari-
ties further highlight the need for risk-based 
rather than age-based recommendations for 
RSV vaccination. Notably, studies in younger 
and immunocompromised populations are 
still being conducted and any use of RSV vac-
cine in these populations would be off-label 
at this time. 
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To address changes in serotype prevalence, 
there has been a need to expand the valency of 
pneumococcal conjugate vaccines (PCVs) in 
order to maintain coverage against a reason-
able proportion of circulating disease-causing 
strains. However, these vaccines impose sero-
type-specific selective pressure and are inev-
itably poised to drive further replacement 
disease. The steady trend toward ever-higher 
valency PCVs may also come at the cost of 
immunogenicity, with evidence of expanded 
valency PCVs displaying dampened responses. 
Numerically lower immunoglobulin G (IgG) 
geometric mean concentrations were observed 
recently for PCV20 for those serotypes shared 
with PCV13 after doses three and four, sug-
gesting that PCV serotype expansion may 
be approaching its limit [4]. The selection of 
serotypes to include in a PCV also represents 
a challenge. Even if a vaccine is reformulated 
to include emerging serotypes, these propor-
tions may differ at the time of their licensure. 
Geographical regions also display widely var-
ied serotype distributions and selection of 
capsular antigens is a challenge in the absence 
of clear dominating serotypes common across 
regions [5, 6]. These are major shortcomings 
that will continue to plague further expanded 
or alternative serotype PCVs. 

A potential solution to these challenges 
may be found by drawing insights from 
naturally acquired immunity to the pneu-
mococcus, where proteins have been shown 
to play an important role. In fact, studies 
of natural exposure to the pneumococcus 

suggest that capsular polysaccharide is not 
the dominant target of naturally acquired 
immunity [7]. Rates of invasive pneumococ-
cal disease decline by age 5  years, at which 
time antibody responses to pneumococcal 
proteins have been reported to increase [8]. 
The increase in disease incidence in older 
adulthood (over 65 years) also coincides with 
a decline in anti-protein antibodies, whereas 
the decline in anti-capsular IgG is far less pro-
nounced [9]. As protein antigens are generally 
well conserved between serotypes, vaccines 
that bring forward acquisition in the young, 
and/or boost immunity to pneumococcal 
proteins in the elderly, are expected to pro-
vide effective broad-spectrum immunity. 

Several protein-based vaccines have pro-
gressed to clinical evaluation and have been 
reviewed extensively elsewhere [10–12]. 
However, there are limitations associated with 
this approach. Purified protein vaccines rely 
on the selection of a small number of target 
antigens relative to the 270 surface proteins 
expressed on the pneumococcus [13], and 
these may be susceptible to immune evasion 
through small changes to their protein struc-
ture or by dampening their expression [14]. 
There is also potential for large-scale manu-
facture of protein antigens to cause changes 
in protein conformation, which may impact 
epitopes important for vaccine efficacy. In 
addition, adjuvants are required to enhance 
the immunogenicity of protein-based vac-
cines [15] and there are few adjuvants (such as 
alum, AS04, MF59, AS03, CpG, and AS01b) 

Serotype replacement is an issue associated with currently licensed pneumococcal vaccines, 
all of which target the serotype-specific capsular polysaccharide. The use of pneumococ-
cal polysaccharide vaccines and pneumococcal conjugate vaccines in particular, have pro-
foundly reduced the burden of invasive pneumococcal disease. However, these advances are 
being offset by the steady rise in the incidence of disease caused by non-vaccine-covered 
serotypes, which may be observed soon after the introduction of capsule-based vaccines in 
a given region [1–3]. 

“[PPV and PCV] advances are being offset by the 
steady rise in the incidence of disease caused by 

non-vaccine-covered serotypes...”
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approved by regulatory authorities for human 
use. Commonly used alum adjuvants induce 
T  helper cell  2-based responses; however, 
antibody isotypes associated with T  helper 
cell 1 responses (IgG2a in mice and IgG1 in 
humans) are known to have high affinity to 
Fc receptors involved in inducing functional 
antibody responses with opsonophagocytic 
activity [17]. Despite protein-based pneumo-
coccal vaccines having undergone significant 
evaluation in preclinical and clinical trials, to 
our knowledge, no protein vaccine has out-
performed or even matched a licensed PCV 
using the gold standard correlate of protec-
tion, the opsonophagocytic assay (OPA). The 
capacity to elicit an OPA response that is not 
deemed inferior to existing PCVs is a key 
consideration for licensure of new expanded 
formulations, and candidate vaccines that can 
meet this bar will be well positioned for fur-
ther progression and licensure [18].

Another promising approach that targets 
non-capsular antigens is whole-cell vaccines 
(WCVs), comprised of inactivated and/or 
attenuated bacteria [19–26]. Such vaccines 
have been utilized effectively for many years 
for the control of pertussis and tuberculosis in 
children. In addition to presenting antigens 
in a manner most likely to resemble the nat-
ural conformation of proteins, WCVs have 
the potential to elicit responses to a breadth 
of antigens surpassing all polysaccharide- or 
purified protein-based vaccine approaches. 
Such vaccines could provide a future-proof 
approach to effectively target emerging and 
entirely new pneumococcal serotypes that may 
arise. To date, however, there are few reports 
of WCVs eliciting robust OPA responses. It 
is important to note that chemical inactiva-
tion using formalin or beta-propiolactone is 
associated with cross-linking between pro-
teins and reduced immunogenicity, while live 
attenuated vaccines pose a significant biolog-
ical and health risk. The use of γ-irradiation 
has been reported as an effective alternative 
inactivation method for the development 
of highly immunogenic and safe WCVs 
[27, 28], because of reduced protein damage 

and maintenance of the structural integrity of 
inactivated pathogens [29]. γ-irradiated vac-
cines have been found to mimic live patho-
gens in terms of stimulating both innate and 
adaptive responses [28]. 

A recent WCV that has advanced to the 
clinical stages of evaluation is a γ-irradiated 
vaccine developed by GPN Vaccines Ltd 
(Gamma-PN) [21, 23]. Gamma-PN is dif-
ferentiated from other WCV approaches in 
both design and formulation, which ulti-
mately are associated with improved immune 
responses. A modification was introduced to 
remove a manganese import gene from the 
Gamma-PN vaccine strain, which was asso-
ciated with enhanced survival after exper-
imental challenge in immunized mice [23, 
30]. Restriction of manganese availability is 
a key feature of the host innate response to 
an infection [31] and the improved protec-
tive efficacy may be attributable to changes 
in the antigenic profile of the vaccine strain, 
which better reflects that of pneumococci 
during an infection. A subsequent study in 
rabbits demonstrated that vaccination with 
Gamma-PN induced antibodies against 
a broad range of pneumococcal proteins 
known to be associated with natural immu-
nity; with significant reactivity to 50 antigens 
reported [32], although the total number of 
antigens that reacted with the immune sera 
exceeded this number. Most critically, this 
study also reported positive functional anti-
body responses. For most serotypes tested, 
Gamma-PN administered with an adjuvant 
elicited higher OPA titers than PCV13. 
However, without adjuvant, Gamma-PN 
performed even better, eliciting OPA titers 
that were either comparable to or far supe-
rior to those elicited by PCV13 or pneumo-
coccal polysaccharide vaccine (PPV)23 for 
various vaccine-included serotypes (6A, 23F, 
11A, 22F, and 33F). Further, this vaccine 
also induced high OPA titers against sero-
types not covered by any current licensed 
vaccines (9N, 15A, 23B, and 35B) [32]. This 
data indicated that a shift toward T helper 
cell 2 responses in animals vaccinated with 
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adjuvanted Gamma-PN was associated with 
reduced OPA responses, highlighting the 
important role of T helper cell 1 responses 
in the ability of Gamma-PN (without adju-
vant) to induce high OPA responses.

While Gamma-PN is still undergoing 
clinical evaluation in a Phase 1/2a trial, this 
broad-spectrum approach could eliminate 
the need to reformulate vaccines to address 
new serotypes. Indeed, any new serotypes 
that may emerge could be immediately tested 

for OPA responses using existing clinical trial 
serum samples. This future-proof approach 
could offer significant advantages, circum-
venting the need for further vaccine refor-
mulation and extensive clinical trials. With 
current vaccines suffering from diminished 
usefulness over time and serotype replace-
ment a growing concern, Gamma-PN may 
offer a solution to provide enduring and 
broad-spectrum protection against pneumo-
coccal disease.
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Affinity chromatography for malaria vaccine purification
Eugene Sun, Field Application Scientist, Thermo Fisher Scientific

The COVID-19 pandemic has emphasized the need for readily available commercial-scale vaccine production tools to support global immunization efforts.
This poster presents a case study showing how researchers used C-tag technology to capture a candidate malaria vaccine.

In partnership with:

In 2021, there were around 247 million cases of malaria, 
resulting in approximately 619,000 deaths, mostly in chil-
dren under 5 years [1]. However, new vaccines are bringing 
hope for controlling the disease. Researchers at the Jenner 
Institute (Oxford University, UK) recently saw their R21/
Matrix-M vaccine achieve an efficacy of 77% in Phase IIb 
clinical trials [2].

In addition to R21/Matrix-M, scientists at the Jenner 
Institute are developing a range of malaria vaccines targeting 
different life stages of the parasite, including a vaccine target-
ing the PfRh5 protein, which plays an important role in cell 
entry. 

During the development of the PfRh5-based vaccine, the 
researchers first investigated the functionality of a polyhistidine 
tag (His-tag) to capture the protein. However, initial results 
indicated that the immobilized metal affinity chromatography 
(IMAC) process used to capture His-tag was not scalable due 
to poor yield. 

The team next investigated the C-terminal tag (C-tag), which 
is comprised of four amino acids (glutamic acid-proline-glu-
tamic acid-alanine, or E-P-E-A) coupled to the C terminus 
of the target protein. For use in conjunction with the C-tag, 
Thermo Fisher Scientific has created a scalable, cGMP-compli-
ant affinity resin (CaptureSelect™ C-tagXL), which specifically 
targets the C-tag’s four amino acids. 

CaptureSelect™ affinity resins allow for elution using mild 
pH conditions, which maintains the stability of the target 
molecule. Scientists working on the vaccine were able to elute 
the PfRh5 protein using a TRIS, tris(hydroxymethyl)amino-
methane, buffer with magnesium chloride at pH 7 [3]. 

Figure 1 shows a comparison of the two purification pro-
cesses for the PfRh5 protein—one using the His6-tag and 
IMAC, and the other using C-tag and CaptureSelect C-tagXL. 
Both processes involved tangential flow filtration, followed by 
the affinity step, then size exclusion chromatography (SEC). 
PfRh5 purity was approximately 72% for the C-tag purifica-
tion, which was much higher than the 20% purity observed 
using the His-tag process (Figure 1A). CaptureSelect C-tagXL 
also offered higher resolution (Figure 1B). 

Figure 1C shows the process yield at each step. There was 
a 43.3% overall process yield with the C-tag, compared with 
a 25.5% process yield with the His-tag. In addition, the affin-
ity step yield for the C-tag was approximately 85%, compared 
with the 64% step yield for the His-tag, and the SEC pool 
purity for the C-tag process was greater than 99%, compared 
with 80% for the His-tag process.
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Figure 1. Comparison of C-tag and His-tag used in a protein-based vaccine purification process. (A) Purities of the 
elution pools; (B) size exclusion chromatography (SEC) chromatograms of the eluate; (C) yields of both processes.
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