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a b s t r a c t
Despite a critical need for a respiratory syncytial virus (RSV) vaccine and decades of development efforts,
a vaccine to protect infants, elderly, and other at-risk populations from RSV infection remains elusive. We
have previously generated a new, live-attenuated vaccine candidate against RSV using rational,
computer-aided gene design and chemical synthesis through a process termed viral gene ‘‘deoptimization.” In this study, we assessed the attenuation, immunogenicity, and efficacy of this synthetic, liveattenuated RSV vaccine candidate, RSV-MinL4.0, in African Green Monkeys. RSV-MinL4.0 was produced
under good-manufacturing-practice (GMP) in Vero cells. Vaccination with RSV-MinL4.0 resulted in minimal virus shedding after vaccination, generation of robust humoral and cellular immune responses (despite the presence of baseline RSV neutralizing antibodies in one animal) that were comparable to a
wildtype infection, and protection from virus shedding post-challenge with wildtype RSV. These findings
demonstrate the promise of RSV-MinL4.0 as a live-attenuated vaccine which will undergo clinical trials to
test its ability to safely and effectively protect pediatric and elderly populations from infection with RSV.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Background
Respiratory syncytial virus (RSV) infections occur worldwide;
RSV is the most common cause of lower respiratory tract infection
in children [1–4]. Approximately 34 million RSV infections occur
globally each year in children under the age 5, about 10% of which
warrant hospitalization. In the US an estimated 4,500–11,000
deaths per year (mainly among the elderly) are being attributed
to RSV infection [2], making RSV the second deadliest respiratory
virus after influenza. Significantly, the relative impact of RSV infections is twice that of influenza in children 0–7 years, and six times
that of influenza in infants less than 2 years of age, as measured by
frequency of emergency room and doctor’s office visits [5]. Despite
these health impacts, there are no licensed vaccines against RSV to
date.
The development of an RSV vaccine was hampered by the disastrous outcome of a clinical trial in the 1960s which used a formalin
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inactivated RSV (FI-RSV) vaccine. In this trial, vaccinated infants
subsequently experienced enhanced RSV disease (ERD) when they
became naturally infected with circulating wild type RSV, resulting
in more hospitalizations and even two deaths in the vaccine cohort
[6]. It is thought that ERD results from the absence of cytotoxic
CD8+ T-cell response from killed vaccines, and an insufficient
neutralizing antibody response which not only fails to prevent
reinfection but also prime for an over-exuberant TH2 response
upon re-exposure [7]. Inactivated vaccines are therefore not
considered safe in serologically RSV-naïve infants.
Several iterations of live attenuated RSV vaccine candidates
have been developed over the decades. Most of them are based
on a cold-passaged RSV/A2 backbone [8–10] which was subsequently mutagenized to screen for further attenuating mutations.
A second-generation vaccine candidate, cpts-248/404, was
immunogenic in young children, but was insufficiently attenuated
in the youngest vaccine cohort (1–2 months) such that the risk/
benefit profile did not warrant further development [11]. Another
candidate, rA2cp248/404/1030 Delta SH (equivalent to Medimmune’s MEDI-559 candidate), was sufficiently attenuated in
infants [12] but not genetically stable enough. Further attempts
have been made to genetically stabilize the temperature sensitive
(ts) mutations and prevent reversion to wildtype phenotype by
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using more ‘‘reversion-resistant” codons at the 1321 ts locus
resulting in cps2. It was then discovered that a compensatory
mutation at position 1313 could overcome the newly ‘‘stabilized”
ts phenotype, prompting the deletion of that position (D1313) to
yield a more stable vaccine [13]. In a subsequent iteration, the
D1313 deletion was paired with an NS2 gene deletion besides
the other mutations present in the rA2cp248/404/1030 Delta SH
backbone, only to find yet another compensatory mutation
I1314T. The investigators further attempted to prevent the
I1314T mutation by changing the codon to a leucine in a modified
vaccine candidate (DNS2/D1313/1314L) [14], which is currently
being tested in clinical trials [15]. In looking at the boneyard of past
live attenuated RSV vaccines it has become evident that there is a
fine line between virus attenuation and immunogenicity and striking the right balance has proven a nearly intractable obstacle with
conventional approaches. The empirical nature of past RSV vaccine
development illustrates the pressing need for a more rational
approach to the problem of RSV attenuation.
Codon pair deoptimization of large segments of viral genomes
generates highly attenuated viruses that are inherently stable
and have a formidable barrier to wildtype reversion [16,17], while
retaining 100% amino acid sequence identity to the parent virus
[18]. The level of virus attenuation can be custom-tailored on a
sliding scale, akin to a ‘‘brake pedal” on a car or the ‘‘volume” on
a radio. More deoptimization results in greater attenuation,
reduced deoptimization results in less attenuation [18–21]. Viral
attenuation can be designed to any set point between non-viable
and wild-type-like.
RSV-MinL4.0 is a codon pair deoptimized, phenotypically and
genetically stable RSV vaccine candidate, derived by repeated
stress passaging in vitro and reverse engineering [17] of a codon
pair deoptimized RSV, originally termed ‘‘RSV-MinL” (16). Generated by codon-pair deoptimization (CPD) of the L gene, the parental RSV-MinL vaccine candidate was shown to be ts in cell culture
and attenuated in mice and hamsters (16). When compared to two
attenuated RSV strains currently in clinical trials, the original MinL
vaccine was comparably restricted and immunogenic in African
Green Monkeys (AGMs) [22]. Iterative serial passage of RSV-MinL
under stress conditions (elevated temperatures) yielded mutations
that overcame the ts phenotype with compensatory amino acid
mutations. All four of these compensatory mutations were combined and reverse-engineered into MinL, yielding RSV-MinL4.0.
When all four amino acid changes were inserted into MinL, the
resulting RSV-MinL4.0 had a simultaneous increase in in vivo
attenuation combined with improved immunogenicity in small
animals [17]. In this study we show that RSV-MinL4.0 induces
robust activation of both humoral and cellular immunity in African
Green Monkeys (AGM) and protects AGMs from challenge with
wild type RSV.
2. Methods
2.1. cGMP Vero Master cell Bank
To manufacture RSV-MinL4.0 we prepared a Vero Master Cell
Bank (Vero MCB) under cGMP at Charles River Laboratories (CRL,
Malvern, PA). The Vero MCB was derived from Vero WHO-Seed
Lot 10-87, which was prepared by Institut Merieux (France) on
behalf of WHO in October 1987. One of the last 6 original vials
available in the world (vial No. 1090) of this lot, frozen in 1987,
was gifted to Codagenix by permission of the US FDA, who administers the lot. This lot has been extensively release tested by WHO
in the past and been used for vaccine production by many manufacturers throughout the world.
Upon receipt of Vero WHO-Seed Lot 10-87 vial No. 1090, it was
used to prepare a pre-Master Cell Bank at Codagenix in a labora-

tory, biosafety cabinet, and cell incubators specifically dedicated
to this task. Cells from the original vial were recovered and grown
under animal-origin free conditions, using OptiPro-SFM (Thermo
Fisher), supplemented with 1 Glutamax (Thermo Fisher). Cells
were trypsinized with recombinant Trypsin TrypLE Select (Thermo
Fisher). Thus, the cells were never exposed to animal origin substance (including serum) since 1987. The Codagenix pre-Master
Seed Lot was prepared after 2 passages from the original WHO vial.
Vials of pre-Master Seed Lot were transferred to CRL where they
were GMP-tested for sterility and mycoplasma before being admitted to GMP manufacturing. After 5 animal-origin free passages
under GMP at CRL on T225 flasks (in OptiPro/Glutamax) the Vero
Master Cell Bank ‘‘Vero WHO 10–87 + 7P AOF” Lot 563173-MCB1
was prepared by CRL. The cells are cryo- preserved in OptiPro containing 5% DMSO (serum-free, animal origin-free). The Vero Master
Cell Bank Lot 563173-MCB1 was extensively release tested under
cGMP and passed all tests as per FDA and EMA guidance.
2.2. Viruses
RSV-MinL4.0 has been described previously as MinL NPM2-1
[N88K]L [17]. Both RSV-MinL4.0 and the parental WT-RSV/A2 were
grown in the Vero MCB (described above) under animal-origin free
conditions in a serum-free medium consisting of equal parts of
OptiPro SFM and DMEM. Virus was stabilized for storage at 80C
by addition of 25% sucrose. Virus infectivity titers were determined
by immune-enhanced focus forming assay on Vero cells. Infected
foci were visualized after 5 days infection at 33C under a semisolid
overlay medium (0.3% Tragacanth gum/MEM/5% FBS) by staining
with a anti RSV F monoclonal antibody 2F7 (Novus Biologicals),
anti-mouse IgG-HRP (Jackson Immuno Research) and developed
with HRP substrate kit Vector VIP (Vector Laboratories)
2.3. Vaccine studies in African Green Monkeys
Animals were single-housed during the quarantine and study
phases in stainless steel cages that meet requirements as set forth
in the Animal Welfare Act (Public Law 99–198) and the Guide for
the Care and Use of Laboratory Animals (8th Edition, Institute of Animal Resources, Commission on Life Sciences, National Research
Council; National Academy Press; Washington D.C.; 2011). This
study design was reviewed by the IACUC at Southern Research
Institute and was approved on 04/10/2018; it was assigned IACUC
tracking number 18–03-009F. A total of eight (7 males and 1
female) AGMs seronegative for RSV (reciprocal titer of <11, in
enzyme immunoassay for RSV antigens in HEp2 cells infected with
100 TCID50 virus followed by staining for RSV antigens) were
divided into two test groups of N = 4 (Groups 1 and 2). Group 1
was inoculated on Day 0 with 106 plaque-forming units (PFU) of
WT-RSV delivered by intranasal and the intratracheal route (total
dose of 2  106 PFU). Group 2 was inoculated the same way on
Days 0 and 28 with 2  106 PFU of MinL4.0 delivered by the intranasal and intratracheal. Samples generated in AGMs were evaluated by RSV neutralization focus formation assay, RSV specific
IgG, RSV RT-qPCR (virus quantitation), and an RSV IFNc ELISPOT
Assay for RSV attenuation and immunogenicity. RSV shedding after
infection was measured in OP swabs and TOTL by RT-qPCR. RSV
neutralizing antibody titers were tested against RSV/A2 (NR12149, BEI Resources) using an FRNT50 on serum from days
0, 21, 28, and 49 post infection/vaccination. Cell mediated immunity against RSV was measured by IFNc ELISPOT at baseline (Day
0) and days 14, 21, 28 and 49. Phytohemagglutinin (PHA)stimulated and unstimulated PBMCs were used as positive and
negative controls respectively. Clarified RSV/A2 (NR-12149, BEI
Resources) infected HEp2 cell lysates were used to stimulate IFNc
response in the PBMCs from infected/vaccinated NHPs. Previously
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vaccinated AGMs were challenged with RSV/A2 wild type on day
104, followed by evaluation of virus shedding in OP and TOTL by
RT-qPCR.

3. Results
3.1. Attenuation of virus shedding in vaccinated monkeys
Initially, we sought to confirm that RSV-MinL4.0 retained the
attenuated phenotype we had observed previously in small animal
models using non-human primates [17]. Following infection/vaccination of AGM with either 2  106 PFU of wild type (WT) RSV/A2 or
RSV-MinL4.0, viral attenuation was measured using viral load in
the trans-oro tracheal lavage (TOTL) and oropharyngeal (OP) swabs
at various time points post-infection/vaccination by RT-qPCR. In
the TOTL samples, WT RSV was detectable at day 2 postinfection, increasing to peak level at day 6, and plateauing up to
day 8 (Fig. 1A). These levels gradually decreased to baseline by
day 14. In RSV-MinL4.0 vaccinated animals, the peak viral levels
at day 6 were over 100-fold lower than WT (Fig. 1A). This viral load
peak was also short lived, as virus could not be detected in RSVMinL4.0 vaccinated animals at time points beyond Day 8 (Fig. 1A).
OP swabs were collected to detect potential shedding of our
vaccine candidate in the upper respiratory tracts of vaccinated
monkeys. In the OP samples (Fig. 1B), similar to TOTL samples,
WT RSV was detectable by day 2 post-infection. RSV viral load
increased exponentially to a peak level at day 6 and remained
steady up to day 8. These levels gradually decreased to baseline
at Day 14. However, in RSV MinL4.0 vaccinated animals, virus loads
remained at or below the threshold of detection at all days, or at
least a 330-fold reduction to WT RSV/A2 infected animals. Comparison of both TOTL and OP swab data suggested higher viral loads (1
log higher) in TOTL compared to OP, which is not surprising as RSV
is a lower respiratory tract pathogen. The magnitude and time to
peak viral shedding observed in this study is similar to what was
seen in previous studies [23]. Taken together, viral shedding data
from TOTL and OP suggest that RSV MinL4.0 virus is significantly
attenuated (>100-fold lower peak viral titers and shorter duration
of shedding), compared to WT RSV/A2 (Fig. 1A and B).
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3.2. Immunogenicity of RSV-MinL4.0 vaccine
Although highly attenuated in vivo, CPD vaccine candidates can
be very immunogenic as seen with SAVE derived influenza vaccines
[20,24]. The use of a live-attenuated vaccine, as opposed to inactivated or subunit vaccines, should engender cellular immunity as
well as antibody responses. To measure immunogenicity of the
RSV-MinL4.0 vaccine in AGMs, blood was collected at predetermined time points from vaccinated AGMs to test for markers of
antibody responses (RSV specific IgG and neutralizing antibodies)
and cellular immunity (IFNc production by PBMCs). RSV-specific
IgG in the serum was measured at day 0 (baseline) and days 14,
21, 28 and 49. At baseline, most of the animals did not have detectable levels of RSV specific IgG, as the animals were pre-screened to
exclude sero-positives. However, one animal in the RSV-MinL4.0
group (#5615) escaped detection at the screening stage, and
entered the study with an IgG titer of 398.2 at baseline (compared
to other animals with IgG titers below the level of detection of
200), suggesting that this animal had a previous exposure to natural RSV infection.
We followed the IgG response to RSV in to determine the timeline of each animal’s IgG response in the context of WT infection
compared to vaccination with RSV-MinL4.0. Time-dependent
increase in RSV IgG titer was observed in animals infected with
WT RSV/A2 (Fig. 2A). In these animals, RSV IgG titers were detectable at low levels on day 21 post-infection, and increased at day 28.
In contrast, animals vaccinated with RSV-MinL4.0 had detectable
IgG titers at day 14, albeit with high variability, that remained at
similar levels between day 14 and 28. After the RSV-MinL4.0 boost
on day 28, RSV IgG titers increased at day 49. The animal with preexisting RSV-specific IgG (#5615) also experienced a boosting in
IgG levels upon prime vaccination at day 14. Similar levels of
RSV IgG (>3,500 U/mL) were observed at later time points day
21, 28 and 49 (Supplementary Table 3).
At baseline, most of the animals showed a neutralizing antibody
titer of FRNT50 of < 8. In animals infected with WT RSV/A2, FRNT50
titers increased at day 28 post-infection. A similar trend in timedependent increase in FRNT50 titers was observed in animals vaccinated with RSV-MinL4.0. For RSV-MinL4.0 vaccinated animals, the
FRNT50 increased compared to baseline at day 28 and 49 (Fig. 2B).
Animal #5615 in the RSV-MinL4.0 group, which had also tested

Fig. 1. Attenuation of RSV-MinL4.0 compared to WT RSV/A2 in African Green Monkeys. Four AGMs per group were infected with 2  106 PFU of WT RSV or RSV-MinL4.0 on
day 0. Animals RSV-MinL4.0 received a second identical dose on day 28. Virus shedding was measured in (A) trans-oro tracheal lavage (TOTL) and (B) oropharyngeal (OP)
samples at the indicated time point. The limit of detection in RT-qPCR was 1444.8 copies/mL. DPI: days post-infection. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Immunogenicity of RSV-MinL4.0 vaccination as measured by specific-IgG and neutralizing antibodies. Sera collected from WT RSV infected or RSV-MinL4.0 vaccinated
AGMs were tested for RSV F protein specific IgG (A) or neutralizing antibodies by FRNT50 assay (B). The limit of detection (LOD) in ELISA was 200 Units/mL. The limit of
detection (LOD) in the FRNT50 assay was 8. DPI: days post-infection. Hollow diamonds represent data points from animal #5615.

positive for RSV IgG, had a significantly elevated FRNT50 titer at
baseline (1:64) compared to the other animals (Fig. 2B). Despite
pre-existing RSV neutralizing antibodies, this animal experience a
potent 32-fold boost in neutralization titer as a result of the first dose
of RSV-MinL4.0 vaccine. The great increase of neutralizing antibodies in this animal suggest that vaccine ‘‘take” of RSV-MinL4.0 was not
prevented by pre-existing immunity against RSV.
To assess cell-mediated immunity against RSV/A2 in AGM, ELISPOT was performed with PBMCs collected at baseline (Day 0), after
primary vaccination (d 28) and after boost (d 49) (Fig. 3). Background
IFNc production was observed with group averages of up to
57.2 ± 13.5 spots per million (Fig. 3). One AGM (#5615), which also
had higher baseline serum IgG and neutralizing antibodies against
RSV (Fig. 2A), showed higher IFNc spots at 145 ± 52.2 spots per million at baseline (Day 0), compared to other animals which ranged
from 3.3 to 31.7 IFNc spots per million. In animals infected with
WT RSV/A2, ELISPOT titers increased post-infection (mean ELISPOT
titers are presented in Fig. 3). A similar trend was observed for animals vaccinated with RSV-MinL4.0 (Fig. 3).

for protection against challenge with WT RSV/A2 using prevention
of viral load in TOTL and shedding in OP swabs as metrics of efficacy. To measure the protective efficacy of RSV-MinL4.0, vaccinated animals were challenged with 2  106 PFU WT RSV/A2 on
day 104 post-vaccination followed by measurement of virus
shedding by RT-qPCR of TOTL and OP swabs up to 10 days postchallenge (Fig. 4). Virus shedding in immunized, challenged animals was compared to the initial shedding seen in naïve animals
during the vaccination phase of the experiment. TOTL samples
from RSV-MinL4.0 vaccinated animals did not show any detectable
challenge viral RNA (3,847-fold lower compared to peak viral titers
observed in the naïve animals after WT RSV/A2 infection). OP
swabs from day 4 to day 9 showed low levels of RSV with peak
virus shedding observed at day 4, which was 44-fold lower than
the peak viral titers observed in naïve animals after infection
(see Fig. 1). These results suggest that RSV vaccine candidate
MinL4.0 confers protection against challenge with WT RSV/A2,
even at > 100 days post-primary vaccination.

4. Discussion
3.3. Protection from infection with wildtype RSV/A2
In addition to measuring the cellular and antibody-mediated
immune responses to RSV-MinL4.0 vaccination, we also tested

Fig. 3. Cell-mediated immunogenicity of RSV MinL4.0 vaccination. PBMCs collected
from WT RSV/A2 infected or RSV-MinL4.0 vaccinated AGMs on days 0, 14, 21, 28,
and 49 were tested for IFNc expression by ELISPOT, after stimulation with whole
inactivated RSV virus. Hollow diamonds represent data points from animal #5615.

Live-attenuated vaccines against RSV would provide several
advantages over killed or protein-based vaccines for the immunization of young children and the elderly: induction of innate,
humoral (neutralizing antibodies) and cellular (CD8 T-cell) immunity that is analogous to the natural infection, reduced risk of
vaccine-associated enhanced RSV disease, the ability of the vaccine
to replicate in the upper respiratory tract even in the presence of
neutralizing antibodies (which are mainly circulatory), and convenient intranasal delivery.
Cellular immunity is critical to protection against RSV infection
[25] in both neonates and the elderly, however, many RSV vaccines
in clinical trials, especially those intended for the elderly, are
focused on solely generating neutralizing antibody responses
(antigen based vaccine candidates). RSV-MinL4.0, as a live attenuated vaccine, is also able to induce cellular immunity as shown by
elevated IFNc expression comparable to WT RSV/A2.
Of particular interest, one animal (#5615) included in this study
had elevated levels of serum IgG and neutralizing antibodies
against RSV at baseline that escaped detection during the prescreening. Interestingly, vaccination triggered a potent immune
response in this animal, with serum IgG levels (days 14, 21, and
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Fig. 4. Protection from wildtype RSV/A2 challenge. RSV-MinL4.0 vaccinated AGMs were challenged with 2  106 FFU RSV/A2 delivered by IT inoculation and protective
efficacy was measured by viral load in TOTL (A) and OP (B) samples at 0–10 days post-challenge (DPC). Note: Data points from mock vaccinated/wt RSV/A2 challenged
animals were collected on days 0–10 of the study (during vaccination phase; see also Fig. 1). Limit of detection was 1444.8 RSV copies/ml.

28) and neutralizing antibody titers (days 21 and 28) after a single
dose greatly exceeding the values seen in other animals, even those
infected with WT RSV/A2. After the boost delivered on day 28,
FRNT50 and RSV IgG titers in RSV-MinL4.0 vaccinated animals
increased to the levels of the AGM with pre-existing RSV immunity
by day 49. Animal #5615 derived no further boosting of any of the
tested immune readouts after the second dose, suggesting that it
achieved sterilizing immunity from the first vaccine dose, even in
light (or because) of the pre-existing partial RSV immunity. Boosting of RSV specific neutralizing antibody titers and cellular
immunity (IFNc production in PBMCs) in the pre-immune AGMs
by RSV-MinL4.0 is a promising observation that may emulate the
situation likely to be encountered in the seropositive human population. While this animal was intriguing, conclusions could not be
drawn based upon a single animal and further studies are needed
to explore RSV-MinL4.0 immunogenicity and protection in the context of previous exposure, as would be likely in a clinical setting.
Any live-attenuated vaccine for RSV needs to be safe (attenuated), phenotypically stable, and able to induce a protective
immune response even in the presence of pre-existing immunity.
The results presented in this study suggest that RSV-MinL4.0 was
sufficiently attenuated in AGMs yet able to generate sufficiently
robust humoral and cellular immunity to support further clinical
development. MinL4.0 delivered by the combined intranasal and
intratracheal route resulted in 100% seroconversion after primeboost immunization. The intratracheal co-administration was chosen for a more rigorous safety readout of the MinL4.0 vaccine in
comparison to the WT RSV/A2 virus in this semi-permissive primate model. The challenge studies in RSV-MinL4.0 vaccinated animals after more than 100 days demonstrated significantly reduced
virus shedding in OP swabs (>3 logs lower than WT RSV infection)
and TOTL samples (>1 log lower than WT RSV/A2 infection), suggesting that RSV-MinL4.0 also conferred robust protection against
WT RSV/A2 challenge. The immunogenicity of RSV-MinL4.0 in the
context of pre-existing immunity is especially important for those
who may have high levels of neutralizing antibody but with an
inadequate cellular immune response. Interestingly, we did not
observe an exacerbated virus shedding in the animal (#5615) with
pre-existing baseline immunity. In fact, no vaccine virus shedding
was detectable in this animal after the first vaccine dose on any
day (S1 Table; S2 Table), underscoring the safety and immunogenicity of RSV-MinL4.0. Clinical studies will reveal whether RSVMinL4.0 will be efficacious in pre-immune recipients of the

vaccine, such as the elderly and high-risk adults, who have proven
recalcitrant to all previous RSV vaccination approaches.
5. Presentations at meetings
This work was presented as a poster at ID Week, Oct 2–6, 2019
in Washington DC, poster number 2777.
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